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ABSTRACT

This report describes the results of experimental and analytical studies of
high-level waste container degradation. Corrosion and hydrogen embrittle-
ment tests were conducted on selected materials to identify environmental
and metallurgical factors that promote material degradation, especially
stress-corrosion cracking. A major emphasis on overpack materials focused
on cast and wrought low-carbon steels.

Results of the corrosion work show that, to more completely identify
potential failure modes, exposure environments must be further defined.
Predictions of pitting rates based on models utilizing nonreactive walls may
lead to rejection of carbon steel as a viable overpack material when, on the
basis of performance, it may perform satisfactorily. Hydrogen embrittlement
was shown to be promoted in regions of microstructural change such as the
weld heat-affected zone. These findings show that hydrogen embrittlement is
important to container integrity.

A small portion of this task was devoted to studying the possible internal
corrosion of the canister. It was found that Type 304L stainless steel will
likely contain high-level waste glass for the retrieval period and probably
the thermal period. Modeling studies focused on general corrosion and
pitting corrosion, with the models being extended to account for more
realistic conditions. Results show that pit wall reactivity is an important
consideration in predicting corrosion rates.
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EXECUTIVE SUMMARY

The Department of Energy (DOE) is conducting a large program for the dis-
posal of high-level radioactive wastes in deep-mined geologic repositories.
The Nuclear Regulatory Commission (NRC) will review and determine the ade-
quacy of DOE's application for the construction and operation of the reposi-
tories. To assist in evaluating DOE's application, the NRC's Office of
Nuclear Regulatory Research is developing an understanding of the long-term
performance of geologic repositories. As part of this effort, Battelle has
investigated, over a 5-year period, the long-term performance of materials
used for high-level waste packages. The program, which is now concluded,
was conducted in three parallel efforts: waste-form studies, container-
material studies, and system performance studies. This report gives the
final results of experimental and modeling studies that comprise the con-
tainer materials task.

Hydrogen embrittlement studies were conducted to identify material and envi-
ronmental factors leading to hydrogen degradation of container materials.
The extent of hydrogen degradation of the properties of any metal exposed to
hydrogen depends on numerous factors. Conditions in which degradation
appear to be most severe include long-term exposure to high-pressure,
elevated-temperature hydrogen. Hydrogen embrittlement is also promoted in
regions which have undergone some form of microstructural transformation,
such as in the weld heat-affected zone. Findings from these studies demon-
strate that hydrogen degradation is an important consideration in evaluating
container integrity.

A broad scope of experimental work was performed to identify potential cor-
rosion failure modes for overpack materials. The experiments also evaluated
the influence of environmental and metallurgical variables on rates of cor-
rosion attack for those modes. Some emphasis was placed on Titanium
Grade 12 in a salt environment and on Type 304L stainless steel in a simu-
lated tuff environment. Most of the work, however, focused on low-carbon
steel in a simulated basalt environment. A variety of tests, including
electrochemical techniques, long-term exposures, and mechanical tests, was
used to identify potential failure modes. Results of these studies identi-
fied potential cracking agents and demonstrated the need to further define
exposure environments.

Studies were conducted on the possible internal corrosion of the canister by
the glass waste form. The canister is the innermost metallic enclosure and
is in direct contact with the waste. Canister corrosion could occur during
the relatively short period of time when the glass is molten and during the
long period of time when it is still hot in storage. To determine the long-
term corrosive effects on the canister materials, coupons of Type 304L
stainless steel and its casting equivalent, 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. It was
found that, although the number of small pits increases with time and tem-
perature, pit depths increase very slowly with time.
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Modeling studies were conducted as a parallel effort to the experimental

studies. The objective of the modeling work was to develop comprehensive,

physically realistic models for general and localized (pitting) corrosion of

the metallic container by the groundwater. The general corrosion model

describes a metal surface in contact with an aqueous environment subjected

to gamma irradiation. The model is applied to simplified examples to demon-

strate effects of radiolytic production and film-growth kinetics on the

overall corrosion rate. Pitting modeling centered on pit-initiation kine-

tics, pit-growth kinetics, and the evolution of the pit-depth distribution.

Based on these aspects of the model, the pit-depth distribution could be

generalized.
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1. INTRODUCTION

The Waste Policy Act of 1982 delegates to the Department of Energy (DOE) the
authority for siting, construction, and operation of deep-mined geologic
repositories for the disposal of high-level waste and spent fuel. The
Nuclear Regulatory Commission (NRC) has the responsibility to regulate the
activities of DOE to assure that the health and safety of the repository
workers and of the public are adequately protected. Prior to construction,
the DOE will submit a license application to the NRC describing in detail
the proposed repository. The DOE has been directed to take a multiple-
barrier approach to the isolation of radioactive wastes, with the waste
package, the underground facility, and the natural geohydrologic features of
the site being the major barriers. Since NRC's compliance assessment
requires the technical capability to understand relevant phenomena and pro-
cesses relating to the long-term performance of the multiple barriers, the
NRC's Office of Nuclear Regulatory Research established this program at
Battelle to provide input to the assessment of the waste package.

The waste package is the center of study of this research program. The pro-
gram's objective was to provide an improved understanding of the long-term
performance of the materials used for the high-level waste package. More
specifically, processes were identified that tend to degrade the performance
of the waste-package materials, and experiments were performed to produce
data that were otherwise lacking on material performance. Processes also
were analytically modeled, utilizing experimental data, to better understand
long-term effects. The principal task areas for this program were waste
form studies, system performance studies, and container materials studies.

1.1 Task Objectives

The container-materials studies, the subject of this final topical report,
focused on those processes that can cause degradation of the waste package
container. The container consists of one or more concentric metallic enclo-
sures that act as a barrier against the ingress of groundwater (or brine) to
the waste form and the egress of radionuclides from the waste form to the
repository. An innermost metallic enclosure, called the canister, may be
used to contain the waste form. The most probable canister material is
Type 304L stainless steel. A small portion of the container-materials
effort was devoted to studying the possible internal corrosion of the canis-
ter due to contact with molten or hot glass for different periods of time.

An outer enclosure is called the overpack. At the onset of the project, the
reference overpack consisted of a thick-walled steel container covered with
a thin-walled shell of a titanium-alloy. Subsequently, the use of a tita-
nium alloy shell has been less favored by DOE. Hence, the major recent
emphasis has been on cast and wrought low-carbon steels.

The use of low-carbon steel in a wet environment for a long-life container
requires that the steel be thick enough to sustain the loss of metal by cor-
rosion without penetration over the period of interest. For general corro-
sion and localized corrosion processes such as pitting or crevice corrosion,
rates of attack may be sufficiently low such that the overpack wall thick-
ness can be adjusted to compensate for the corrosion loss. On the other
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hand, cracking rates from such processes as stress-corrosion cracking or
hydrogen embrittlement may be so high as to preclude the use of cracking-
prone materials for the overpack.

The initial approach for the carbon steel studies was to investigate corro-
sion behavior in simulated repository environments using potentiodynamic
polarization techniques. The effort was directed at roughly identifying
ranges of expected behavior and evaluating the influence of metallurgical
and environmental variables on corrosion. Subsequent experiments focused on
studying two forms of localized corrosion--pitting and stress-corrosion
cracking--in greater detail. Propagation models were evaluated in the pit-
ting studies, while critical cracking species were identified and evaluated
in the stress-corrosion studies.

Hydrogen-embrittlement experiments were started because of the high proba-
bility that hydrogen will be generated in a repository environment by radio-
lytic and corrosion reactions. This form of material degradation is also
important since hydrogen-assisted cracking would be catastrophic. Cast-
steel overpacks are likely to contain numerous crack-like casting defects as
well as welding defects produced in the closure of the overpack. Thus, a
fracture-mechanics study was conducted to evaluate the effects of hydrogen,
under anticipated salt-repository conditions, on the integrity of the over-
pack. Comparative testing of specimens in high-pressure hydrogen and an
inert environment at elevated temperatures was performed to provide informa-
tion on the effects of hydrogen on crack growth under conditions in which
hydrogen attack would be predicted.

Container corrosion processes were also studied by modeling, with the focus
on general corrosion and pitting corrosion. These efforts were undertaken
to construct more comprehensive and physically realistic corrosion models.
Comparison of results between those conducting the modeling studies and the
experimental studies was promoted to provide mutual direction to both stud-
ies and to identify specific data requirements.

1.2 Report Organization

This topical report complements the final reports for other program tasks
(Long-Term Performance of Spent-Fuel Waste Forms, NUREG/CR-4954; Long-Term
Performance of High-Level Glass Waste Forms, NUREG/CR-4795; and System Per-
formance of High-Level Waste Package Components, NUREG/CR-4956).

Chapter 2 describes studies to assess the magnitude and nature of hydrogen-
embrittlement effects on steel. Chapter 3 describes studies identifying
potential corrosion failure modes for candidate overpack materials. Chap-
ter 4 presents results of a study conducted earlier in the program on canis-
ter pitting. Chapter 5 presents detailed descriptions of pitting and gen-
eral corrosion modeling developed in this program. Finally, the results of
these studies are set out in Chapter 6.

Appendices A through D provide additional data supporting the overpack cor-
rosion studies; Appendix E provides user documentation for a corrosion com-
puter code; and Appendix F provides a listing of quality assurance proce-
dures for experiments performed in this task.
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2. HYDROGEN .viBRITTLcLIIENT

Hydrogen embrittlement of waste containers is an important concern in
assessing waste-container integrity for two reasons: (1) there is a high
probability of hydrogen generation in a repository environment, and (2) any
failure resulting from hydrogen embrittlement will likely be catastrophic,
as compared with a more predictable failure mode such as general corrosion.
The studies in this program were undertaken to assess the magnitude and
nature of hydrogen-embrittlement effects that may be encountered by waste
containers. This research has been conducted on several levels, including
analysis of data in the technical literature, acquisition of data through
personal contacts with experts in the field, and performance of selected
laboratory experiments.

2.1 Background

In general, the direction of experimental research on hydrogen embrittlement
has been dictated by the approaches employed in, and the findings from, the
research programs being conducted independently by the various Department of
Energy (DOE) contractors working to develop a waste-containment design.
Changes in direction of the research were made with the guidance and concur-
rence of the cognizant NRC personnel. Attempts to anticipate the direction
of the DOE research met with limited success. For some candidate container
materials, such as Titanium Grade 12, the laboratory work being performed by
DOE was extensive enough so that the Battelle team could monitor its prog-
ress without performing additional experiments. When DOE began to consider
low-carbon cast steel, Battelle began studies of hydrogen embrittlement in
that material because of the lack of such research and the need for more
information than was available in the literature. The anticipated use of
direct-reduced (commercial-purity) iron, for improved resistance to corro-
sion and environmentally enhanced cracking, led to limited studies with that
material; however, these investigations were discontinued when it became
clear that iron was no longer under consideration by DOE.

2.1.1 Sources of Hydrogen

Two principal sources of hydrogen in a repository are anticipated. Both
radiolytic reactions and corrosion reactions can produce high fugacities of
hydrogen. Corrosion reactions between the groundwater and the container
metal are expected to provide a hydrogen-charging effect, in which the metal
absorbs relatively high concentrations of atomic hydrogen. Radiolytic reac-
tions also could provide some measure of hydrogen charging into the metal
and thereby produce gaseous hydrogen within the repository. For salt repos-
itories, which will be sealed, hydrogen pressures' up to 6.9 MPa (1000 psi)
have been predicted.

lNote that these pressures are limited to the surface region and are related
to the chemical potential which drives hydrogen into the material. The
pressures are not bulk pressures.
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Hydrogen also may be present in waste containers in the as-fabricated condi-
tion. Historically, problems have been encountered with heavy steel cast-
ings that have absorbed hydrogen during casting, resulting in numerous
casting defects or reductions in mechanical properties (Refs. 2.1, 2.2).
However, for this program it is assumed that appropriate casting/processing
and inspection procedures will be employed to avoid the presence of hydrogen
in castings. Similarly, hydrogen may be picked up by the container during
welding; again, it is assumed that suitable procedures will be followed to
avoid such problems.

2.1.2 Candidate Container Materials

Several design/material concepts have been considered by DOE during the
course of this program. During the first two years of the project, a multi-
wall container design, comprising a 304L stainless steel canister, a low-
carbon cast-steel structural overpack, and a Titanium Grade 12 corrosion-
resistant overpack, was being evaluated.

In about the second year of the program, the titanium alloy was eliminated
from the design concept by DOE. It was envisioned at that time that the
container would consist of only the stainless steel canister and the cast-
steel structural overpack, which may or may not be thick enough to provide
self-shielding. The composition under consideration was a low-carbon steel
with low concentrations of residual impurities for weldability in the field.
This candidate specification was based on ASTM Standard A216, Grade WCA,
with the composition shown in Table 2.1.

Table 2.1. Specified composition for ASTM A216, Grade WCA,
cast carbon steel.

Maximum Content, weight percent

C Mn P S Si Cu* Ni* Cr* Mo* V*

0.25 0.70 0.04 0.045 0.60 0.50 0.50 0.40 0.25 0.03

*Total content of these residual elements not to exceed
1.00 percent.

Because of the large mass of steel involved in a waste package, the over-
packs would likely be cast in a sand mold. Some consideration was given to
whether the cast steel structural overpack could be produced by centrifugal
casting (also in a sand mold). Centrifugal casting provides better feeding
of the molten metal and therefore reduces shrinkage defects. However, lim-
itations on wall thickness for a given casting diameter may rule out the use
of centrifugal casting for some self-shielded container designs.
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During the third year of the program, there were indications that DOE might
consider using pure iron as an overpack material. The advantage of this
material is improved corrosion resistance; however, costs could become quite
high, depending on the purity required. Direct reduced iron, which is used
as feedstock in the production of stainless steel, is relatively pure and is
produced commercially in large quantities; thus, it could be a candidate
material. However, DOE interest in pure iron did not develop as expected.

2.1.3 Effects Considered

The hydrogen-embrittlement effects which were considered were selected on
the basis of the behavior of the candidate materials and other similar mate-
rials under predicted repository conditions, as reported in the technical
literature. The extent of hydrogen degradation of the properties of any
metal exposed to hydrogen depends on numerous material and environmental
factors. Material factors that influence hydrogen embrittlement include
alloy composition, microstructure, impurity segregation, yield strength, and
whether the material is a hydride former. Other factors, such as hydrogen
fugacity, temperature and temperature transients, the presence of stress
concentrators or cracks, and the plastic deformation rate also play a major
role in hydrogen embrittlement.

Depending on which material and environmental factors exist in a repository,
different hydrogen-embrittlement effects may be operative. In discussing
the effects which were considered in this program, it is useful to review
the various hydrogen effects which have been observed in metals. The fol-
lowing paragraphs provide a brief summary of the effects and address the
various factors which influence the magnitudes of the effects. Following
this summary, the specific phenomena that were studied are discussed in
detail.

The effects of hydrogen on metals can be divided into seven categories as
follows:

(1) Opening of the lattice
(2) Shatter cracks, flakes, and fisheyes
(3) Hydrogen attack
(4) Blistering
(5) Loss of ductility
(6) Delayed brittle failure (hydrogen-stress cracking)
(7) Hydrogen-environment embrittlement.

These categories were developed for convenience in describing and under-
standing the causes of the various hydrogen-embrittlement phenomena observed
in the laboratory and in practice. In many cases, the categories partially
overlap. In addition, more than one embrittlement mechanism may be opera-
tive, giving rise to interactions among the effects. The first six categor-
ies deal with hydrogen contained internally in the metal, having been
absorbed from various sources such as moisture during processing or corro-
sion reactions in service. The seventh category is concerned with various
forms of embrittlement caused by hydrogen on the surface of the metal, often
referred to as external hydrogen. Embrittlement caused by external hydrogen
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is similar in nature to internal-hydrogen embrittlement, although the magni-
tude of the effect differs, as is discussed below. Both internal and exter-
nal hydrogen sources are anticipated in a repository.

Two categories of hydrogen effects do not apply to a waste repository. The
condition known as "opening of the lattice" is a reaction that occurs in
some alloys when they are subjected to extremely high hydrogen pressures at
near-ambient temperature. This condition results in the metal becoming
laced with small fissures. The lowest known hydrogen pressure at which this
phenomenon has occurred in steel is approximately 207 MPa (30,000 psi).
Such pressures are much higher than any which are likely to be encountered
in a repository. The second category, including shatter cracks, flakes, and
fisheyes, describes defects due to hydrogen absorbed in steels during pro-
duction. These defects have been observed primarily in heavy forgings; they
develop by segregation of atomic hydrogen to voids or discontinuities, such
as microshrinkage cavities or gas holes, and subsequent precipitation of
hydrogen at those sites as a high-pressure gas. Appropriate control of
steelmaking practice and inspection of the containers are measures to reduce
the incidence of such defects.

Hydrogen attack may be an important effect in waste repositories. When
steels are exposed to high-pressure, high-temperature hydrogen for long
times the hydrogen reacts with the carbon contained in the carbides in the
steel. For plain-carbon steels, the minimum temperature for hydrogen attack
is about 200 C (400 F). Repository temperatures are estimated to be 250 C
(482 F) at the start of storage, gradually decreasing to 150 C (302 F)
(Ref. 2.3). The reaction between carbon and hydrogen results in decarburi-
zation of the steel and formation of cavities at grain boundaries and
ferrite-pearlite interfaces. This may be followed eventually by internal
fissuring and blistering, as high internal pressures of methane build up
inside cavities with the continuing reaction. This kind of damage leads to
losses in strength, ductility, and toughness. The severity of hydrogen
attack depends on the temperature and hydrogen pressure, as well as on the
composition and processing of the steel. This dependence is described by
the Nelson curves, which indicate hydrogen temperature-pressure conditions
that have led to past failures in service, contrasted with conditions where
no failures have been reported. The Nelson curves are presented, and peri-
odically updated, in Publication 941 of the American Petroleum Institute
(API). The curves are based on service experience in petrochemical plants;
revisions may be published when new failures are reported, or by consensus
of the members of the API Refining Department. Because the Nelson curves
are based on service experience, which spans a period of approximately
40 years, they may be nonconservative for predicting hydrogen attack in a
waste repository over a period of 1000 years. Also, long-term exposure to
hydrogen at the elevated temperature may reduce the subsequent resistance to
fracture at lower temperatures as the container cools.

Hydrogen blistering also may be encountered in a repository. It occurs when
atomic hydrogen enters the metal, usually from a corrosive environment, and
deposits as molecular hydrogen at an internal defect such as a lamination or
nonmetallic inclusion. Such cases require that corrosion of the metal lib-
erate high-fugacity atomic hydrogen, which is subequently absorbed by the
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metal. This hydrogen effect can be similar in nature to shatter cracks,flakes, and fisheyes, but it develops as a result of hydrogen generated fromthe service environment.

Loss of ductility (tensile elongation and reduction in area) is exhibited bya wide range of metals when they contain a sufficient concentration ofhydrogen. In some metals, hydrogen reduces the ductility by enhancing thenormal fracture mode which would proceed in the absence of hydrogen. Typic-ally, those metals do not undergo significant changes in ultimate tensilestrength, as the effects of hydrogen are most prevalent in the latter stagesof fracture, and therefore such metals are not severely degraded by hydro-gen. Metals which are more sensitive to hydrogen embrittlement, such ashigh-strength steels, often undergo a change in fracture mode from a nor-mally ductile mode (such as microvoid coalescence) to a brittle mode (suchas cleavage), and also experience significant reductions in ultimate tensilestrength. A general rule is that the degree of loss in ductility increaseswith increasing strength level of the metal, provided that all other factorsare held constant.

Hydrogen-induced, delayed brittle failure is an embrittlement mechanism inwhich a brittle-type failure occurs in a nominally ductile material atapplied stresses below the yield strength. This failure occurs while themetal is under sustained load. In steels, delayed brittle failure, orhydrogen-stress cracking, is promoted by high yield strengths and severehydrogen environments; steels with yield strengths below 480 MPa(70,000 psi) appear to be immune to hydrogen-stress cracking, even under themost severe conditions. Thus, for the types of steels under considerationfor waste packaging, hydrogen-stress cracking probably will not be encoun-tered. However, titanium alloys, which are hydride formers, also canundergo delayed brittle failure. In titanium alloys, appreciable hydrogenmay be contained in the metal from processing, although usually it isabsorbed from the environment. Failure occurs when diffusion of the hydro-gen to regions of high local stress causes the formation of brittle metalhydrides that are oriented normal to the applied tensile stresses. Consi-derable difficulty with hydrogen embrittlement of Titanium Grade 12 by thismechanism has been encountered in DOE and NRC studies (Refs. 2.4, 2.5).

Hydrogen-environment embrittlement occurs when metals are stressed in ahydrogen environment, usually gaseous. Of the waste-package materials underconsideration, the ferrous materials are most likely to experience this deg-radation mode. The severity of embrittlement depends on the hydrogen pres-sure and temperature. Embrittlement generally increases with the squareroot of the hydrogen partial pressure. The temperature dependence ofembrittlement displays a maximum at an intermediate temperature, with themaximum embrittlement occurring at temperatures from about -40 to +40 C (-41to +104 F) for most engineering alloys. In addition, when localized plasticdeformation occurs, such as at a notch or stress raiser, the severity ofembrittlement is increased. Hydrogen environment embrittlement manifestsitself in many ways, including losses in tensile ductility, notched-barstrength, and notched-bar elongation, reductions in fracture toughness(resistance to crack initiation and growth), and enhancement of fatigue-crack initiation and growth. Ductility losses with external hydrogen
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proceed in a manner similar to ductility losses with internal hydrogen,
although in many cases external hydrogen produces a more marked loss than
internal hydrogen at equivalent fugacity. Reductions in fracture toughness
can lead to subcritical-crack (that is, a crack which would not grow under
the service stresses in an inert environment) growth under sustained load, a
situation analogous to hydrogen-stress cracking under the influence of
internal hydrogen. This situation may be the most important with regard to
long-term integrity of waste packages.

The hydrogen-embrittlement effects that were considered in this program are
losses in ductility (with external hydrogen, which is expected to be the
more severe case), reductions in fracture toughness, subcritical-crack
growth, hydrogen attack, and interactions between hydrogen attack and
fracture-toughness reductions. Mechanical degradation effects, and the
influence of hydrogen-induced fracture-toughness reductions on those
effects, are examined in a subsequent section. Experiments were performed
to determine the amount of hydrogen that would be absorbed by a cast-steel
overpack in a basalt repository and to assess the extent of blistering that
might occur. Effects such as opening of the lattice, shatter cracks,
flakes, and fisheyes were not considered because they are not relevant to
the application. In addition, delayed brittle failure, while relevant for
titanium alloys, was not considered because Titanium Grade 12 was deempha-
sized early in the program. Also, hydrogen-enhanced fatigue was not consid-
ered because no source of cyclic loading or straining is expected in a
repository.

2.2 Objectives and Approach

2.2.1 Objectives

The objectives of the hydrogen-embrittlement studies were to (1) improve the
understanding of the potential degradation mechanisms associated with hydro-
gen that could induce premature failure of a waste container, and (2) indi-
cate which areas require further evaluation by NRC or demonstration by DOE.
Only those hydrogen effects which conceivably could be encountered in a
repository were considered. Particular attention was given to the effects
on embrittlement behavior of metallurgical variables, such as impurity con-
tent and heat treatment,which are more readily controlled than environmental
variables. However, the hydrogen studies were not intended to provide
information for predicting container life; instead, the results of these
studies suggest potential failure mechanisms.

2.2.2 Approach

Figure 2.1 illustrates the complex thermal-mechanical-environmental condi-
tions to which the container material will be subjected in service. The
only factor over which there is some degree of control is the alloy composi-
tion and microstructure. The service conditions, outlined by circles, are
the driving forces that will determine container integrity for a given mate-
rial condition. The overall goal of material characterization is to assess
whether the container will be able to withstand service exposures over a
very long time period (for example, 1000 years) without failure.
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Figure 2.1. Complex mechanical-thermal-hydrogen environment anticipated
in service for a container material.

2-7



) major mechanisms of failure that are anticipated in service are
en embrittlement and hydrogen attack. Thus, it is necessary to assess

lr miiagnitude of these effects on short-term and long-term container integ-
rity. The nomenclature "short-term" refers to the time period very early in
the life of the repository when temperature is still in the neighborhood of
260 C (500 F). Hydrogen-environment embrittlement (discussed in Sec-
tion 2.1.3) would be the primary failure mechanism under such conditions.
"Long-term" refers to the extended exposure of the container material to a
hydrogen environment and subsequent failure at temperatures ranging from
260 C (500 F) to room temperature. Both hydrogen embrittlement and hydrogen
attack could play important roles in determining failure under long-term
conditions.

Figure 2.1 shows that a multitude of factors, including those that are asso-
ciated with material composition, make assessment of container integrity
extremely complex. The problem is compounded by the lack of accurate esti-
mates on hydrogen fugacity anticipated in service. In the present study,
experiments were conducted with hydrogen pressures in the range 4.8 MPa to
6.9 MPa (700 psi to 1000 psi), a convenient level which appears to represent
an upper bound.

The approach used in these studies was to subdivide the complex system into
a number of smaller subsystems (Figure 2.2). The first phase of the work
involved determining how short-term hydrogen embrittlement was affected by
composition, processing, and microstructure of the material (Figure 2.2a).
Steels were obtained from various sources, and some were specially cast to
contain controlled residual impurity levels. Embrittlement effect was mea-
sured in terms of reduction in conventional mechanical properties, namely
tensile strength, elongation to failure, and reduction in area. Experiments
involved tensile tests of unexposed specimens in nitrogen and hydrogen envi-
ronments at room temperature. The details are discussed in Sections 2.3.1,
2.3.2, and 2.4.1.

In the second phase of the work, hydrogen embrittlement of the same series
of material was evaluated by fracture toughness tests (Figure 2.2b). Com-
parative J-integral tests were run in nitrogen and hydrogen to determine how
hydrogen affected crack initiation toughness (JIc) and tearing resistance to
further crack growth (dJ/da) of the material. Special attention was focused
on determining the microstructural influence, such as effects of residual
impurities and heat-treatments, on hydrogen embrittlement at room tempera-
ture. It was found that the fracture toughness results were much more sensi-
tive to hydrogen than tensile test results. Details of this second phase
are discussed in Sections 2.3.1, 2.3.2, and 2.4.2.

In the third phase of the work, both short-term and long-term integrity of a
container material was evaluated in high-pressure, elevated temperature
hydrogen (Figure 2.2c). Hydrogen-induced damage was measured for a clean
cast steel in terms of effects on fracture toughness properties. Thus,
microstructure and residual impurity concentration was not a variable in
this series of experiments. Fracture toughness specimens, which were either
unexposed or were pre-exposed to hydrogen and helium at various temperatures
for different time periods, were fracture tested at 260 C (500 F) and at
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(a)

(b)

(c)

Figure 2.2.

(i) Battelle Cast Steel (i) AsCast (i) Clean <0.004% PS
(ii) Welded Cast Steel (ii) Rolling (ii) Doped by Specific
(iii) Commercial-Purity Iron Amounts of P. S

(i) Battelle Cast Steel (i) As Cast (i) Clean <0.004% P.S
(ii) Welded Cast Steel (ii) Rolling (ii) Doped by Specific
(iii) Commercial-Purity Iron Amounts of P. S

Breakdown of technical approach showing various factors stud-
ied to assess effects of hydrogen on container integrity.
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room temperature. Accelerated tests were conducted by exposing specimens at
temperatures above 260 C (500 F) for short times to simulate long-time ser-
vice exposure at lower temperatures. Details of this phase of experiments
are discussed in Sections 2.3.4, 2.4.4, and 2.5.2.

2.2.3 Materials Studied

Most of the research focused on low-carbon cast steels because the cast-
steel overpack is expected to provide structural integrity to the container.
Three steels with compositions satisfying the ASTM Standard A216, Grade WCA,
were studied. In addition, one steel with a higher _m.anganese content than
that specified in the standard iwas included in the invest1igfiatio The
steels were studied in the as-cast, annealed, hot-rolled, and as-welded con-
ditions. Some experiments also were conducted with samples of direct-
reduced iron in the as-cast condition.

No hydrogen-embrittlement experiments were conducted with Titanium Grade 12.
While Titanium Grade 12 is resistant to general corrosion and provides
improved resistance to crevice corrosion compared with other titanium
alloys, DOE and NRC researchers found it to be extremely sensitive to hydro-
gen embrittlement (Refs. 2.4, 2.5). This sensitivity was one reason DOE
eliminated that alloy from consideration. In addition, hydrogen-
embrittlement experiments were not conducted with the stainless-steel cani-
ster alloy, in part because of the high resistance of most austenitic stain-
less steels to hydrogen embrittlement, and in part because DOE was taking no
credit for the integrity of the canister for a basalt repository.

2.3 Experimental Procedures

2.3.1 Material/Specimen Preparation

Materials from three different sources were used for the investigation:

a Battelle steel castings
* welded steel castings
* iron castings.

The preparation and microstructure of these materials are discussed as
follows in Sections 2.3.1.1 through 2.3.1.3, respectively.

2.3.1.1 Battelle Steel Castings

Two ingot-shaped steel castings were prepared for hydrogen embrittlement
studies in this program. At the time the castings were prepared, a nominal
composition was selected by Battelle that was representative of commercially
available cast steel with reasonable weldability. Subsequently, DOE indi-
cated that its cast steel composition for a salt repository would be similar
to ASTM A216, Grade WCA (Ref. 2.6); the Battelle composition targets were
within the composition specification for that steel. One of the castings
was made with very low impurity content; the other, with the same nominal
composition, was prepared with the intentional a divnof metalloid impurri-
t es (sulfur and phosphorus) to a level thK&was. typical t- st6Tis-c&SF ~ns
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that are readily available commercially. Thus, comparisons between the
"clean" and "doped" castings would provide an indication of the effects of
metalloid impurities on the hydrogen embrittlement sensitivity of the cast
sbee4d-ain6Wether'lmore restrictive composition specifications may be
needed. Co-segregation of hydrogen and metalloid impurities has been shown
to increase the extent of embrittlement.

The castings were prepared from a split heat; after the clean casting was
poured, the remaining molten metal was doped with ferrophosphorus and ferro-
sulfur before pouring the second casting. The castings were cast into sand
molds, with nominal dimensions of 8 x 8 x 20 in, so as to approximate the
slow cooling rates from casting that would be experienced in casting a large
structural overpack. Figures 2.3 and 2.4 present full longitudinal sections
prepared from each casting and show the solidification structures of the
castings. Large columnar grains, emanating from the mold surface toward the
interior of each of the castings, can be seen in the figures. The figures
illustrate that no macroporosity was present in the castings, an observation
which was confirmed by radiography. Both castings underwent considerable
"pipe" during solidification. All specimens for testing and analysis were
prepared from portions of the castings located at least 1 inch below the
deepest penetration of the pipe.

Spectrographic chemical analyses were performed on samples removed from sev-
eral locations in each casting. The average compositions are presented in
Table 2.2, which includes the specified composition limits and ranges for
ASTM A216, Grade WCA, for comparison. The average compositions of both
castings satisfy the requirements of ASTM A216, Grade WCA, steel castings.
There was little variation in composition at different locations in each
casting.

Comparison between the etched surfaces of the castings, shown in Figures 2.3
and 2.4, indicates that the addition of metalloid impurities may have influ-
enced the solidification structure. The macrostructure of the doped steel
appears much finer than that of the clean steel. The microstructures of the
clean and doped steels, viewed from three orientations, are shown in Fig-
ure 2.5a and b. Both steels contained mixtures of ferrite (light constitu-
ent) and pearlite (dark constituent), although there was considerable dif-
ference in the morphology of those constituents. The figure shows that the
clean steel had an acicular, "feathery" structure, whereas the doped steel
had a more equiaxed-grain microstructure. In addition, virtually no inclu-
sions were present in the clean steel. The doped steel contained numerous
Type II (Ref. 2.7) manganese sulfide inclusions that were aligned along
prior-austenite grain boundaries, forming a nearly continuous film on those
boundaries. When manganese sulfide inclusions form with this morphology,
they can influence the fracture behavior markedly, as was observed in this
program. The difference in grain structure for the two castings would sug-
gest a higher cooling rate after casting for the clean steel, but the heat
records indicate that the cooling rates were similar for both castings.
Therefore, the solidification structure apparently was influenced by the
presence of impurities, probably by way of the nonmetallic inclusions acting
as grain nucleation sites.
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Figure 2.3. Full longitudinal section through casting of clean steel.
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Table 2.2. Chemical compositions of steels cast by Battelle.

Content, weight percent

Steel C Mn P S Si Al Cu Ni Cr Mo V

Clean 0.18 0.49 0.004 0.002 0.30 0.10 0.006 0.002 0.007 0.000 0.000
Doped 0.17 0.55 0.029 0.036 0.35 0.14 0.007 0.004 0.011b 0.000 0.006
WCAIa) 0.25 0.70 0.04 0.045 0.60 -- 0.50(b) 0.50(b) 0.40(b) 0.25(b) 0.03(b)

(a)Maximum specified content for ASTM A216, Grade WCA cast steel.
(b)The sum of the copper, nickel, chromium, molybdenum, and vanadium contents not to

exceed 1.00 percent by weight, and the carbon equivalent shall not exceed 0.50 [carbon
equivalent = C + Mn/6 + (Cr + Mo + V)/5 + (Ni + Cu)/151.

OL747

V

L't

OOX Nital Etch OL745

As Cast

Figure 2.5a. Microstructure of clean steel.
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Hot Rolled

Figure 2.5b. Microstructure of doped steel.

After being sectioned longitudinally, one half of each casting was hot
rolled, parallel to the rolling direction, to plate form, with a thickness
reduction of 8:1. During rolling, the metal temperature was between about
900 and 1000 C (between 1652 and 1832 F). In addition, portions of the as-
cast halves of the castings were annealed by heating in argon to 900 C
(1652 F), holding at temperature for 2 hours, and furnace cooling to room
temperature at a rate of approximately 50 C/hr (90 F/hr). The resulting
microstructures are shown in Figures 2.6 and 2.7.

The microstructures of the clean and doped steels in the hot-rolled condi-
tion were very similar, as shown in Figures 2.6a and 2.7a. Both steels
exhibited microstructures in which the ferrite and pearlite grains were
banded in the direction of rolling. The only difference was that the doped
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Figure 2.6. Microstructure of clean steel after
annealing.
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2-16



# /- - . w < - He-j* d

. tioa<x ,- +t YI En ' '8-t449
'k'A~~~~~~~~~.

> " ' 8 + Ax . ~ . - r its i , EE

rOX crl Ni v a - OL 748' O N Etc - 30

Fgr 2.7. Microtrut of dpds~kteel ate ho- yt rolin and aftXem .r

stee contand numerous mangnes sulfie inlsin tha weOre~+s' elnae jin \
th rlling directin wh A/~' ~ic are not visible in the phtomicrogrps<R 3in the ~a

figures A Z .T .a ft castings it X)ict

thtrfece h origin~al irotucusa cast. In uot stels h

fOeX Picral + Nital Etch gLs48 lOOX Picral + Nital Etch 3Lc30
Hot rolled i Annealed

IOO Am

Figure 2.7. Microstructure of doped steel after hot rolling and after
anneal ing.

steel contained numerous mnangnese sulfide inclusions that were elongated in
the rolling direction, which arleriotvisie in the photomicrographs in the
figures. The annealed portions of the castings exhibited microstructures
that reflected the original microstructures as cast. In both steels, the
ferrite and pearlite grains were much finer in the after-annealed condition
than in the as-cast condition, as shown in Figures 2.6b and 2.7b. In the
clean steel, the refined pearlite grains were aligned in bands that appeared
to be oriented randomly, unlike the banding observed in the hot-rolled por-
tions of the castings. The bands of pearlite in the annealed clean steel
probably were associated with the acicular structure in the as-cast condi-
tion. The pearlite in the annealed doped steel was more evenly distributed,
having formed from the more equiaxed as-cast structure. The manganese sul-
fide inclusions were not affected by the annealing heat treatment, and
remained situated on the as-cast grain boundaries.

Portions of the ingots were hot-rolled to develop correlations between the
hydrogen-embrittlement characteristics of cast and hot-rolled steels with
identical chemical compositions. Such a correlation would make it possible
to refer to the large body of information available in the technical litera-
ture on hydrogen embrittlement of wrought steels, to gain insight into the
effects of hydrogen on cast steels. Apart from early work by Sims and his
co-workers, who identified steel-industry problems with heavy castings as a
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hydrogen-embrittlement phenomenon (Refs. 2.1, 2.2), there has been very lit-
tle published research on hydrogen embrittlement of cast steels or the
effects of metallurgical and environmental variables on embrittlement.
Unfortunately, as described subsequently in this report, there was very lit-
tle correlation between hydrogen-embrittlement effects on rolled and cast
steel. The purpose of annealing portions of the castings was to assess the
effects of heat treatment on sensitivity to hydrogen embrittlement. In
practice, steel castings that do not meet minimum strength requirements
often are heat treated in a similar manner, in an effort to increase the
strength to an acceptable level.

2.3.1.2 Welded Steel Castings

Two plate samples cast and welded by the Colorado School of Mines, under
contract with the NRC through Manufacturing Sciences Corporation to study
waste-package manufacturing variables, were also prepared for evaluation in
the hydrogen-embrittlement studies. One of the sample plates met the compo-
sition requirements for ASTM A216, Grade WCA, steel; the other had a higher
manganese content. The chemical compositions of the plates, reported to
Battelle by Colorado School of Mines, are presented in Table 2.3. The table
also includes the specified composition for ASTM A216, Grade WCA steel, for
comparison.

Table 2.3. Chemical compositions of cast-steel sample plates provided by
Colorado School of Mines(a).

Content, weight percent

Steel C Mn P S Si Al Cu Ni Cr MO V

NRC-9 0.20 0.50 0.008 0.01 0.33 0.054 (b) (b) (b) (b) (b)
NRC-11 0.15 0.97 0.015 0.01 0.19 0.034 (b) (b) (b) (b) (b)
WCA(C) 0.25 0.70 0.04 0.045 0.60 -- 0.50(d) 0.50(d) 0.40(d) 0.25(d) 0.03(d)

(a)Reported by Colorado School of Mines.
(b)Not reported.
(C)Maximum specified content for ASMT A216, Grade WCA cast steel.
(d)The sum of the copper, nickel, chromium, molybdenum, and vanadium contents not to

exceed 1.00 percent by weight, and the carbon equivalent shall not exceed 0.50 [carbon
equivalent = C + Mn/6 + (Cr + Mo + V)/5 + (Ni + Cu)/151.

The sample plates were cast approximately 3.8 cm (1.5 in) thick by 15.2 cm
(6 in) long, with a trapezoidal cross section that was approximately 4 in
wide at mid-height. The castings were sectioned in half longitudinally, and
then one as-cast edge and one sawcut edge were welded together. The two
edges were butted against each other, forming a half-K groove, and then
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joined by multiple-pass submerged-arc welding with a Tibor 22 low carbon
welding wire in combination with an Orkelon OP121-TT flux. The composition
of the welding wire in weight-percent, reported by Colorado School of Mines,
was 0.059 C, 1.48 Mn, 0.009 P, 0.008 S, 0.04 Si, and 0.03 Al. A backing
plate of AISI 1018 steel was used to minimize distortion during welding.

Figures 2.8 and 2.9 present photomacrographs of the welded plates, which are
identified by the code numbers assigned by the Colorado School of Mines.
Part (b) of each photomacrograph presents a cross sectional view through the
weld, showing the multiple welding passes that were used--ten for Sam-
ple NRC-9 and nine for Sample NRC-11. The figures also show that the weld
heat-affected zones to one side of the weld were oriented approximately
straight through the thickness, which was the reason for using a half-K
groove. This alignment of heat-affected zones made it possible to prepare
fracture-mechanics specimens to measure the effects of hydrogen on the
resistance to crack growth in the heat-affected zone.

2.3.1.3 Iron Castings

Twelve small laboratory ingots of direct-reduced iron, 2.5 x 7.6 x 17.8 cm
(approximately 1 in thick, 3 in wide, and 7 in long), were provided by
Armco, Inc., for examination in this program. When produced in commercial
rather than laboratory quantities, this material normally is used as feed-
stock in the production of stainless steel alloys. Thus, it is a material
which could be made in large quantities at relatively low cost, using exist-
ing facilities, and may be a viable overpack material. Research with this
iron was initiated because of a perceived shift in interest by DOE toward
pure iron overpacks, presumably for improved corrosion resistance. Since
that interest never developed beyond the initial stage, research with the
direct-reduced iron in this program was limited.

Table 2.4 presents the average chemical composition for the ingots that were
used in this program. The compositions were determined by spectrographic
analysis. The table shows that there was little variability in composition
among the twelve ingots. The carbon, manganese, phosphorus, and sulfur con-
tents all were relatively low. The higher silicon content resulted from
deoxidation. The relatively high contents of copper, chromium, nickel, and
molybdenum reflect the intended use of the iron in production as a precursor
for stainless steel.

Figure 2.10 presents a photomacrograph of a transverse section through one
of the ingots. The figure illustrates the solidification pattern and the
very coarse grain size that was apparent in all of the castings. The coarse
grain size is further illustrated in Figure 2.11, which presents photomicro-
graphs showing the ferritic microstructure of the ingot shown in Fig-
ure 2.10. The photomicrograph in Figure 2.11a shows very fine particles
present in the grains, and somewhat coarser particles present on the grain
boundaries. These particles exhibited a lamellar structure, as shown in
Figure 2.11b, and may have been fine pearlite precipitates. No inclusions
were observed.

2-19



iX As Received 1M951

a. Top View

1x 10-Percent Nital Etch 1M953

b. Side View

Figure 2.8. Photomacrograph of cast steel plate NRC-9 provided by
Colorado School of Mines.
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a. Top View
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b. Side View

Figure 2.9. Photomacrograph of cast steel plate NCR-11 provided by
Colorado School of Mines.
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Table 2.4. Average chemical composition of iron ingots.

Content, weight percent

Element Average Range

Carbon 0.001 0.000 - 0.002
Manganese 0.004 0.003 - 0.004
Phosphorus 0.002 0.002 - 0.003
Sulfur 0.004 0.003 - 0.004
Silicon 0.17 0.16 - 0.18
Aluminum 0.001 0.000 - 0.001
Copper 0.069 0.066 - 0.072
Nickel 0.021 0.017 - 0.022
Chromium 0.046 0.041 - 0.049
Molybdenum 0.044 0.034 - 0.048
Vanadium 0.001 0.000 - 0.001

7 L387

Figure 2.10. Transverse section through iron ingot that were
ARMCO.

provided by
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Figure 2.11. Photomicrographs of iron ingot showing fine precipitates
at grain boundaries and in the matrix.
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2.3.1.4 Test Specimens

Three types of test specimens were prepared from the sample castings:
standard round tension specimens, standard fracture-mechanics (compact-
tension) specimens, and exposure-coupon specimens. The specimen dimensions
were varied in accordance with the casting size and the specimen orientation
in the casting. The tension specimens were prepared according to ASTM
Standard E8, "Tension Testing of Metallic Materials", using Specimen
Design 1 in Figure 9 of the Standard. The compact-tension (CT) specimens
were prepared according to ASTM Standard E813, "Standard Test Method for
Jic, A Measure of Fracture Toughness"; Figure 2.12 shows the specimen
design. Both iT (thickness B = 2.54 cm) and 1/2T (thickness B = 1.27 cm) CT
specimens were prepared. Exposure coupons were prepared only from the
Battelle castings. All of the exposure coupons were 0.635-cm (0.25-in)
diameter by 2.54-cm (1-in) long solid cylinders.

1.25W ±.OIOW

=B=W2 e 005W _

_ ___ _ | A Go ~~~~~~~~300 Inc. Z_

Distance Between
Razor Blade Knife 0. 25 W.
Edges Should Be Dia. 2 Holes

I. Between 2.5mm
And 3. 5 mm

Figure 2.12. Compact-tension specimen design for
experiments.

fracture-mechanics

Note: B = 2.54 cm for iT specimen,
specimens.

1.27 cm for 1/2T
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For the clean and doped steel castings prepared by Be
specimens were prepared with their axes parallel and
length of the casting, or the direction of pouring. *E

responded to the longitudinal and transverse orienta o
the plates that were rolled from one-half of each ca 4 + 4

both orientations had a 0.635-cm (0.25-in) diameter
2.54 cm (1 in) long. The CT specimens from those c;
crack growth parallel to the columnar grains, which
tural overpack, would correspond with crack growth
the waste package toward the interior of the waste ..

ture toughness experiments were conducted with IT CT specimens; iater
iments were conducted with 1/2T CT specimens. Exposure coupons were pre-
pared with their axes in the longitudinal orientation.

Tensile specimens from the welded steel castings were oriented transverse to
the weld. The specimens had gage sections that were nominally 1.27 cm
(0.5 in) in diameter x 5.08 cm (2 in) in length, but the specimens that were
located farthest from the root pass of the weld had to be further machined
to a 0.635-cm (0.25-in) diameter gage section to remove surface defects that
were associated with inclusions and/or porosity. For all of the tension
specimens, the reduced section contained weld metal, heat-affected zone
(HAZ), and base metal. It was anticipated that this specimen design would
make it possible to identify the portion of the weld region that was most
sensitive to hydrogen embrittlement, by determining which portion of the
microstucture initiated fracture in a hydrogen environment. Then, the 1/2T
CT specimens, which were oriented for crack growth parallel to the weld
(with the crack plane normal to the plate width), would be notched in the
most sensitive region to provide a worst-case assessment of the effect of
hydrogen on the fracture toughness in the weld region. However, as dis-
cussed in detail in a subsequent section, the tension specimens did not pro-
vide sufficient information regarding the sensitivity to hydrogen embrittle-
ment of the weld region. Thereforex, CT specimens were used, based on
observations in this program that fracture properties of cast steel were
more sensitive to hydrogen embrittlement than tensile properties. In the CT
specimens, notches were cut approximately in the center of the HAZ because
of common service experience that hydrogen embrittlement occurs predomi-
nantly in the HAZ of welded structural steels. The CT specimens were pre-
pared only from Plate NRC-11. All specimens, including tension and CT spec-
imens, were located at two different locations (based on the tensile axis or
the center of the crack plane) with respect to the root pass of the weld.
Those locations were approximately 1/4 of the plate thickness from the root
pass, and 3/4 of the plate thickness from the root pass. Specimens that
were farther from the root pass had a broader HAZ, because the adjacent vol-
ume of weld metal was greater, as seen in Figures 2.8b and 2.9b.

Both transverse and longitudinal tension specimens wetie prepared from the
iron castings. The longitudinal specimens (tensile' axis parallel to the
pouring direction, or the length of the ingot) hadi a 1.27-cm (0.5-ih) diam-
eter gauge section that was 5.08 cm (2 in) long,/whereas the transv rse spe-
cimens (tensile axis perpendicular to the pouring direction and par llel to
the width of the ingot) had a 0.635-cm (0.25-in) 1diameter gauge sec ion that
was 2.54 cm (1 in) long. In addition, IT CT specimens were prepar d,
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ir crack growth across the width of the ingot (that is, transverse
/ngth of the ingot). This orientation provided crack growth essen-

parallel to the columnar grains, for comparison with the CT specimens
the Battelle castings.

3.2 Hydrogen-Embrittlement Experiments to Assess Role of
Composition, Processing, and Dopants

Experiments to assess the potential for hydrogen embrittlement of the test
materials (refer to Figures 2.2a and 2.2b) consisted of tension tests and
elastic-plastic fracture-toughness (J-integral) experiments. Parallel
experiments were conducted in hydrogen and inert (nitrogen or helium) envi-
ronments. The degree of degradation was based on the differences in mechan-
ical and fracture properties in the two environments. The hydrogen environ-
ment consisted of gaseous hydrogen at a pressure of 6.9 MPa (1000 psi). All
experiments were conducted at room temperature.

The tensi gn tests were conducted at an engineering-strain rate of
10-4 sec- . Strength and ductility properties were measured, and the frac-
ture surfaces were examined in a scanning electron microscope (SEM) to
determine whether hydrogen affected the fracture mode. For the tensile
properties, the principal indicator of embrittlement was a loss in reduction
of area. Typically, elongation also is reduced by hydrogen, but to a lesser
degree than the reduction of area. Unless severe embrittlement occurs,
there usually is no effect of hydrogen on the strength properties.

The J-integral experiments were conducted in accordance with ASTM Standard
E813, "Standard Test Method for Jjc, a Measure of Fracture Toughness". The
test consisted of imposing a steady load-line displacement rate, while moni-
toring the applied load required to maintain the displacement, and the crack
length. Crack growth was monitored continuously by a direct-current
electric-potential-drop method, so that J-integral data could be obtained
from a single specimen; thus, replicate tests provided information regarding
the reproducibility of the observed hydrogen effects on fracture resistance.
The J-integral elastic-plastic fracture-toughness test is useful for charac-
terizing the crack-growth resistance of a ductile metal. Two fracture-
toughness properties are obtained from this test: (1) the fracture tough-
ness, Jjc, which is a measure of the work required to initiate a crack*, and
(2) the tearing resistance, dJ/da, which is a measure of the resistance of
the metal to subsequent unstable plastic crack growth. Reductions in these
properties in a hydrogen environment, relative to an inert environment,
indicate the degree of hydrogen degradation.

2.3.3 Hydrogen Absorption Experiments

Hydrogen-absorption experiments were conducted by immersing the exposure
coupons into a simulated basaltic groundwater environment at a temperature

*The magnitude of stresses and strains ahead of the crack tip at the instant
of crack initiation, are also directly controlled by the value of J3 c.
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of 250 C (482 F). The specific environment that was used is described in
Section 2.4.3. The purpose of the hydrogen absorption experiments was to
determine whether significant concentrations of hydrogen could develop in an
overpack as a result of corrosion reactions with the groundwater.

2.3.4 Experiments Involving High-Pressure Hydrogen at Moderately
Elevated Temperatures

The objectives of this phase of the work were twofold:

(1) To evaluate short-term effects of high-pressure hydrogen on
fracture resistance of cast steel at 260 C (500 F), which is
the temperature expected early in the life of the
repositories.

(2) To estimate long-term effects of hydrogen exposure at ele-
vated temperatures on fracture resistance of cast steel.

The short-term effects of hydrogen at 260 C (500 F) were assessed by con-
ducting JIc tests in an atmosphere of 4.5 MPa (700 psi) hydrogen at 260 C
(500 F). Compact-tension type specimens, which were not previously exposed
to hydrogen, were used for the fracture experiments. Conversely, long-term
effects of hydrogen were evaluated by pre-exposing compact-tension type
specimens in 6.9 MPa (1000 psi) hydrogen at elevated temperatures for vari-
ous lengths of times, and subsequently determining JIc and dJ/da in 4.5 MPa
(700 psi) hydrogen at 260 C (500 F) or at room temperature*. Exposure tem-
peratures above 260 C (500 F) were used to accelerate the damage kinetics,
so that relatively short-duration exposures at higher temperatures could
simulate very long exposure times (1000 years) at 260 C (500 F) and below.
However, care was taken in the analysis to avoid effects of gross hydrogen
attack, since the anticipated repository conditions lie below the Nelson
curve for carbon steels.

The experiments were limited to fracture toughness tests, since previous
room temperature experiments had indicated that toughness and tearing resis-
tance were more sensitive to hydrogen degradation than other mechanical
properties, such as tensile strength, elongation, or reduction in area.
Companion tests were conducted in helium with and without pre-exposures in
helium. The purpose of these tests was to evaluate the effect of tempera-
ture alone on fracture properties, so that the results would provide base-
line data with which to compare the results of experiments utilizing hydro-
gen. Table 2.5 shows the test matrix for the fracture experiments with
high-pressure elevated-temperature hydrogen and helium.

*Fracture tests were conducted at 260 C (500 F) to simulate possible frac-
ture events in repositories when temperature is relatively warm. The room
temperature fracture tests would correspond to conditions after a long time
in the repositories, when temperature had decreased.
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Table 2.5. Test matrix involving high-pressure hydrogen and helium at
elevated temperatures, for assessing short-term and long-
term effects of pre-exposure.

Pre-Exposure Conditions Test Conditions

Temperature Period Temperature Specimen
Environment (F) (hours) Environment (F) No.

H2 500

He 500

H2 625

H2 750

He 750

H2 850

5
50

250

50
250

5
250

5
50

250

50
250

5
50

50

5
50

250

5
50

250

None
None

250

250

H2
H2
H2

He
He

H2
H2

H2
H2
H2

He
He

H2
H2

He

H2
H2
H2

He
He
He

H2
He

H2

He

RT*
RT
RT

RT
RT

RT
RT

RT
RT
RT

RT
RT

RT
RT

RT

RT
RT
RT

RT
RT
RT

500
500

500

500

12
23
18

21
14

30
34

27
28

24, 35

26
11

33
31

29

19
17
4

22
15
6

13
10

5

7

He

H2

850

1100

He 1100

None None

H2

He

1100

1100

*RT = room temperature.

Compact-tension type specimens were machined from the Battelle clean cast
steel, and precracked to a/W of approximately 0.6. In the case of long-term
tests, the specimens were preexposed in hydrogen or helium gas at tempera-
tures ranging from 260 to 593 C (500 to 1100 F). Stainless steel autoclaves
were used for exposing specimens in 6.9 MPa (1000 psi) hydrogen. Helium
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exposures were performed on companion specimens in sealed glass tubes, which
were initially evacuated and then backfilled with approximately one-eighth
atmosphere helium. Since the primary purpose of the helium exposures was to
determine the effect of the elevated temperature alone on fracture proper-
ties, the lower pressure for the reference specimens was deemed adequate.

After pre-exposure the specimens were stored in liquid nitrogen to minimize
loss of hydrogen from the specimens prior to the tests. Fracture tests were
usually conducted within a few hours after removal from the autoclave.

Fracture toughness, Jjc, and tearing resistance, dJ/da, were determined for
unexposed and pre-exposed specimens, using procedures generally in accord
with guidelines specified in ASTM E813. Specimens were tested in 4.8 MPa
(700 psi) hydrogen or helium gas, at room temperature or at 260 C (500 F).
For conducting tests at 260 C (500 F), heating was performed by attaching
tubular heaters to the clevis grips; the heaters were encased in metal
sheaths to prevent contamination of the environment.

Single specimen J-integral testing procedures, similar to those described
earlier in Section 2.3.2, were followed for determining fracture parameters.
The current through electric potential input leads was maintained at a level
sufficient to ensure approximately 320 pV electric potential (EP) output at
the start of the test. Loading was continued until the electric potential
drop increased by approximately 50 pv. This increase corresponded to crack
growth in the range of 1 to 3 mm.

J-integral testing, according to ASTM E813, requires accurate determination
of load-line displacement at the crack mouth (crack opening displacement).
This procedure was followed in the experiments with unexposed specimens
tested at room temperature (Section 2.3.2 of this report), but it could not
be followed with pre-exposed specimens or with specimens tested at 260 C
(500 F) because of space and temperature limitations. Instead, displace-
ments were monitored by the stroke displacement of the servohydraulic sys-
tem. The fixture compliance was obtained by measuring the difference
between crack opening displacement and stroke displacement of a dummy speci-
men for a range of applied loads comparable to the range used in the frac-
ture tests. Also, during subsequent J-integral testing, the specimen com-
pliance based on linear-elastic region of load-elongation curve was compared
with theoretical elastic compliance tabulated in ASTM E813. This comparison
provided a separate estimate of fixture compliance. The fixture compliance
obtained by various procedures ranged between 1.14 x 10-7 and 1.6 x 10-7 m/N
(2.0 x 10-a and 2.8 x 10-5 in/lb). The small variation in fixture compli-
ance gave confidence to the validity of using a load-dependent scaling fac-
tor to calculate crack opening displacement from measured stroke displace-
ment. Data on load, displacement and electric potential were stored on a
computerized data-acquisition system for subsequent analysis.

After fracture testing, fractographic examinations in an SEM were conducted
on selected specimens. In addition, some specimen halves were sectioned
perpendicular to the crack plane and parallel to the side surface. These
sections were polished metallographically and etched lightly to reveal cavi-
ties formed during hydrogen exposure. Such metallographic sections also
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allowed investigation of changes in microstructure which occurred with
elevated-temperature exposure in hydrogen or helium.

2.4 Results

2.4.1 Effects of Hydrogen on Tensile Properties

2.4.1.1 Battelle Cast Steel--Effects of Hydrogen on
Tensile Properties

Table 2.6 presents the results of the tensile tests performed with specimens
from the steel castings prepared by Battelle for this study. The results
presented are averages for replicate tests. Between two and four tests were
conducted for each condition, depending on the amount of material available
and the degree of reproducibility initially observed between duplicate spec-
imens. The table also presents, for comparison, the specified minimum ten-
sile properties for ASTM A216, Grade WCA cast steel, as well as the tensile
properties for the portions of the Battelle castings that were wrought (hot
rolled).

The data in Table 2.6 show that the principal effect of hydrogen was to
limit the reduction of area at fracture. There was also some reduction in
elongation at fracture due to hydrogen, but no significant effect on the
yield or the ultimate tensile strength. These observations are typical for
low and medium strength steels that are deformed in a hydrogen environment.
In addition, the strength properties of the Battelle steels were not
affected significantly by impurity content (clean versus doped steel) or by
orientation. However, strength and ductility were affected by annealing and
hot-working, as may be observed from the data in Table 2.6.

The ductilities of the Battelle steels were influenced by many factors,
especially impurity content and environment. Figure 2.13 compares the
reduction in area for each material condition. For material in the as-cast
condition, considerable scatter in the ductility data was observed for rep-
licate specimens, presumably as a result of the inhomogeneity of the cast-
ings and the small specimen size relative to the grain size. To reduce the
scatter in the data, the results in Figure 2.13 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 impur-
ity content. For the clean steel, annealing increased the ductility when
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 envirionment, 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 2.13. 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
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Table 2.6. Tensile properties of Battelle steels.

Ultimate
Steel Tensile Yield Percent Reduction
and Test Strength, Strength, Elongation in Area,

Condition Environment MPa (ksi) MPa (ksi) in 1 Inch percent

Lonqitudinal Orientation

Clean, as cast

Clean, annealed

Clean, wrought

Doped, as cast

Doped, annealed

Doped wrought

6.9 MPa N2
6.9 MPa H2

331 (48)
338 (49)

6.9
6.9

6.9
6.9

6.9
6.9

6.9
6.9

6.9
6.9

MPa
MPa

MPa
MPa

MPa
MPa

MPa
MPa

MPa
MPa

N2
H2

N2
H2

N2
H2

N2
H2

N2
H2

400
407

434
427

352
345

379
386

462
462

(58)
(59)

(63)
(62)

(51)
(50)

(55)
(56)

(67)
(67)

131
124

207
214

290
290

165
152

221
221

290
296

(19)
(18)

(30)
(31)

(42)
(42)

(24)
(22)

(32)
(32)

(42)
(43)

23
15

37
36

39
40

26
15

14
13

34
34

!31 " t.'V,
20 1

..~ . -,d

56
59

66
63

{H36
<'18

28
23

53
40

Transverse Orientation

Clean, as cast

Clean, annealed

Clean, wrought

Doped, as cast

Doped, annealed

Doped, wrought

6.9
6.9

6.9
6.9

6.9
6.9

6.9
6.9

6.9
6.9

6.9
6.9

MPa
MPa

MPa
MPa

MPa
MPa

MPa
MPa

MPa
MPa

MPa
MPa

N2
H2

N2
H2

N2
H2

N2
H2

N2
H2

N2
H2

345
352

400
407

441
427

352
345

400
407

(50)
(51)

(58)
(59)
(64)
(62)

(51)
(50)

(58)
(59)

145
152

207
207

283
269

172
152

221
221

269
283

(21)
(22)

(30)
(30)

(41)
(39)
(25)
(22)

(32)
(32)

(39)
(41)

29
28

39
32

41
35

13
15

17
15

39
34

41 /

6Z-
-37

48

20

20
23

63
37

448 (65)
448 (65)

ASTM A216 Grade WCA--UnsDecified Orientation

As Cast or
Heat Treated Lab Air (60-85) (30 min) 24 min 35 min
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Figure 2.13. Ductility of clean and doped steels tension tested in

1000 psig hydrogen or nitrogen.

effect on ductility by annealing was observed for the doped steel. However,
hot rolling provided some improvement in ductility.

Fracture surfaces of the Battelle steels were examined in the scanning elec-
tron microscope to determine the dominant fracture mode for each material
condition and environment. For the clean steel, fracture was strongly
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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. Anneal-
ing 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 2.14 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 to degradation by hydrogen. The fractographic evidence shown
in Figure 2.14 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 a subsequent section.

The doped steel in both the as-cast and annealed conditions fractur pri-
marily along as-cast grain boundaries by delamination at manganese sulfide
inclusions (that is, separation at the matrix-inclusion interfaces), as is
shown in Figure 2.15. In addition, some tearing was observed. The fracto-
graphic 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 inclu-
sions. 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 uni-
formly 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
behavior is consistent with that of other wrought steels reported widely in
the literature (for example, in Refs. 2.8 and 2.9). In the hot-rolled con-
dition, 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.

2.4.1.2 Welded Steel Castings

Table 2.7 presents the average tensile properties that were determined for
the welded cast steel specimens that were provided by the Colorado School of
Mines. The table shows that there was no significant difference between the
tensile properties of the welded-plate samples in nitrogen and in hydrogen,
except for a slight loss in reduction in area in hydrogen. In all of those
tensile tests, fracture occurred in the base metal. In addition, many of
the specimens developed two necks (regions of localized plastic deformation)
in the portions of the reduced section that contained base metal on either
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a. As cast; tested in nitrogen. b. As cast; tested in hydrogen.
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c. Annealed; tested in nitrogen. d. Annealed; tested in hydrogen.

Figure 2.14. Fracture surfaces of clean cast steel.
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Figure 2.15. Fracture surface of doped as-cast steel.
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Table 2.7. Tensile properties of welded cast-steel plates.

Ultimate
Yield Tensile Percentage Reduction

Test Strength, Strength, Elongation* in Area,
Environment MPa (ksi) MPa (ksi) in 2 Inches percent

Plate NRC-9

6.9 MPa N2 308 (45) 372 (54) 12.3 49.6
6.9 MPa H2 306 (44) 341 (50) 12.5 43.6

Plate NRC-11

6.9 MPa N2 290 (42) 429 (62) 12.3 42.0
6.9 MPA H2 298 (43) 435 (63) 13.1 41.6

*The percentage elongation data are not reliable measures of ductility for
these tension specimens because many of the specimens formed two necks dur-
ing the tension tests.

side of the weld. Figure 2.16 presents examples of the double necking for
specimens tested in each environment. The formation of two necks in many,
but not all, of the specimens makes comparisons among the total-elongation
values of specimens to infer the effect of hydrogen unreliable. However,
comparing the reduction-of-area values for specimens tested in hydrogen with
those for comparable specimens tested in nitrogen shows that there was only
a slight reduction in ductility in the base metal: 12 percent for
Plate NRC-9 and 1.0 percent for Plate NRC-11. Hydrogen promoted the forma-
tion of surface cracks, as is shown in Figure 2.16b.

The formation of double necks in the base metal of the welded plates in both
environments indicates that the base metal had significantly lower strength
than the weld metal or the HAZ. The relatively small reductions in ductil-
ity by hydrogen suggest that the location of the failure in the base metal
was not a result of the base metal being particularly sensitive to hydrogen
degradation, particularly because all failures (in both environments) were
consistently located in the base metal. For Plate NRC-9, the weld-metal
hardness was 94 Rockwell B, compared with a base-metal hardness of 71
Rockwell B. Similarly, for Plate NRC-11, the weld-metal hardness was 90
Rockwell B and the base-metal hardness was 69 Rockwell B. Thus, the weld
metal was strong enough to resist plastic deformation at stresses below
which ductile fracture occurred in the base metal. In addition, the weld
probably constrained flow in the adjacent HAZ. However, the weld strength
was not so high that hydrogen degradation occurred in the absence of plastic
deformation.
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1x 2M847 1x 2M848

a. Tested in Nitrogen b. Tested in Hydrogen

Figure 2.16. Fractured tensile specimens prepared from welded cast-steel
plates provided by Colorado School of Mines.
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Mild steels usually must undergo plastic deformation for hydrogen degrada-
tion to occur, even though hydrogen embrittlement may occur in very high-
strength steels at stresses below the yield strength. Thus, no degradation
of the HAZ (or the weld) was observed, contrary to expectations based on the
previous work with annealed cast steel. However, if a defect is present in
or near the HAZ, such as could occur in a field-welded container, stresses
and strains could be concentrated in that potentially sensitive area, and
hydrogen degradation then could occur. Therefore, fracture-toughness exper-
iments were conducted with specimens that were notched and fatigue pre-
cracked in the HAZ. The results of those experiments are discussed in
Section 2.4.2.1.

2.4.1.3 Commercial-Purity Iron

The results of the tensile tests with the commercial-purity iron in nitrogen
or in hydrogen are presented in Table 2.8. The results indicate that, as
expected based on the results with the steels and information in the litera-
ture, hydrogen had no effect on the strength properties. Hydrogen did
reduce the ductility in both orientations, but to a greater extent in the
transverse orientation. The reduction in area was decreased approximately
36 percent in the transverse specimens and approximately 17 percent in the
longitudinal specimens. However, it should be noted that the absolute value
of the reduction in area was greater for the transverse specimens in both
environments. In neither case was the loss of reduction in area so great as
to indicate severe hydrogen embrittlement.

Table 2.8. Tensile properties of iron ingots.

Ultimate
Yield Tensile Percentage Reduction

Test Strength, Strength, Elongation(a) in Area,
Environment MPa (ksi) MPa (ksi) in 2 Inches percent

Longitudinal Orientation(b)

6.9 MPa N2 74 (11) 213 (31) 25.1 21.1
6.9 MPa H2 72 (11) 219 (32) 24.9 17.6

Transverse Orientation(b)

6.9 MPa N2 65 (9) 188 (27) 31.3 55.2
6.9 MPa H2 69 (10) 190 (28) 23.6 35.2

(a)Percentage elongation was measured in a gage length that was equal to four
times the diameter.

(b)Longitudinal orientation indicates that the specimen axis was oriented par-
allel to the pouring direction, or the length of the ingot. Transverse
orientation indicates that the specimen axis was oriented transverse to the
pouring direction, or parallel to the width of the ingot.
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2.4.2 Effects of Hydrogen on Fracture Toughness

2.4.2.1 Battelle Cast Steel and Welded Steel Plates

The results of the fracture-toughness tests with the clean Battelle steel in
the as-cast condition are presented in Figure 2.17, which presents a plot of
the J-integral versus crack growth for each test environment. The plot of
J-integral versus crack growth is referred to as the J-resistance curve, which
provides information regarding the material's resistance to crack initiation
and growth. Each J-resistance curve in Figure 2.17 is a composite curve for
two tests.

C

0.

M

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

Crack Growth, inches

Figure 2.17. J-resistance curves for the as-cast
nitrogen or in hydrogen.

clean steel tested in
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The fracture toughness, JIc' is determined by the intersection of the
J-resistance curve with the blunting line, which is an approximation of the
extent of apparent crack growth that results from crack-tip blunting pro-
cesses. The blunting line is defined by the expression (A)aB = J/2(a)o,
where (A)aB is the apparent crack growth from crack-tip blunting and (G)o is
the flow stress (estimated as the average of the yield strength and the
ultimate tensile strength). The tearing resistance, dJ/da, is given by the
slope of the J-resistance curve and provides an indication of the resistance
of the material to subsequent crack growth. Reductions in JIc and dJ/da in
a hydrogen versus nitrogen indicate the degree of hydrogen degradation of
the resistance to fracture.

The data in Figure 2.17 indicate a moderate reduction in the fracture tough-
ness of the as-cast clean steel by hydrogen. JIc was reduced from approxi-
mately 100 kJ/m2 (575 psi-in) in nitrogen to approximately 70 kJ/m 2

(420 psi-in) in hydrogen, a loss in fracture toughness of about 27 percent.
There was no significant effect of hydrogen on the tearing resistance of the
as-cast steel, which in fact was nearly 8 percent higher in the hydrogen
environment; this appears to be within the scatter of the tearing-resistance
measurement.

Table 2.9 summarizes the fracture-toughness data for the clean steel in the
as-cast, annealed, and hot-rolled conditions, as well as the doped Battelle
steel and one of the welded cast-steel plates, Plate NRC-11, in the weld HAZ
near the root pass and the final pass. The table shows that hydrogen
reduced the fracture toughness in all cases, except for the HAZ of Plate
NRC-11 near the final weld pass. The percentage reductions in Jic in hydro-
gen were as follows:

JIc Reduction
in Hydrogen,

Steel and Condition percent

Clean; as cast 27
Clean; annealed 88
Clean; wrought 95

Doped; as cast 66
Doped; annealed 88
Doped; wrought 69

HAZ; first pass 65
HAZ; final pass -9

In most cases, hydrogen induced a very large reduction in fracture tough-
ness. The reduction in J3 c for the clean steel in the as-cast condition was
relatively low compared with the annealed and wrought conditions, and with
the doped steel in all conditions. The HAZ of the welded plate exhibited no
toughness loss due to hydrogen; in fact, the fracture toughness was slightly
higher in hydrogen than in nitrogen.
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Table 2.9. Room-temperature fracture-toughness data for cast steels.

Fracture Tearing
Steel Test Toughness (JIc) Resistance (dJ/da),

Condition Environment kJ/m 2 (psi-in) MPa (psi)

Clean Steel

As Cast 6.9 MPa N2 100 (575) 18.8 (2,730)
6.9 MPa H2 70 (420) 20.3 (2,940)

Annealed 6.9 MPa N2 90 (542) 45.3 (6,570)
6.9 MPa H2 10 (65) 10.8 (1,560)

Wrought 6.9 MPa N2 220 (1,265) 48.9 (7,090)
6.9 MPa H2 10 (65) 35.5 (5,150)

Doped Steel

As Cast 6.9 MPa N2 120 (658) 21.7 (3,150)
6.9 MPa H2 40 (225) 20.3 (2,940)

Annealed 6.9 MPa N2 40 (245) 54.3 (7,880)
6.9 MPa H2 10 (30) 10.8 (1,560)

Wrought 6.9 MPa N2 110 (605) 27.1 (3,930)
6.9 MPa H2 30 (185) 30.5 (4,420)

Welded Plate NRC-11

Root Pass* 6.9 MPa N2 340 (1,910) 201.8 (29,270)
6.9 MPa H2 120 (680) 50.1 (7,270)

Final Pass* 6.9 MPa N2 210 (1,200) 95.1 (13,790)
6.9 MPa H2 230 (1,310) 51.1 (7410)

*Approximate
weld.

location of machined notch in CT specimen with respect to the

The tearing resistance was reduced substantially only in some conditions.
For the Battelle steels, large reductions in the tearing resistance were
observed in the annealed condition only; the reductions were approximately
76 percent for the clean steel and 80 percent for the doped steel. A moder-
ate reduction (approximately 27 percent) in tearing resistance was observed
for the clean steel in the hot-rolled condition, but the tearing resistance
was essentially unaffected for the hot-rolled doped steel and for both
steels in the as-cast condition. The tearing resistance was reduced signi-
ficantly in the HAZ of welded Plate NRC-11, with a greater reduction in the
portion of the HAZ that was near the root pass (75 percent reduction near
the root pass versus 46 percent reduction near the final pass).

This difference between HAZ material near the first and last weld passes in
Plate NRC-11 is illustrated in Figure 2.18 which presents the J-resistance
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Figure 2.18. J-resistance curves for specimens for plate NRC-11, notched
in the heat-affected zone.

The J-resistance curve for the material near the final weld
passes that was tested in nitrogen (Curve C) is presented as
a broken line because the data were not sufficient to fully
define the J-resistance curve.
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curves for specimens from Plate NRC-11 that were tested in hydrogen and in
nitrogen. Separate curves are presented for specimens that were located at
different locations with respect to the root pass, because of the signifi-
cant differences in fracture properties. The J-resistance curve for speci-
mens nearer the final weld passes that were tested in nitrogen (Curve C) is
only approximate because of the limited data available. Tests with material
from the location could not be repeated to better define the J-resistance
curve because all of the material in that plate had been consumed. J-
resistance Curves B and D, for specimens that were tested in hydrogen, dis-
played different values of JIc, or the J-integral value at which the curves
intersect the blunting line. However, the tearing-resistance values, or the
slopes of the curves (dJ/da), do not differ substantially. Curves A and C,
for specimens that were tested in nitrogen, appear to have differing values
of both JIc and dJ/da, although the magnitudes of those differences are
uncertain because of the uncertainties in establishing Curve C with limited
data. Thus, there were differences in the baseline fracture properties of
the HAZ at those two locations, independent of any environmental effects.

The smaller reduction in fracture properties in material nearer the final
weld passes indicates less sensitivity to hydrogen degradation near the
final pass than near the root pass for Plate NRC-11. However, it should be
noted that the reference fracture properties for the material nearer the
final passes tested in nitrogen were approximate, and that larger reductions
in JIc and the tearing resistance may have occurred than are apparent.
Alternatively, the apparent difference in sensitivity to hydrogen degrada-
tion may be real, and could be related to the different thermal cycles at
those locations. Material nearer the root pass probably underwent a more
rapid heating and cooling cycle compared with material nearer the final
passes because there were fewer prior passes to provide preheat and there
was less adjacent weld metal to act as a heat source. It was observed that
the HAZ was approximately 30 percent wider and appeared more diffuse in
specimens located near the final passes than in specimens located near the
root pass.

The data in Table 2.9 also indicate that the fracture properties for the HAZ
of the welded plate were considerably higher than those of the Battelle cast
steels. The reason for the high fracture toughness of the HAZ probably is
related to the very refined microstructure that was present in the heat-
affected zones of the welded plates. Figure 2.19 compares the microstruc-
ture of the clean steel as cast and as annealed with that in the region of
the HAZ where crack growth occurred. The microstructure in the HAZ was con-
siderably finer than that in the Battelle cast steel in either the as-cast
or the as-annealed condition. In fact, the microstructure in the HAZ was so
fine that the photomicrograph in Figure 2.17a was taken at a magnification
of 500X to reveal the microstructural features, rather than at 10OX as in
Figures 2.17b and 2.17c. The finer structure in the HAZ of the welded plate
probably was due to the fine initial grain size of the plate as-cast, which
was a result of the small section size. Thus, the plates may have undergone
a higher cooling rate during solidification, despite efforts to insulate the
plates when they were cast to simulate cooling rates in larger castings.
The clean and doped castings that were prepared at Battelle were originally
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500X Picral Etch 5M221

a. Plate NRC-l1 Heat-Affected Zone in Region of Crack Growth

10OX Picral Etch OL746

b. Clean Steel As Cast

LOOX Picral Etch 3L128

c. Clean Steel as Annealed

Figure 2.19. Photomicrographs comparing the microstructures in the heat-

affected zone of Plate NRC-li with the microstructures of

the clean steel as cast and as annealed.
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cast with 8-in-square cross section to more closely simulate the slow cool-
ing that would occur during solidification of a waste canister.

2.4.2.2 Commercial-Purity Iron

Figure 2.20 presents approximate J-resistance curves for the commercial-
purity iron that was generated from the fracture-toughness-experiment data.
There was some uncertainty in determining the actual crack lengths for rea-
sons discussed later in this section. The J-resistance curves indicate that
the fracture toughness values in the nitrogen (Ref. 2) and hydrogen environ-
ments were approximately 80 kJ/m2 (440 psi-in) and 4 kJ/m2 (20 psi-in),
respectively. As with the cast steels, hydrogen dramatically reduced the
resistance to initiation of ductile cracking (JIc). The tearing-resistance
values also were extremely low, and a greater amount of rapid crack growth
was observed in both environments than had been anticipated based on the
experiments with the cast steels.

Crack Growth, mm

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

a.

is0O
he

t:

2

C"

0 0.02 0.04 0.08 0.10 0.12 0.14 0.16

Crack Growth, inches

Figure 2.20. J-resistance curves for iron specimens.
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These results suggest that fracturing proceeded in an elastic or brittle
manner, with little or no plastic deformation preceding crack initiation.
In essence, this is what occurred in the experiments, except that there was
some ductile behavior prior to crack initiation--sufficient to rule out
standard linear-elastic quantification of the fracture behavior. Continuous
monitoring of crack length during the fracture-toughness experiments, using
a direct-current electric-potential-drop method, provided an indication of
the manner in which cracking occurred in this environment. In the nitrogen
environment, the specimen was loaded elastically at first, and then plastic
deformation at the crack tip occurred as the specimen was loaded further.
Following what appeared to be a significant amount of plastic deformation,
such that standard linear-elastic measures of fracture toughness could not
be determined with validity, a sudden drop in load was detected. This load
drop was accompanied by a rapid rise in the signal from the electric-
potential-drop probes, indicating a rapid increase in crack length. This
"pop-in" form of crack initiation sometimes is observed in brittle, high-
strength materials, but typically it is not preceded by any appreciable
deformation. Thus, standard test methods could not be applied to interpret
the results of these experiments.

However, some comparisons may be made between the cracking behavior in the
nitrogen and hydrogen environments. Crack growth in the hydrogen environ-
ment proceeded in a manner similar to that described above for crack growth
in nitrogen, except that pop-in crack initiation was preceded by a small
amount of steady, possibly ductile, crack growth. This is reflected in the
J-resistance curves, which indicate that hydrogen promoted a large reduction
in resistance to crack initiation. However, because of the rapid nature of
the subsequent pop-in cracking, the precise crack length indicated by the
electric-potential-drop probes at a given point in an experiment was uncer-
tain with the calibration procedure used. Thus, the J-resistance curves in
Figure 2.20 are only approximate, and the extent of cracking in the hydrogen
environment prior to pop-in is not known precisely.

The fracture-toughness-test results indicate that the iron samples that were
studied underwent large reductions in J1c when exposed to hydrogen and had
extremely low resistance to crack growth in both environments. In addition,
observations during the tests suggest that the iron may be subject to rapid
cracking, independent of environment. The presence of a hydrogen environ-
ment also promoted steady cracking prior to pop-in cracking. This behavior
may indicate a sensitivity of this material to sustained-load subcritical
crack growth. Therefore, subcritical-crack-growth experiments were per-
formed to determine whether the iron was susceptible to this form of degra-
dation. These experiments were nonstandardized tests that have been devel-
oped at Battelle to evaluate the sensitivity of a relatively ductile mate-
rial to subcritical-crack growth in an aggressive environment.

The subcritical-crack-growth experiments were conducted with CT fracture-
toughness specimens in the following manner. Each specimen was fatigue pre-
cracked in the test environment, 6.9 MPa nitrogen or 6.9 MPa hydrogen.
Then, a fixed load-line displacement was imposed on the specimen, and the
load and crack length were monitored. If no subcritical crack growth was
observed in a period of at least 1 hour, the displacement was increased and
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another 1-hour hold period at fixed displacement was imposed. This sequence
was repeated three times or until crack growth was detected.

The subcritical-crack-growth experiments provided no indication of crack
growth at fixed displacement. In every load period, there was a small
decrease in load and an apparent increase in crack length that was related
to crack-tip relaxation processes. After completion of the test in nitro-
gen, the nitrogen was evaluated and replaced with hydrogen while the dis-
placement was maintained. However, no crack growth was observed under those
conditions, even when additional displacement increments were imposed.
Thus, it appears that although the iron had low toughness in an inert envi-
ronment and underwent significant loss in JIc in hydrogen, it was not sus-
ceptible to subcritical-crack growth. It should be noted that the experi-
ments with the commercial-purity iron were exploratory in nature, and no
efforts were made to optimize the properties of the material. The fracture
resistance most likely could be improved by optimizing the composition
and/or subsequent heat treatments.

2.4.3 Hydrogen Absorption in Basalt-Repository Environment

Hydrogen-absorption determinations were made on as-cast and wrought speci-
mens exposed to simulated basaltic groundwater at 250 C (500 F) to determine
whether significant concentrations of hydrogen could be developed in cast-
steel overpacks. In addition, some specimens were exposed to more concen-
trated basaltic groundwater containing ten times the nominal concentrations
of the various components, as described in Chapter 3. Coupons 0.635 cm
(1/4-in) in diameter by 2.54 cm (1 in) 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
2000 hours. Some of the as-cast coupons were thermally outgassed under
vacuum for 24 hours at 250 C (500 F) 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 Determi-
nator. The hydrogen was extracted from each coupon by an inert-gas-fusion
method, and the amount present was determined by the change in thermal con-
ductivity of the carrier gas; the sensitivity of the unit is 0.01 ppm hydro-
gen.

Table 2.10 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 were analyzed to
determine the initial hydrogen contents. The approximate hydrogen concen-
tration due to exposure was determined from the difference between those two
values.

The data in Table 2.10 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
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Table 2.10. Hydrogen absorbed during exposure to simulated basalt groundwater.

Average
Hydrogen Hydrogen Hydrogen
Content Content Concentration

Thermally of Exposed of Unexposed Absorbed
Outgassed Specimens (ppm Specimens (ppm During
Before by weight) by weight) Exposure (ppm

Material Exposure(a) Range Average Range Average by weight)

Clean Steel
As cast
As cast
Wrought

Doped Steel
As cast
Wrought

Clean Steel
As cast
Wrought

Doped Steel
As cast
Wrought

2000-Hour Exposure (Nominal Groundwater Composition)

Yes 3.29-5.74 4.65 2.78-5.73 4.43
No 3.92-4.99 4.43 0.32-3.39 1.98
No 0.34-0.50 0.42 0.00-0.00 0.00

Yes 0.56-2.89 1.86 0.00-0.05 0.02
No 0.00-0.17 0.09 0.00-0.09 0.02

1100-Hour Exposure (Nominal Groundwater Composition)

0.22-
2.45
0.42

1.84
0.07

-0.gg9(b)

0.31

0.42
0.32

No
No

No
No

0.88-1.20
0.21-0.42

0.34-0.60
0. 28-0. 39

0.99 0.32-3.39
0.31 0.00-0.00

1.98
0.00

0.07
0.02

0.49
0.34

0.00-0.33
0.00-0.09

550-Hour Exposure (Nominal Groundwater Composition)

Clean Steel
As cast
As cast

Doped Steel
As cast

No
Yes

Yes

6.49-7.10
4.48-6.80

6.69
5.67

0.32-3.39
2.78-5.73

1.98
4.43

4.,71
1.24

2. 591.04-3.56 2.61 0.00-0.05 0.02

1000-Hour Exposure (1OX Nominal Groundwater Composition)

Clean Steel
As cast

Doped Steel
As cast

No

No

0.81-2.29 1.42

0.00-0.44 0.20

0.32-3.39 1.98

0.00-0.33 0.07

-0. 5 6 (b)
0

0.20

(a)Thermal outgassing was performed by heating to 250 C in a vacuum for 24 hours
to drive off diffusible hydrogen.

(b)Probably an anomaly resulting from the wide specimen-to-specimen variation in
initial hydrogen content.
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which varied widely from one location in the casting to another (from 0.32
to 3.39 ppm), although no systematic pattern of variation was observed.
Thermal outgassing did not reduce the hydrogen content of the as-cast clean
steel; in fact, the average hydrogen content of outgassed specimens was more
than twice that of specimens that were not outgassed. This indicates the
approximate magnitude of variation in hydrogen content which can be attrib-
uted to specimen-to-specimen scatter, and suggests that most of the pre-
existing hydrogen probably was nondiffusible; that is, it was in the form of
gaseous hydrogen 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 cor-
relation was not attempted.

Hot rolling eliminated virtually all of the pre-existing 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 ini-
tial hydrogen content. However, after exposure to the simulated basaltic
groundwater, both the clean and doped steels in the as-cast condition exhib-
ited considerable scatter in hydrogen content. The magnitude of the scatter
was comparable for both steels, as illustrated in Figure 2.21. Since
thermal outgassing apparently had no effect on initial hydrogen content,
data for outgassed specimens were not differentiated from data for specimens
that were not outgassed. For either steel in Figure 2.21, the hydrogen con-
tent did not increase 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 absorption 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 Chapter 3, did not
exhibit much specimen-to-specimen variability. Therefore, the scatter
observed in the hydrogen-absorption determinations probably arose from vari-
ations in the absorption of hydrogen generated by the corrosion reactions
and therefore, may be related to differences in the surface conditions of
the specimens.

The scatter in the hydrogen-absorption data causes difficulty in evaluating
the effect of corrosion reactions with groundwater on hydrogen absorption by
cast-steel overpacks. It appears, however, that the steels absorbed approx-
imately 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 absorbed was not par-
ticularly 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
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Figure 2.21. Hydrogen content versus time of exposure to simulated
basaltic groundwater for as-cast clean and doped steels.

generated), so that testing of cathodically charged specimens would not be
representative of anticipated respository conditions. Thus, experiments in
gaseous hydrogen should provide a realistic assessment of embrittlement
characteristics in a repository for two reasons: (1) hydrogen pressures of
approximately 1000 to 2000 psi as a result of radiolytic reactions have been
estimated for a sealed repository, and (2) the absorption of up to 3 ppm of
hydrogen from corrosion reactions should not substantially alter the magni-
tude or character of the embrittlement observed in gaseous hydrogen because
the solubility of hydrogen at 1000 psi at room temperature is 0.5 to 1.0 ppm
(Ref. 2.10) in a-iron (ferrite).
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2.4.4 Short-Term and Long-Term Effects of Hydrogen at -

Moderately Elevated Temperatures

2.4.4.1 Test Data

Table 2.11 summarizes general features of the fracture toughness test
results for 1/2T CT specimens that were either unexposed or pre-exposed for
various lengths of time at various temperatures in hydrogen or helium envi-
ronments, and subsequently fracture tested at room temperature or at 260 C
(500 F). The data include the extent of crack growth, maximum load, total
displacement, and tentative JjcL and they provide an initial estimate of how
pre-exposure affected subsequent fracture and load bearing capacity.

In Figure 2.22 the load and electric potential (EP) are plotted versus dis-
placement, for a specimen exposed to hydrogen at 454 C (850 F) for 5 hours.
In the figure, the electric potential at the start of the test (EPO) has
been subtracted from total electric potential output, and the result has
been magnified 30 times. This type of plot was typical of most experiments
and the data were used for estimating the J-resistance curve and determining

JIc and dJ/da.

Figures 2.23 and 2.24 contain load-versus-displacement curves for some of
the specimens exposed in hydrogen and helium, respectively. All of the
specimens represented were tested at room temperature. The plots illustrate
the effects of exposure on the load-displacement curves. Since all speci-
mens had approximately the same precrack length, the relative magnitudes of
damage can be qualitatively assessed from the curves. Longer exposures at a
certain temperature in hydrogen led to monotonically increasing loss of load
bearing capacity. The trend existed at 260 C (500 F) (compare curves 12,
23, and 18 in Figure 2.23).

Figure 2.25 contains load-displacement curves obtained from testing at room
temperature and at 260 C (500 F). The figure shows the strong effect of pre-
exposure environment on subsequent load-displacement curves (compare
curves 7 and 5). For the unexposed specimens (curves 10 and 13), the dif-
ference in load-elongation curves was much less. However, the extents of
crack growth were different, and the combined effects are best illustrated
by the J-integral data in the next section.

While Figures 2.23 to 2.25 provide qualitative evaluations of hydrogen deg-
radation at elevated temperatures, they are insufficient for quantitative
comparisons. The data missing from these curves are crack-initiation points
and extents of crack growth for each specimen. These were obtained by anal-
ysis of EP data as well as from fracture surface observations.
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Table 2.11. Results of fracture toughness experiments
elevated-temperature hydrogen or helium.

with high-pressure,

Exposure Test Pre- Final
Conditions Conditions Crack Crack Max. Total

Sample Temp. Time Temp. Length Length Load Displ. JIc
No. Env. (F) (hrs) Env. (F) (mm) (mm) (lb) (in) (kJ/m2)

12
23
18

21
14

30
34

27
28
24

26
11

25

35

33
31

29

19
17
4

22
15
6

13

10

5

7

H2 500 5
50

250

He 500 50
250

H2 625 5
250

H2 750 5
50

250

He 750 50
250

50

H2 750 250

H2 850 5
50

He 850 50

H2 1100 5
50

250

He 1100 5
50

250

H2 RT*
RT
RT

He RT
RT

H2 RT
RT

H2 RT
RT
RT

He RT
RT

H2 RT

H2 RT

H2 RT
RT

He RT

H2 RT
RT
RT

He RT
RT
RT

H2 500

He 500

H2 500

15
15.4
16.4

15.5
15.5

15.9
15.3

15.6
15.6
15.6

15.8
15.5

15.3

15.6

15.3
15.5

15.5

15.7
15.6
15.2

15.5
15.6
15.8

15.4

15.6

15.7

17.1
17.3
19.3

18.2
16.8

17.5
18.9

18.6
17.9
17.8

18.4
18.9

17.6

24.2

18.6
23.8

18.7

17.5
17.3
20.3

17.1
17.1
18

16.3

16.3

18.8

1154
981
950

1375
1510

1425
1172

1020
981
832

1490
1515

983

559

1200
561

1556

895
743
650

1272
1230
1200

1389

1476

690

0.117
0.096
0.080

0.219
0.225

0.151
0.113

0.073
0.089
0.050

0.234
0.221

0.097

0.028

0.151
0.031

0.235

0.084
0.068
0.119

0.202
0.140
0.131

0.128

0.138

0.098

152
100
103

345
447

325
139.5

68.6
75.6
17.1

414
282

64.9

6.31

167
11.4

431

66.6
33.6
67.9

341
151
149

239

182

63.5H2

He

1100

1100

250

250 He 500 15.5 17.2 1190 0.139 115

*RT = room temperature.
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Figure 2.22. Typical raw data generated during the fracture toughness

experiments, showing load and electric potential plotted
versus displacement. The electric potential (microvolts)
increment from the start of the test has been magnified
thirty times. Point C corresponds to the location where
crack initiation is assumed to have occurred, and is
obtained by noting when rate of increase of EP changes
rapidly.
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Figure 2.23. Load-displacement curves of some compact-tension specimens,
pre-exposed to hydrogen at elevated temperatures, and sub-
sequently loaded to failure in hydrogen at room temperature.
The curves are identified by specimen number.
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Figure 2.24. Load-displacement curves of compact-tension specimens, pre-
exposed to helium at elevated temperatures, and subsequently
loaded to failure in helium at room temperature. The curves
are identified by specimen numbers.
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Figure 2.25. Load-displacement curves of unexposed and pre-exposed
specimens, tested at 260 C (500 F). The pre-exposure
and testing conditions are indicated in the figure.
Data on 593 C (1100 F) pre-exposed specimens, tested
at room temperature, are included for comparison.
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2.4.4.2 J-Integral Results

The load-displacement and EP data were used to generate J-integral curves as
described in Section 2.4.2.1. Figure 2.26 shows the J-resistance curve for
the specimen of Figure 2.22. As with the unexposed specimens, discussed in
Section 2.4.2.1, degradation of fracture properties was evaluated by deter-
mining the effect of exposure on fracture toughness*, JIc, and on tearing
resistance, dJ/da.

The EP data indicate that cracking generally initiated slightly before maxi-
mum load was attained. In certain cases, and this was especially true for
the helium-exposed specimens, cracking initiated with a large load drop,
indicating "pop-in" behavior, which is typical of brittle fracture. As with
commercial-purity iron, the fracture mode was cleavage under such circum-
stances, and therefore dJ/da may not be appropriate for characterizing crack
growth. Generally, dJ/da is associated with ductile tearing, and usually it
has a positive value. Under purely cleavage conditions dJ/da may be zero or
even negative, and it is not clear at present what such values signify,
other than indicate brittle fracture mode. However, JIc remains signifi-
cant, since it determines the conditions which lead to crack initiation from
a microstructural site ahead of the crack tip., .

2.4.4.3 Short-Term Effects of Elevated Temperature Hydrogen

Table 2.12 lists JIc and dJ/da values for unexposed specimens, which were
tested in helium or hydrogen at 260 C (500 F). For comparison, data are
included on unexposed clean-cast-steel specimens, which were fracture tested
at room temperature (refer to Section 2.3.2 of this report). Table 2.12
also contains data on an additional fracture parameter, JG, which corres-
ponds to the J-integral that must be exceeded to grow the crack beyond a
crack length increment of 1.5 mm; its significance is discussed in detail in
the next section. Together, these results provide a measure of the short-
term effects of hydrogen at 260 C (500 F) and at room temperature.

Tests conducted in helium (or nitrogen) with no prior ex osure show that Jic
increased from 100 kJ/m2 at room temperature to 311 kJ/m4 at 260 C (500 F),
an increase of 211 percent. The corresponding increase in dJ/da was
260 percent. These results reflect the greater inherent ductility of the
material at 260 C (500 F) compared to room temperature.

Comparison of JIc and dJ/da values of unexposed specimens, tested at room
temperature, show that JIc was 30 percent less in hydrogen than in nitrogen,
while dJ/da was relatively unaffected by the environment (Table 2.9). On
the other hand, while at 500 F JIc was only 17.7 percent less in hydrogen

*Actually, the terminology J should be used rather than JIc, since the size
requirements according to ASTM E813 were not strictly met in all specimens
(only half of all specimens tested satisfied size requirements). To pre-
vent confusion of terms, and to retain the more familiar expression, namely
JIc, we tentaively refer to all JQ as JIc.
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Figure 2.26. Typical J-resistance curve generated for pre-exposed
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Table 2.12. Short-term effects of elevated-temperature hydrogen.

Test Conditions

Specimen Temperature Jic dJ/da JG
Number (F) Environment (kJ/m2) (MPa) (kJ/m2)

13 500 Hydrogen 256 28.7 299.1-)
10 500 Helium 311 73.3 420.9
CS1 Room Temperature Hydrogen 70 20.3 100.5
CS2 Room Temperature Nitrogen 100 18.8 128.2 '

than in helium, the loss of dJ/da due to hydrogen was much larger; approxi-
mately 60 percent. These differences in trends for JIc and dJ/da can be
rationalized on the basis that the crack initiation toughness, JIc, is
largely stress controlled, while tearing resistance dJ/da provides a measure
of ductility, and is primarily controlled by the total strain-to-failure.
The increased ductility of the material at 260 C (500 F) compared to that at
room temperature may thus explain why, at room temperature, hydrogen had
larger effect on JIc than on dJ/da, while at 260 C (500 F) dJ/da was
degraded more in comparison to JIc.

As will be discussed in the next section, JG is a composite parameter that
reflects the material's resistance both to initiation and propagation of the
crack. The data in Table 2.12 show that JG decreased by approximately
22 percent in going from nitrogen to hydrogen environment at room tempera-
ture. At 260 C (500 F) the decrease in JG was approximately 29 percent.
Thus, the material seems to be slightly more sensitive to hydrogen degrada-
tion at 260 C (500 F) than at room temperature. This finding is in contrast
to many statements in the technical literature that suggest hydrogen embrit-
tlement is not observed at temperatures above 100 C (212 F). Such generali-
zations are based on smooth-bar tensile data and do not consider crack-tip
interactions with hydrogen, as was done in the present investigation.

2.4.4.4 Long-Term Effects of Elevated-Temperature Hydrogen

Table 2.13 summarizes the JIc and dJ/da values for specimens which were
fracture tested at room temperature or 260 C (500 F), following pre-exposure
to hydrogen or helium. Data on unexposed specimens are also included (from
Table 2.13) for comparison. The table contains two sets of results. In one
set, J-integral results are tabulated for unexposed and pre-exposed speci-
mens, which were fracture tested at 260 C (500 F). Comparison of results in
this set allows an evaluation of long-term effect of hydrogen on subsequent
fracture resistance at initial repository temperatures. In the other set of
results, J-integral values are tabulated for specimens which were pre-
exposed in hydrogen or helium for various temperature/time combinations, and
then fracture tested at room temperature. These results allow an assessment

2-59



Table 2.13. Long-term effects of elevated-temperature hydrogen.

Pre-Exposure Conditions Test Conditions

Specimen Temperature Time Temperature Jic dJ/da JG
Number Environment (F) (hours) Environment (F) (kJ/m2) (MPa) (kJ/m 2)

0

12
23
18

21
14

30
34

27
28
24
35

26
11

33
31

29

19
17
4

22
15
6

5

7

13

10

CS1

CS2

H2

He

H2

H2

He

H2

He

H2

He

H2

He

None

None

None

None

500

500

625

750

750

850

850

1100

1100

1100

1100

None

None

None

None

5
50

250

50
250

5
250

5
50

250
250

50
250

5
50

50

5
50

250

5
50

250

250

250

None

None

None

None

H2

He

H2

H2

He

H2

He

H2

He

H2

He

H2

He

H2

N2

RT

RT

RT

RT

RT

RT

RT

RT

RT

500

500

500

500

RT

RT

155.1
87.9

103.8

369
495.6

325
139.5

69.7
76.3
11.4
6.3

461.2
323.7

166.7
11.4

431

74.4
36.2
68.3

369
181.5
156.6

69

145.3

256

311

70

100

18.9
32.6
7.5

21.1
36.3

0
6.2

25.1
29
27.8
3.1

0
32.1

35
0.8

0

25.3
27.9
6.1

18.7
80.8
39.7

5.8

82

28.7

73.3

20.3

18.8

183.4
136.8
115.0

400.6
550.0

325.0
147.0

107.3
119.8
53.1
11.0

461.2
371.9

219.2
12.6

431

112.3
78.0
77.5

397.1
302.7
216.2

77.7

268.3

299.1

420.9

100.5

128.2



of the effect of long-term elevated-temperature exposure in hydrogen on
fracture resistance of the material, when temperatures in the repositories
decrease. As already mentioned, exposure temperatures above 260 C (500 F)
were used so that relatively short duration exposures at those temperatures
could simulate long duration service exposures at 260 C (500 F). Together,
these results provide a measure of long-term effects of elevated temperature
hydrogen on container integrity.

Figure 2.27 is a bar chart which allows comparison of JIc and dJ/da values
obtained from experiments involving pre-exposure to hydrogen or helium. In
this figure the left-most bar for each specimen number corresponds to Jjc
(kJ/m2), while the middle bar corresponds to dJ/da (MPa or MN/m 2). The
right-most bar for each specimen is an additional fracture parameter, JG,
which is discussed in detail in the next paragraph. By comparing results
for hydrogen and helium-exposed specimens, it is quite clear that hydrogen
reduced fracture properties significantly. It should however be noted that
in some cases the helium-exposed specimens had lower dJ/da values than cor-
responding hydrogen-exposed specimens. The difference was a result of "pop-
in" fracture that was observed in these specimens. Table 2.13 shows that
JIc was quite large despite the low dJ/da values. Presumably the stress and
strain distributions ahead of the crack tip (Refs. 2.13, 2.14), which are
controlled by magnitude of J-integral, were sufficient to trigger particle-
induced cleavage, in accordance with well-established theory of cleavage
fracture (Ref. 2.15). Therefore, while comparing results of companion
hydrogen and helium tests, it is necessary to consider both Jjc and dJ/da.
Hence, another parameter, JG, which is a composite of JIc and dJ/da, was
developed to allow convenient comparisons to be made between the results of
various fracture tests. In Figure 2.27, JG is represented by the right-most
bar for each specimen.

The parameter JG corresponds to the J-integral at a crack increment (Aa) of
1.5 mm. It is the J-integral value necessary to initiate and grow the crack
by 1.5 mm; this level of J-integral must be exceeded to further propagate
the crack. Mathematically, JG is defined as JG = JIc + (dJ/da)*(1.5 mm). A
crack increment of 1.5 mm was chosen since that distance spans approximately
10 pearlite colonies. The rationale behind the choice of pearlite colonies
as a critical microstructural feature is that hydrogen attack occurs predom-
inantly at ferrite/pearlite boundaries. These sites, and ferrite-carbide
interfaces, located within the colonies, act as traps for hydrogen so that
hydrogen embrittlement would additionally be affected by the location of a
colony with respect to the crack tip. Thus, the J-integral required for
crack extension over a reasonable multiple of such microstructural features
should provide an indication of the resistance to steady-state crack growth.

Measuring the resistance to crack extension over 10 pearlite colonies
reduces the degree of data scatter associated with any favored location or
orientation of a single pearlite colony with respect to the crack tip. Note
that JG incorporates both crack initiation (JIc) and crack propagation
(dJ/da) conditions, and hence, provides a combined measure by which to com-
pare short-term and long-term effects of high-pressure hydrogen. Fig-
ure 2.27 shows that JG monotonically decreased with the time of pre-exposure
in hydrogen at 260 C (500 F), indicating a steady time-dependent decline in
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fracture resistance. This behavior may be contrasted with that of dJ/da,
which shows a peak in dJ/da at 260 C (500 F) in hydrogen.

Comparison of results on helium and hydrogen pre-exposed specimens (Fig-
ure 2.27) shows that hydrogen pre-exposure at all temperatures led to signi-
ficant loss in fracture resistance at room temperature. Also, at a given
pre-exposure temperature, greater time of exposure to hydrogen led to larger
loss in J . Figure 2.27 shows that the maximum loss in JG occurred in the
range of 399 to 454 C (750 to 850 F). The microstructure of pre-exposed
specimens indicated that hydrogen attack occurred at all temperatures above
399 C (750 F). However, this damage mechanism is insufficient to account
for all the observations. For example, activation energy analysis, dis-
cussed in Section 2.5.2, showed that the activation energy associated with
loss in JG was well below that for any of the well-known mechanisms of
hydrogen attack. Also, it is difficult to explain why JG was lower for pre-
exposures in the range of 399 to 454 C (750 to 850 F) than for pre-exposures
at 593 C (1100 F). A number of competing hydrogen degradation mechanisms may
have operated at elevated temperatures. The combined effect of these mech-
anisms on subsequent flow and fracture behavior of the material ahead of the
crack tip, loaded at room temperature, may be responsible for the peak in
loss of JG-

Figure 2.28 is a bar chart similar to Figure 2.28 and contains data selected
to allow comparison of results from fracture tests conducted at room temper-
ature and at 260 C (500 F). Specimens that were pre-exposed to hydrogen at
593 C (1100 F) for 250 hours and tested at room temperature exhibited a
reduction in JG Of approximately 23 percent compared with specimens that
were not pre-exposed but tested in hydrogen. The value of JG was
100.5 kJ/m2 at no prior exposure and 77.5 kJ/m2 for the 593 C (1100 F) expo-
sure. Test in hydrogen at 260 C (500 F) show that JG was reduced from
299.1 kJ/m at no prior exposure to 77.7 kJ/m2 with 1100 F/250 hour pre-
exposure in hydrogen. The larger difference in JG at 260 C (500 F), approx-
imately 74 percent (compared to only 23 percent at room temperature), sug-
gests that the steel is more sensitive to hydrogen-induced damage at 260 C
(500 F) than at room temperature. This result may be important in designing
future experiments for assessing overpack integrity following service expo-
sure.

2.4.4.5 Fractography

Figure 2.29 is a scanning-electron micrograph of the fracture surface at the
crack initiation region for a specimen tested at room temperature in helium,
following 50 hours pre-exposure in helium at 593 C (1100 F). The fracture
is predominantly cleavage, with small interspersed regions of ductile frac-
ture. Figure 2.30 is a fractograph of the companion specimen which was
tested in hydrogen after 50 hours pre-exposure at 593 C (1100 F) in hydro-
gen. There are large regions of quasi-cleavage, which are different in
appearance from the clean cleavage regions observed in Figure 2.29. A sig-
nificant number of fine voids may be observed on the fracture surface in
Figure 2.30. These voids were probably formed by hydrogen attack at ele-
vated temperatures.
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Figure 2.29. Scanning electron micrograph of fracture surface of specimen,
pre-exposed to helium at 1100 F for 50 hours, and subse-
quently fracture tested in helium at room temperature.
Magnification 250X.
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Figure 2.30. Fracture surface of specimen, pre-exposed to hydrogen at
1100 F for 50 hours, and subsequently fracture tested in
hydrogen at room temperature. Magnification 250X.

Figure 2.31 presents fractographs from the tearing (crack-growth) regions of
specimens that were tested in hydrogen following 250 hours pre-exposure in
hydrogen at temperatures of 260 and 399 C (500 and 750 F). With pre-
exposure at 260 C (500 F), fracture is quasi-cleavage with fine tongues on
the cleavage facets (Figure 2.31a). The fracture surface also contains a
number of voids; it is not clear whether those voids were solely a result of
hydrogen exposure at 260 C (500 F). Microstructures away from the fracture
surface of exposed specimens (to be discussed later) indicated no optically
resolvable void formation at 260 C (500 F), but incipient voids may have
been present which became visible with the plastic deformation associated
with fracture testing.

Some quasi-cleavage is also observed following 250 hours of exposure in
hydrogen at 399 C (750 F). However, the fracture is primarily microvoid
coalescence, with some isolated facets which may be a result of fracture
along pearlite-colony boundaries. Such regions are shown in Figure 2.31b.
The same trend continues with pre-exposure at 593 C (1100 F) in hydrogen.
Figure 2.32 shows that the extent of quasi-cleavage was reduced, and frac-
ture was predominantly microvoid coalescence. The voids on the fracture sur-
face appear to be associated with prior-austenite grain boundaries, although
the fracture was ductile rather than brittle intergranular. The specimen in
Figure 2.32 was largely de-carburized during pre-exposure in hydrogen, and
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(a) 500 F pre-exposure

(b) 750 F pre-exposure

Figure 2.31. Fracture surface of specimen, pre-exposed to hydrogen for 250
hours at various temperatures, and subsequently fracture
tested at room temperature in hydrogen. Magnification 170X.
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Figure 2.32. Fracture surface of specimen, pre-exposed to hydrogen at
1100 F for 250 hours, and subsequently fracture tested in
hydrogen at room temperature. Magnification 15OX.

hence the enhanced growth of voids may be expected as a result of the
reduced flow stress of the material accompanying decarburization.

2.4.4.6 Microstructure

Figure 2.33 shows the microstructure near the fracture surface of a specimen
that had been exposed to hydrogen at 260 C (500 F) for 250 hours, and tested
at room temperature. There is no discernible difference between this micro-
structure and that of the unexposed material (Figure 2.5a). The top white
region of the micrograph corresponds to a nickel coating which was applied
to the fractured surface prior to sectioning to retain the edge during
metallographic polishing. Optical observations did not indicate any signs
of bubble formation following 250 hours of exposure at 260 C (500 F).
Deformation-induced voids are seen adjacent to the fracture surface, and
their concentration is greater compared to a specimen which was exposed to
helium at 593 C (1100 F) for 50 hours. These observations seem to imply
that pre-exposure at 260 C (500 F) aids in void formation during crack
growth at room temperature. This may explain the monotonic decrease in JG
following exposure in hydrogen at 260 C (500 F).

Figure 2.34 is a photomicrograph near the fracture surface of a specimen
which was pre-exposed for 250 hours in hydrogen at a temperature of 399 C
(750 F). A large number of crack-like cavities may be seen throughout the
specimen. Most interestingly, the cavities do not seem to be associated
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Microstructure of a specimen pre-exposed in hydrogen at
260 C (500 F) for 250 hours. The white band towards the
top of the micrograph corresponds to a nickel coating
which was applied to the fracture surface before sec-
tioning. Magnification 5OX.
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Figure 2.34. Microstructure of a specimen pre-exposed in hydrogen at
399 C (750 F) for 250 hours. Magnification 50X.
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with large pearlite colonies. This observation is at first surprising, con-
sidering that almost all theories of elevated temperature hydrogen attack
(Ref. 2.16) involve some form of carbide dissolution. Figure 2.35 is a
high-magnification photomicrograph that better illustrates the phenomenon.
Careful examination of the virgin microstructure showed that the clean cast
steel contained a large number of stringer-like carbides along grain bound-
aries. Figure 2.34 shows some of those carbide stringers which have not
been attacked by hydrogen (arrows). Since these stringers lie along bounda-
ries, they dissolve readily and give rise to methane bubbles. Also, because
of the stringer shape, the resulting cavities are crack-like. This explains
why the specimen showed a preference for crack-like cavities, which were not
associated with large pearlite colonies. However, once these cavities were
formed, cavities nucleated adjacent to larger pearlite colonies, as is
described in the next paragraph. Thus, it may be worthwhile to take steps
to reduce the concentration of stringer-like carbides at grain boundaries in
the miterial--although their removal may only delay degradation because
pearlilte-colony boundaries would still be available to nucleate cavities.

V,

k, '.

.V,
.1�11

d, ~I

Figure 2.35. Crack-like cavities observed in the microstructure of a
specimen, exposed to hydrogen at 399 C (750 F) for
250 hours. Many of these cavities are apparently unasso-
ciated with larger pearlite colonies. Magnification 400X.

Figure 2.36 is a photomicrograph near the fracture surface of a specimen
pre-exposed in hydrogen for 250 hours at 593 C (1100 F). The crack-
initiating region is in the middle of the micrograph. The figure shows
extensive deformation and void formation associated with fracture. Pearlite
colonies cannot easily be distinguished in this figure since the steel has
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Figure 2.36. Microstructure near the fracture surface of a specimen, pre-
exposed to hydrogen at 1100 F for 250 hours, and subse-
quently fracture tested in hydrogen at room temperature.

been almost completely decarburized. Large voids have opened up at bounda-
ries of prior pearlite colonies and ferrite grains. Hardness measurements
indicated that this steel had a hardness of only Rockwell B25, compared with
a hardness of Rockwell B59 for the as-cast material.

Figure 2.37 shows a high-magnification photomicrograph of cavities nucleat-
ing at prior-austenite and ferrite-pearlite boundaries. Cavities are
largely absent from within the grains, confirming that cavity formation
involves carbide (that is, the cementite in pearlite) dissolution, the
transport of free carbon to grain boundaries, and their subsequent reaction
with hydrogen to form nonsoluble methane bubbles at grain boundaries.
Direct support of this mechanism is obtained from photomicrograph Fig-
ure 2.38, which shows a carbide-free zone adjacent to a ferrite-pearlite
boundary. Such direct evidence of the cavity-formation mechanism was not
found in the technical literature. The clear demarcation and smooth bound-
ay of the carbide-free zone is also noteworthy. The smooth boundary seems
to imply that, among the various reactions that lead to bubble formation,
carbon transport is probably rate limiting. Thus, if any cementite ribbon
were to dissolve preferentially, a larger distance from grain boundary would
reduce diffusion-controlled carbon flux within the carbide-free zone; this
would consequently slow down the cementite dissolution. On the other hand,
if carbide dissolution were rate limiting, then carbon from any excess dis-
solution of carbide would be immediately transported to the grain boundary,
and hence the carbide-free zone could have a rough boundary. For a similar
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Figure 2.37. High-magnification photomicrograph of a specimen exposed to
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boundaries. Magnification 400X.
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Figure 2.38. Cavities nucleating along ferrite-pearlite boundary, for a
specimen exposed to hydrogen at 750 F for 250 hours. The
uniform width of pearlite-free zone adjacent to the cavi-
tated boundary is noteworthy. Magnification 750X.

reason, methane reaction-limited bubble formation also seems unlikely. Fur-
ther research into aspects of bubble formation is outside the scope of this
investigation.

2.5 Discussion

2.5.1 Mechanical Degradation Analysis

The most commonly used method for assessing degradation of mechanical prop-
erties is the threshold stress intensity, which is designated KISCC when the
degradation occurs by stress-corrosion cracking and KIH when the degradation
occurs by hydrogen embrittlement. The value of KISCC or KIH is influenced
by the environmental conditions and by the compatibility of the container
material with the environment. When the applied stress intensity, KI (which
depends on the dimensions of the waste container, the applied stresses, and
the depth, length, shape, and location of the largest pre-existing flaw such
as at a weld), exceeds KISCC or KIH for the repository conditions, subcrit-
ical crack growth occurs. Assuming the applied stresses are constant, the
flaw or crack will grow and the value of KI will increase until it reaches
the value KIc, which is the critical stress intensity or fracture toughness.
The value of KIc is a material property which is independent of environment.
When KI exceeds KIc, unstable crack growth occurs. Thus, stress-corrosion
cracking and hydrogen embrittlement can induce premature growth of flaws at
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stress intensities below the KIc, and this subcritical crack growth can lead
to the development of a critical flaw which grows in an unstable manner when
KI reaches KIc.

To apply the threshold stress intensity concept to an assessment of con-
tainer degradation requires an understanding of the influence of environ-
mental variables on KISCC and KIH, knowledge of the environmental conditions
in a repository, and calculation of the applied KI values at pre-existing
flaws in the container. The first two issues have been addressed in this
program and in other investigations. Calculation of the applied KI values
for cylindrical components with surface flaws has been progressing for over
ten years and is relatively straightforward. The principal limitation of
such an approach i.s that the calculations assume that the materials are
linear-elastic, and that virtually no plastic deformation takes place. How-
ever, for most engineering materials, this is not the case. Therefore, more
recent studies in fracture have dealt with elastic-plastic materials through
the use of the J-integral. With a J-integral approach, appreciable crack-
tip plastic deformation, which acts to retard flaw growth, can be accounted
for. This is the approach that has been taken in the hydrogen-embrittlement
studies.

In a laboratory J-integral experiment, two properties are determined. One
is JIc, which is related to KIc for elastic materials and represents the
work required to initiate a crack from a pre-existing flaw. The second
property represents the additional work required to cause that crack to grow
in a ductile material. Frequently, this property is referred to as the
tearing resistance, dJ/da, where a is the crack length. Alternatively, the
tearing modulus, which is proportional to the tearing resistance but is nor-
malized to the material's tensile properties, is used. In a ductile mate-
rial, a crack is initiated when the applied J-integral exceeds JIc.
However, the crack will remain stable unless the applied J-integral is
increased further. The crack grows in a steady manner with increasing
applied J-integral until the increase in applied J-integral with flaw growth
is greater than the tearing resistance for the material; thereafter, crack
growth is unstable. Thus, container integrity can be degraded if the value
of Jrc and/or dJ/da are reduced by hydrogen embrittlement.

For a cylindrical structure with an axially oriented surface flaw, an
approximation of the relationship between the applied J integral to the flaw
size is shown schematically in Figure 2.39a. As the flaw grows, the
J-integral increases, and the J-versus-flaw-depth curve becomes steeper.
Figure 2.39b shows how the applied circumferential, or hoop, stress influ-
ences that relationship. In general, for a given flaw depth, a high hoop
stress gives a high J-integral and a steeper curve. A crack will initiate
from a pre-existing flaw when the flaw depth and applied hoop stress combine
to produce an applied J-integral that exceeds JIc for the container material
and its environmental conditions. Instability will occur if the slope of
the J-versus-flaw-depth curve in Figure 2.39 exceeds the tearing resistance.
In that regard, reductions of the tearing resistance by hydrogen embrittle-
ment probably are more significant to container integrity than are reduc-
tions in JIc.
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Figure 2.39. Generalized representations of the applied J integral as a
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cylinder with an axial surface flaw.
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Application of a J-integral approach to assessing container degradation
requires an understanding of the influences of environmental variables on
JIc and dJ/da, knowledge of the repository conditions, and calculation of
the applied J-integral as a function of flaw dimension, location, and orien-
tation, and applied stress. The J-integral aptly describes ductile engi-
neering materials. However, at present, determination of the applied
J-integral for various structures is not straightfoward. Some progress in
analytical methods has been made in recent years, but extensive simplifying
assumptions are usually required. Therefore, the approach in this program
has been to assess the potential for degradation of container integrity by
hydrogen embrittlement primarily by comparing fracture-toughness properties
(JIc and dJ/da) in a hydrogen environment with those in an inert environment
(nitrogen or helium).

2.5.2 Summary of Hydrogen Effects

The results of the room temperature tensile and fracture tests have shown
that fracture toughness properties are much more sensitive to hydrogen
effects than tensile properties. This may be observed by comparing the
results of Tables 2.6 and 2.9. These results imply that future investiga-
tions should consider fracture toughness measurements for assessing integ-
rity of containers under the thermal-mechanical-environmental conditions
anticipated in service. Conventional testing, involving tensile testing in
hydrogen environments, may not be sensitive enough to determine the effects
of hydrogen. Also, because the primary concern is container integrity,
design and life assessment should be based on fracture mechanics considera-
tions rather than on simply tensile strengths and reductions in area.

Table 2.9 shows that the maximum decreases in JIc due to hydrogen occur for
the cast-wrought, cast-annealed, doped-wrought and doped-annealed steels.
Table 2.6 shows that these are also the steels which have the largest ten-
sile strengths. Such a correlation between JIc and tensile strength can be
rationalized on the basis of the well-known observation that hydrogen
embrittlement is greater for materials with larger tensile strengths. It
may be noted from Table 2.6 that hydrogen has little effect on tensile prop-
erties of these steels. On the other hand Table 2.9 clearly points out that
the higher strength steels are much more prone to hydrogen embrittlement.

Table 2-.9 also shows that the annealed steels are much more sensitive to
hydrogen embrittlement than the as-cast steels. The reason for this is not
very clear at present, although redistribution of residual impurity could
play a role in the case of the doped steel. In the case of the clean cast
steel the reason is much less clear. In any case, the results point out
that thermal history and heat treatment of cast steels and heat-affected
zones are important parameters that govern sensitivity to hydrogen embrit-
tlement. These parameters need to be carefully studied while assessing con-
tainer integrity.

Tables 2.6 and 2.9 show that residual impurity levels seem to have less
effect in hydrogen embrittlement of as-cast steels, compared to wrought
steels. This would imply that commercial purity levels of cast steel may be
sufficient for fabricating repository containers. However, the tests on
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doped steels were limited to short-time, room-temperature tests. Tests
involving long-time, elevated-temperature exposure to hydrogen are necessary
to ascertain that commercial purity levels are not worse than high purity
levels for the long-term integrity of the containers.

2.5.2.1 Discussion on Short-Term and Long-Term Effects of
High-Pressure Hydrogen at Moderately Elevated
Temperatures

The experiments with elevated-temperature, high-pressure hydrogen have shown
a significant effect of long-term exposure to hydrogen at moderately ele-
vated temperatures. The specific scenario under consideration was one in
which exposure at conditions below the Nelson curve (that is, where hydrogen
attack has not been observed in carbon steels) results in incipient damage,
and subsequent stressing at lower temperatures (for example, after many
years in the repository) results in enhanced flaw growth. This scenario
could lead to reduced container integrity.

The results of the fracture toughness tests show that pre-exposure to
6.9 MPa (1000 psi) hydrogen has significant effects on JIc' dJ/da, and the
composite fracture parameter JG* It may be remembered that JIc* is a mea-
sure of the work needed for crack initiation, dJ/da represents the mate-
rial's resistance to further crack propagation once a crack is initiated,
and JG is a composite parameter representing the J-integral that must be
exceeded to initiate and extend the crack beyond 1.5 mm, or approximately
10 pearlite colonies. Since JG incorporates both crack initiation and
crack-propagation events, it should be a useful quantitative measure for
assessing material degradation due to exposure in hydrogen.

It was observed that JG decreased continuously with the time of exposure at
260 C (500 F). This behavior would suggest some form of hydrogen embrittle-
ment or incipient attack even at 260 C (500 F). This conclusion indicates
that damage was not classical hydrogen attack as described by the Nelson
curves for carbon steel (Refs. 2.11, 2.12). Figure 2.40, which is repro-
duced from Figure 4 of API Publication No. 941 (Ref. 2.12), shows that no
hydrogen attack has been reported for exposures up to 10,000 hours for car-
bon steels exposed to 6.9 MPa (1000 psi) hydrogen at 260 C (500 F). On the
other hand, significant degradation in fracture properties was observed in
the present study for exposure times as low as 250 hours. Throughout this
study it has been shown that crack-growth experiments are more sensitive to
hydrogen degradation effects than conventional tensile tests. More impor-
tantly, there was a very high rate of reduction in JG with exposure time at
260 C (500 F). These results indicate that there is the possibility of sig-
nificant degradation of the overpack integrity if hydrogen is generated in
the repository, although further studies are needed to define limiting
temperature/hydrogen partial pressure conditions for degradation.

*Alternately, JIc controls the level of stress and strain distribution ahead
of the crack tip, for initiation of crack growth.
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Figure 2.40. Time for attack of carbon steel in hydrogen service (Figure 4
of Ref. 2.12, API Publ. 941).

Thus, the results of the present experiments suggest that, for the case of a
waste container, selection of materials based on Nelson curves may not pro-
vide conservative estimates of hydrogen temperature-pressure conditions
which assure no failure due to long-term hydrogen exposure. The presence of
stress-concentrating flaws--coupled with mechanical and residual stresses,
steadily decreasing repository temperatures, and increasing hydrogen
pressures--may aggravate hydrogen degradation and must be taken into
account. Consequently, in selecting and evaluating container materials it
is necessary to determine appropriate fracture mechanics parameters, follow-
ing various periods of hydrogen exposure, to assure that fracture resistance
is not degraded by long periods of exposure at 260 C (500 F). This is an
important recommendation based on present results.
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Comparison of the results of-fracture toughness tests conducted on unexposed
specimens at room temperature and at 260 C (500 F) (Figure 2.28) indicate
that the material is more sensitive to hydrogen degradation at 260 C
(500 F). The reduction in short-term fracture resistance at 260 C (500 F)
seems to be a combination of elevated temperature hydrogen embrittlement and
incipient hydrogen attack, aided by higher hydrogen diffusivity at 260 C
(500 F) compared to room temperature. Experiments with pre-exposed speci-
mens also indicate that the reduction in fracture resistance is greater when
JIc tests are conducted in hydrogen at 260 C (500 F) than when they are con-
ducted at room temperature. Accordingly, it may be better to assess long-
term damage by conducting fracture toughness tests on pre-exposed specimens
at 260 C (500 F). This conclusion is, of course, based on only two extreme
exposure conditions--namely, no exposure, and exposure at 593 C (1100 F) for
250 hours. Further experiments involving lower temperatures of pre-
exposures are necessary to verify the general validity of this conclusion.

Figure 2.41 is a series of constant-temperature plots of JG versus time of
exposure in hydrogen for the pre-exposure temperatures used in this study.
The overall trend is that damage, measured in terms of the decrease in JG,
increases with time of exposure. However, the rates are different at dif-
ferent temperatures, suggesting different damage kinetics at different tem-
peratures. Also, at 1100 F there appears to be a saturation in the extent
of damage with time, which appears to be related to gross hydrogen attack,
although further study is necessary to verify this apparent behavior. It
should be noted that 250 hours of exposure at 593 C (1100 F) led to exten-
sive decarburization. Therefore, reductions in toughness by hydrogen attack
probably were balanced by improvements in ductility due to decarburization.

For the purpose of comparing kinetics, it was assumed that damage increases
linearly with time. Accordingly, a linear least-squares fit was used at
each temperature to determine rates of decrease of JG with time of exposure.
The only exception was at 593 C (1100 F), where the data point at 250 hours
was neglected due to extreme decarburization of the sample; as indicated
previously, gross hydrogen attack was not an issue in this study. The rate
of decrease of JG for each exposure temperature is tabulated in Table 2.14,
and also is plotted versus temperature of exposure in Figure 2.42. It is
difficult to explain the peak in the rate of damage that is observed at
454 C (850 F). The data at that temperature were limited and may have been
insufficient to accurately estimate the rate of damage. However, Fig-
ure 2.27 clearly shows that hydrogen pre-exposures were most damaging at 399
and 454 C (750 and 850 F), so that some form of peak in damage rate in the
temperature regime may indeed exist.

A possible explanation for a peak in damage rate is the competition of
hydrogen embrittlement with hydrogen attack. Pre-exposure at elevated tem-
peratures could soften the material due to some form of decarburization, and
the lower flow stress would make the material less sensitive to hydrogen
embrittlement at room temperature. This behavior is indicated by curve I in
Figure 2.43. On the other hand, as the temperature of exposure is
increased, a greater number of cavities would form at ferrite-pearlite
boundaries. Such cavitation damage would reduce ductility and fracture
resistance at room temperature, with the damage increasing with greater pre-
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Table 2.14. Rate of decrease of JG at various
temperatures, for specimens pre-
exposed to hydrogen and subsequently
fracture tested at room temperature.

Temperature
of Pre-exposure dJG/dt

(F) (kJ/m2 hr)

500 0.23
625 0.75
750 0.26
850 4.59
1100 0.76
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exposure temperatures. This behavior is illustrated by curve II in Fig-
ure 2.43. The sum total of these effects would give rise to a peak in deg-
radation, as is illustrated by curve III in Figure 2.43. Further investi-
gation into the mechanism was outside the scope of this research. Neverthe-
less it should be useful to know the occurrence and temperature of a similar
peak when selecting and evaluating container material.

In Figure 2.44 the logarithm of the rate of damage, which is represented by
dJG/dt, is plotted versus the inverse of temperature. The purpose of such a
plot is to determine the activation energy associated with a rate-limiting
reaction process. In the present case, the activation energy may help in
identifying the metallurgical process which is responsible for degradation
in fracture properties. Figure 2.44 shows quite a large scatter, suggesting
that more than one mechanism, with different temperature dependencies, may
be operating simultaneously.
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The least-squares fit to the-data points in Figure 2.44 is indicated by the
solid line. The line is defined by the equation

dJG/dt = 21.51 exp [-2241/T] (2-1)

where JG is in kJ/m2, t is time in hours, and T is temperature in degrees
Kelvin. Rewriting the equation in the familiar form

dJG/dt = 21.51 exp [-Q/RT] (2-2)

an activation energy Q of 4.5 kcal/mole is obtained. Here R is the
universal gas constant.

Table 2.15 lists activation energies for various processes associated with
hydrogen interactions with steel. The above activation energy for damage in
the clean cast steel is closest to the activation energy for hydrogen perme-
ability in steel, and is much lower than the activation energy associated
with the incubation time for hydrogen attack (Refs. 2.16, 2.17). The latter
activation energy of 14.6 kcal/mole was obtained from experiments involving
tensile testing at room temperature following elevated temperature (800 to
1000 F) hydrogen exposure. Incubation times were based on times of exposure
which produced a rapid decrease in reduction of area. The fact that the
activation energy for damage determined in the present study using fracture
mechanics techniques is much lower than Weiner's value (Ref. 2.17) supports
the conclusion that fracture mechanics techniques are more sensitive to dam-
age accumulation than conventional methods of evaluating hydrogen damage,
and this helps to explain the disagreement between the present results and
the Nelson curves. Hence, damage seems to be rate limited by the perme-
ability of hydrogen into the material, with the magnitude of damage con-
trolled by the accumulation of hydrogen in the matrix as well as at poten-
tial crack nucleating sites (such as carbide-ferrite interfaces).

J-integral tests have also been conducted (Ref. 2.18) on hydrogen-exposed
2.25 Cr-1 Mo steel. Specimens were exposed to 24.1 MPa (3500 psi) hydrogen
at 454 C (850 F) for 6 months, and were subsequently tested in air at room
temperature as well as at 454 C (850 F). Room temperature tests indicated
more than 15-fold decrease in JIc and almost a three-fold decrease in dJ/da.
These results are in agreement with the Nelson curve, which predicts failure
under the stated hydrogen pressure-temperature conditions. Since exposures
were limited to one temperature, an activation energy could not be obtained
from those results. In any case, the substantial reductions in J and dJ/da
are similar to the present results on cast steel, where significant material
degradation was observed after only 50 hours of pre-exposure at 454 C
(850 F).

In the present study, fractographs indicated that helium-exposed specimens
failed predominantly by cleavage. Cracking in these specimens generally
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Table 2.15. Activation energies of various processes related to hydrogen
in iron and steels.

Activation
Energy

Mechanism (KCal/mole) Reference

Hydrogen diffusion in Fe - lattice 1.6 R1, R2, R7

Hydrogen solubility in Fe 6.8 R1, R7

Permeability of hydrogen in steels 6.5 R3, R7

Carbon diffusion 20.1 R4

Incubation time for hydrogen attack 14.6 R5

Hydrogen attack of 2.25 (y - 1Mo steels) 45 - 60 R6

Present results 4.5

References:
R1 N. R. Quick and H. H. Johnson, Acta Metallurgica, Vol. 26, pp. 903-907,

(1978).
R2 H. G. Nelson and J. E. Stein, NASA Report TND-7265, NASA, Ames Research

Center, Moffett Field, CA (1973).
R3 R. A. Oriani, Acta Metallurgica, Vol. 18, pp. 147-158 (1970).
R4 C. A. Wert, Physical Review, Vol. 79, pp. 601 (1950).
R5 L. C. Wiener, Corrosion, Vol. 17, pp. 137-143 (1961).
R6 T. A. Parthasarathy, H. F. Lopez, and P. G. Shewmon, Metall. Trans.,

Vol. 16A, pp. 1143-1149 (1985).
R7 J. P. Hirth, "Effect of Hydrogen on Properties of Iron and Steel,"

Metallurgical Transactions, Vol. 11, pp. 861-890 (1980).

initiated at large JIc, so that stresses were large enough to trigger cleav-
age. Cleavage also occurred with hydrogen-exposed specimens. At 500 F there
was rough cleavage, while at 399 and 593 C (750 and 1100 F) ductile failure
was primarily observed. However, of more significance to the present work
is the fact that in room-temperature tests following 260 C (500 F) pre-
exposure, cleavage occurred at lower JIc for specimens with hydrogen pre-
exposure than for specimens with helium pre-exposure. Some of the short-
time pre-exposures in hydrogen at higher temperatures also produced cleavage
fracture, and in these cases JIc was also lower for hydrogen pre-exposed
specimens than for helium pre-exposed specimens. These observations would
imply some form of hydrogen embrittlement, with cleavage aided by the excess
concentration of hydrogen accumulated in the hydrostatically stressed region
ahead of the crack tip by diffusion at room temperature.

The fractographic and activation-energy evidence suggests that the predomi-
nant form of damage at 260 C (500 F) is hydrogen accumulation, which gives
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rise to hydrogen embrittlement and incipient attack. Since JG monotonically
decreased with pre-exposure time, the-250-hour exposure apparently was not
sufficient to saturate the matrix as well as all traps, particularly those
which are potential sites for crack nucleation. Thus, continued damage with
further exposure at 260 C (500 F) should be anticipated.

Microstructures of exposed specimens showed no evidence of cavity formation
by hydrogen attack at 260 C (500 F), at least within the resolution of the
optical microscope. However, this does not guarantee that attack would not
occur after a longer period at 260 C (500 F). Consider, for example, that
the rate-limiting step for cavity formation is carbon diffusion, with an
activation energy of 20.1 kcal/mole. If the rate of damage is considered
proportional to the rate of carbon diffusion away from pearlite to grain
boundary interfaces, then equivalent times of damage at 260 and 399 C (500
and 750 F) are given by

t500F ([20.1 x 4.2 x 1000])o x (ii3 - = 51.7 (2-3)
t70 =exp 8.3 / \533 672/3
750F

Thus, 250 hours of exposure at 399 C (750 F) is equivalent to approximately
1-1/2 years of exposure at 260 C (500 F). Considering that crack-like cavi-
ties were seen in the microsltructure only after 250 hours of exposure at
399 C (750 F), the pre-exposure times that were used in the investigation at
260 C (500 F) would be far too short to produce any cavity in the micro-
structure. The above simple calculation (Eq. 2-3) also serves to illustrate
the concern with regard to container integrity. A period of 1-1/2 years is
certainly short with respect to the total life of the repository. This was
the reason for conducting accelerated tests. Unfortunately, the present
data are insufficient to provide a model for long-term damage at tempera-
tures of 260 C (500 F) and lower because of the complication in interpreta-
tion arising from competing and complementary mechanisms.

In summary, the results of the long-term pre-exposure experiments have ten-
tatively identified hydrogen embrittlement as the principal degradation
mechanism for pre-exposures at 260 C (500 F). This finding is consistent
with the substantial short-term degradation in fracture resistance for unex-
posed specimens tested at 260 C (500 F). However, since exposures were lim-
ited to only 250 hours of duration, it is premature to conclude that hydro-
gen attack would not occur after much longer exposure periods at 260 C
(500 F). Accelerated tests conducted at higher temperatures suggest a com-
bination of damage mechanisms, and there is too much variation in damage
rates to make a firm conclusion regarding the rate-controlling step at dif-
ferent temperatures. It is also difficult to assess at present whether the
rate of decrease of JG would remain constant with time, or whether it would
stabilize to a plateau. Longer-duration exposures need to be conducted at
temperatures in the vicinity of 260 C (500 F) to develop a realistic model
for degradation of fracture resistance.
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2.5.3 Areas of Most Severe Degradation and Implications for
Long-Term Integrity of Waste Containers

This study has shown that enhanced crack growth can occur at elevated tem-
peratures, as well as at room temperature. Two areas have been identified
in which degradation appears to be most severe: (1) hydrogen-enhanced crack
growth after long-term exposure to high-pressure, elevated-temperature
hydrogen, and (2) hydrogen embrittlement of regions which undergo some form
of microstructural transformation. Thus, long-term integrity of waste con-
tainers clearly can be influenced by hydrogen degradation. Hydrogen embrit-
tlement, taking the form of enhanced crack growth from a pre-existing flaw,
can occur at any point in the life of the container, provided that the
necessary hydrogen fugacity, applied stress state, and flaw dimensions are
present. Short-term effects appear worst in steel which has undergone
thermally-induced microstructural evolution, such as in a weld heat-affected
zone or in an annealed overpack. A longer term degradation phenomenon,
termed "incipient attack" in this work, also can occur with extended expo-
sure to hydrogen at moderately elevated temperatures. This phenomenon
becomes apparent in the presence of a stress concentrator, such as a flaw or
a crack, and could result in failure of the container as its temperature
decreases.

2.6 Conclusions and Recommendations

The findings of this program have demonstrated that hydrogen degradation is
an important consideration in evaluating container integrity, and that fur-
ther research is needed in this area. It appears particularly important to
investigate further the effect of long-term exposure to hydrogen at tempera-
tures below the level at which hydrogen attack would be expected, to under-
stand the extent of "incipient attack" which may develop. In addition,
effects of hydrogen on regions which undergo thermally induced microstruc-
tural transformations, such as in the weld heat-affected zone, should be
studied.
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3. OVERPACK CORROSION

Two design concepts have been considered for the overpack: a corrosion-
resistant and a corrosion-allowance design. In the former, a thin-walled
overpack of a highly corrosion-resistant material such as Titanium Grade 12
or Hastelloy Alloy C276 is used. The material is selected to have very low
general corrosion rates in the expected repository environments and to
resist localized forms of corrosion such as pitting and stress-corrosion
cracking (SCC). In the corrosion-allowance design, an overpack of a
corrosion-allowance material is selected and the wall is made sufficiently
thick to allow for measurable corrosion during the overpack life.

Both designs have advantages and disadvantages. The corrosion-resistant
design allows for a much lighter waste package that is easier to close. On
the other hand, the corrosion-resistant materials generally rely on a pas-
sive oxide film for their corrosion resistance and, under some conditions,
these films may break down locally, resulting in pitting or SCC. The
corrosion-allowance materials are less susceptible to localized corrosion,
and it may be possible to adjust the thickness of the overpack to account
for pitting or crevice corrosion. However, SCC velocities are probably too
high for this approach to be effective, and corrosion-allowance materials
such as carbon steel are susceptible to SCC under some environmental condi-
tions. Therefore, SCC must not occur for successful containment using a
corrosion-allowance or a corrosion-resistance material.

The overall objective of the overpack corrosion studies was to identify
potential corrosion failure modes for candidate overpack materials and to
evaluate the influence of environmental and metallurgical variables on rates
of corrosion attack for those modes. Initial emphasis was placed on a
corrosion-resistant material, Titanium Grade 12, in simulated salt reposi-
tory environments. However, this material became less favored by DOE and,
after the first year, the effort was shifted to low-carbon steel. The lat-
ter studies were performed in a simulated basalt repository environment.
Limited studies also were performed on Type 316L stainless steel in a simu-
lated tuff repository environment.

For these systems, a combination of electrochemical techniques, long-term
exposures, and mechanical test techniques were used to evaluate potential
failure modes.

3.1 Titanium Grade 12-Salt System

3.1.1 Task Objective

The objectives of the Titanium Grade 12 - salt system experiments were to
confirm experimental results found in the literature and to investigate
relevant environmental effects and potential failure modes that have not
been previously studied. These effects include thermogalvanic corrosion,
heat transfer, and the influence of surface iron particles.
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3.1.2 Experimental Approach

Three autoclave exposures were performed on the Titanium Grade 12 salt sys-
tem. General, pitting, crevice, thermogalvanic, and stress corrosion were
evaluated in these experiments by means of electrochemical techniques and
coupon exposures. In addition, one slow strain rate test and several
deposit-growth experiments were performed. Details of the experimental pro-
cedures and results are given below.

3.1.2.1 Materials

Titanium Grade 12, in the form of both sheet and rod stock, was obtained for
the experimental studies. Chemical analyses for these materials are given
in Table 3.1.

3.1.2.2 Specimen Preparation and Examination

For the first autoclave exposure, a total of ten gravimetric specimens, two
crevice-corrosion specimens, two U-bend specimens, and two polarization-
resistant specimens were exposed in deaerated Brine A at 250 C. The gravi-
metric and crevice-corrosion specimens had dimensions of 2.5 cm x 2.5 cm x
0.3 cm. The U-bend specimens had dimensions of 2.5 cm x 10 cm x 0.3 cm with
a longitudinal (L) orientation, where the long direction of the specimen was
parallel to the rolling direction of the sheet stock. The polarization-
resistance specimens had dimensions of 25.4 cm x 0.48 cm diameter.

The specimens were machined to the appropriate dimensions and the corners
rounded to approximately a 0.3-cm radius on a belt sander, using a clean
180-grit belt. All surfaces were wet abraded with clean 180, 320, and 400
silicon carbide paper in sequence. The specimens were marked with iden-
tification numbers and were cleaned in an ultrasonic bath containing acetone
for 10 minutes at room temperature, rinsed in distilled water, rinsed with
acetone, and air dried. To embed iron in the surface, five of the gravi-
metric specimens were then wet abraded on a clean 120-grit belt on which a
specimen of 1020 carbon steel had been previously ground. These iron-
embedded specimens were then ultrasonically cleaned as described above and
stored in a desiccator.

The remaining specimens were pickled for 6 minutes at 55 C in a bath con-
taining 35 volume percent of reagent-grade nitric acid (70 percent), 5 vol-
ume percent of reagent-grade hydrofluoric acid (60 percent), and the balance
deionized water. Following pickling, the specimens were rinsed in tap
water, cleaned ultrasonically, and rinsed as described above. The surface
areas of all specimens were accurately measured to the nearest 0.01 cmV.
The specimens were then oven dried at 100 C for 15 minutes and weighed to
the nearest 0.1 mg.

The U-bend specimens were prepared by first drilling 0.8-cm holes 1.2 cm
from each end, and bending the specimens in a jig, as described in ASTM G30,
such that the legs of the U-bends were 25 degrees off parallel. A Titanium
Grade 12 bolt 0.635 cm in diameter was then inserted through the drilled
holes and tightened until the legs of the specimens were parallel.
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Table 3.1. Certified chemical analyses for Titanium Grade 12 material.

(A

IA

Chemical Composition, Weight Percent

Form Vendor Heat N C H Fe 0 Mo Ni Ti

0.035 in Sheet Titanium Industries P0822 0.016 0.013 0.01 0.09 0.15 0.29 0.82 Balance

0.5 in Dia. Rod Titanium Industries DJ07 0.011 0.011 0.0031 0.06 0.15 0.28 0.73 Balance

0.187 in Dia. Rod Titanium Wire Corp. P0822 0.016 0.013 0.01 0.09 0.15 0.29 0.82 Balance

ASTM Specification 0.03 0.10 0.015 0.30 0.250 0.2-0.4 0.6-0.9 Balance



The crevice-corrosion specimens were prepared by drilling a hole in the cen-
ter of each specimen and attaching serrated PTFE washers to each side of the
specimen with a Titanium Grade 12 bolt.

For the second autoclave exposure, a total of six U-bend specimens, two
polarization-resistance specimens, two heat-transfer specimens, and two
thermogalvanic-corrosion specimens were exposed to deaerated Brine A at
250 C. The thermogalvanic and heat-transfer specimens had the geometry and
dimensions shown in Figure 3.1. All other specimen dimensions were the same
as those used in the first autoclave exposure.

Two of the U-bend specimens were unwelded and were oriented in the trans-
verse orientation (T), with the long direction of the specimen perpendicular
to the rolling direction of the sheet stock. The remaining four U-bend spe-
cimens contained welds that were oriented parallel to the long direction of
the specimen; two specimens had the L orientation and two had the T ori-
entation. The surfaces of all unwelded specimens were prepared as described
for the first autoclave exposure. Surfaces of welded specimens were cleaned
prior to welding according to standard welding procedures and were ultrason-
ically cleaned prior to exposure. Neither abrasion nor pickling were per-
formed on these specimens.

For the third autoclave exposure, a total of eight weight-loss specimens,
four crevice specimens, four U-bend specimens, and two heat-transfer speci-
mens were exposed to deaerated Brine A at 250 C. For the weight-loss, crev-
ice, and U-bend specimens, half were exposed to vapor and half to liquid.
The U-bend specimens had the L orientation. All specimens were prepared as
described above.

Following the autoclave exposures, all specimens were optically examined,
scrubbed with hard rubber to remove loosely adherent deposits, ultrasoni-
cally cleaned in acetone, rinsed in deionized water, and oven dried for
15 minutes at 100 C. Specimens were then reweighed. Selected specimens
also were metallographically sectioned and examined for evidence of local-
ized attack.

For the deposit-growth experiments, a single heat-transfer specimen of Tita-
nium Grade 12 was used. This specimen was prepared as described above. In
several of the experiments, thermocouples were attached to the OD surface of
the specimen by inserting the thermocouples in small machined holes.

The slow strain rate specimen had dimensions of 12 cm x 0.476 cm in diameter
with a centered gauge section 1.27 cm x 0.25 cm in diameter. The gauge sec-
tion of the specimen was abraded with Nos. 180, 320, and 400 silicon carbide
paper and cleaned and pickled as previously described.

3.1.2.3 Solution Preparation

All experiments were performed in a high-magnesium brine referenced in the
literature as Brine A. The concentration of the major constituents of
Brine A are 42,000 ppm Na+, 30,000 ppm K+, 35,000 ppm Mg', 600 ppm Ca++,
5 ppm Sr+', 190,000 ppm Cl , 3,500 ppm S0, 10 ppm I-, 700 ppm HC03-,
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Figure 3.1. Schematic of heat-transfer and thermogalvanic specimens.
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1,200 ppm B03
3-, and 400 ppm Br- by weight. The solution was prepared from

a formulation obtained from Sandia National Laboratories as follows. Master
Solution 1 was prepared by dissolving in 500 mL of deionized water the
following:

CsCl 0.52 g
LiCl 50.00 g
RbCl 10.87 g
SrC1 2 6H20 6.00 g
KI 5.20 g

and by diluting to 1 liter with deionized water. Master Solution 2 was pre-
pared by dissolving in 500 mL of deionized water the following:

FeCl *6H20 5.00 g
HC1 (concentrated) 5.00 mL

and by diluting to 1 liter with deionized water. A third solution was then
prepared by dissolving in 1 liter of deionized water the following:

NaCl 200.20 g
Na2S04 12.40 g
Na2B407 -10H20 3.90 g
NaHCO3 1.92 g
NaBr 1.04 g
KCl 114.40 g
MgCl2 6H20 584.20 g
CaCl2 (anhydrous) 3.32 g

Five mL of master Solution 1 and 5 mL of master Solution 2 were then added
to the above solution and the solution was diluted to 2 liters with deion-
ized water. The pH was then adjusted to 6.5 + 0.1 with HC1 or NaOH and the
solution was stored in a cleaned, capped polyethylene bottle until used.

3.1.2.4 Autoclave Exposures

The Hastelloy Alloy C276 autoclave and the Titanium Grade 12 liner for the
autoclave were first rinsed with deionized water and then dried. Ten mL of
deionized water were then poured into the autoclave and the liner was
installed. The isothermal polarization-resistance specimens were attached
to threaded Type 316 stainless steel rods, which were then inserted in adja-
cent, electrically insulated Conax8 fittings located in the autoclave head.
The specimens were flush with the fitting such that the stainless steel rod
was isolated from the test environment. For the first autoclave exposure,
all other specimens were suspended from a Titanium Grade 12 rack that was
placed in the autoclave such that the specimens were totally immersed during
exposure. For the second autoclave exposure, the heat-transfer and
thermogalvanic-corrosion specimens were inserted in electrically insulated
Conax fittings located in the autoclave head. Other specimens were sus-
pended as described above.
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For the third autoclave exposure, a sealed internal canister of Titanium
Grade 12 was fitted inside the Hastelloy Alloy C276 autoclave, isolating the
test environment from the autoclave head and body. This precaution was
taken to prevent contamination of the test solution by corrosion products
from the autoclave head. Other test conditions were the same as those used
in the second autoclave test.

The test solution was deaerated by sparging with nitrogen for 30 minutes and
then added to the autoclave.* The autoclave head was installed and the
solution was further deaerated by sparging with nitrogen through a 6-mm-
diameter TygonO tube for 2 hours. The autoclave was then evacuated with a
mechanical pump for 30 minutes and backfilled with nitrogen. For the second
and third autoclave exposures, resistance heaters with calibrated thermo-
couples were inserted in the heat-transfer specimens and in one of the
thermogalvanic-corrosion specimens. The autoclave was then heated to 250 C,
and the thermogalvanic and heat-transfer specimens were heated to approxi-
mately 270 C, giving a AT of approximately 20 C. During the course of the
experiments, the temperature and pressure of the system were monitored.

The polarization resistances of the isothermal and heat-transfer specimens
were measured periodically by applying a potential of 10 mV between identi-
cal specimens and measuring the ensuing current flow across a precision
resistor. When polarization-resistance measurements were not being taken,
the specimens were electrically shorted to maintain their identical nature.

The galvanic current flow between the heated and unheated thermogalvanic
specimens having identical surface areas was measured periodically in the
second and third autoclave exposures by means of a zero-resistance ammeter
(ZRA). When measurements were not being taken, these specimens were elec-
trically shorted.

At the completion of the exposure period, the heaters were turned off and
the autoclave was allowed to cool to room temperature. The autoclave head
was then opened and the solution was removed and stored in a capped poly-
ethylene bottle. The specimens were then optically examined, cleaned, and
weighed as previously described. Selected specimens were also metallograph-
ically examined.

3.1.2.5 Deposit-Growth Studies

In support of the autoclave exposures of the Titanium Grade 12 - salt sys-
tem, the effect of temperature difference between a heated specimen and the
bulk solution (AT) on the rate of deposit buildup on the surface exposed to
the vapor was studied. The tests were performed for 3 hours at ambient
pressure over a solution temperature range of 40 to 100 C and a AT range of
5 to 15 C using a heat-transfer specimen.

*In the third autoclave test, the solution was added to the canister.
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3.1.2.6 Slow Strain Rate Tests

A single slow strain rate test was performed on a Titanium Grade 12 specimen
in deaerated Brine A at 250 C. The specimen was prepared as previously
described and then mounted to a Titanium Grade 12 pull rod and to a specimen
end support. The specimen and pull rod were electrically isolated from the
end support with PTFE washers and heat-shrinkable tetrafluoroethylene (TFE)
tubing. The solution was deaerated as described previously prior to closure
of the autoclave. The autoclave was then heated to 250 C, and the specimen
was preloaded to approximately 45 MPa and strained to failure at a rate of
1 x 10-7/sec. The heater was then turned off and the autoclave was allowed
to cool to room temperature. The specimen was then removed and examined
optically and in the scanning electron microscope. The fracture surface of
the specimen was also examined metallographically.

3.1.3 Results and Discussion

3.1.3.1 First Autoclave Exposure

The objectives of the first autoclave exposure were threefold: to test out
the system, to reproduce results reported in the literature, and to examine
the influence of embedded iron on corrosion performance. The latter is of
concern since iron is known to degrade the performance of titanium and the
container may be in contact with ferrous equipment during manufacture and
handling.

This exposure was run on Titanium Grade 12 at 250 C in deaerated Brine A.
Included in the autoclave were ten gravimetric specimens, five having a
pickled surface treatment and five in which iron particles were embedded.
Also included were duplicate crevice-corrosion specimens of each of the two
surface treatments; duplicate U-bend SCC specimens; and two polarization-
resistance specimens. Experimental results and discussion are given below.

General Corrosion. Results of weight-change measurements performed on unde-
scaled specimens are given in Table 3.2. The data show that the pickled
specimens gained weight as a result of the exposure. The weight gains were
converted to corrosion rates, assuming all metallic titanium was converted
to TiO2 and no titanjum was dissolved in the solution. The resulting corro-
sion rate, 1.7 x 10-1 pm/y, is somewhat less than that reported in the lit-
erature (Ref. 3.2).

The minor discrepancy between the results is probably due to the different
surface treatments used; Braithwaite (Ref. 3.1) abraded the surfaces prior
to exposure, whereas a pickled surface was used in the present studies. It
should be noted that a pickled surface treatment more closely represents a
commercial surface treatment.

Results for the specimens having an iron-embedded surface treatment are also
given in Table 3.2. The data show that weight changes for these specimens
were erratic: two specimens gained weight, two specimens lost weight, and
one showed no weight change. Although the data could not easily be con-
verted to corrosion rates, it is probable that these specimens exhibited
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Table 3.2. Results of gravimetric measurements performed on Titanium
Grade 12 specimens exposed 900 hours to deaerated Brine A
at 250 C (first autoclave exposure).

Weight Change, Corrosion
Specimen Type Surface Treatment glcm2(a) Rate, pm/ytb)

Gravimetric Pickled +1.31 x 10-5 1.70 x 10-1

Gravimetric Iron Embedded +2.10 x 10-5(C)

Gravimetric Iron Embedded -6.00 x 10-6(c)

Crevice Pickled +4.95 x 10-5 6.4 x 10-1

Crevice Iron Embedded +3.69 x 10-5

(a)Averaged for five specimens.
(b)Calculated assuming that weight gain was the result of TiO2 formation.
(C)Three groupings: one group of two specimens gained weight, one group of

two specimens lost weight, and one specimen had no weight change.

higher corrosion rates since their surfaces were a dark straw color, whereas
the surfaces of the pickled specimens were metallic gray. There was no evi-
dence of pitting or other forms of localized attack on specimens having
either surface treatment.

Results of the polarization-resistance (PR) measurements performed on dupli-
cate specimens of Titanium Grade 12 in deaerated Brine A at 250 C are given
in Figure 3.2. The data are plotted as 1/PR (mhos/cm2) as a function of
exposure time; 1/PR was constant at -2 x 10-5 mhos/cm2 for approximately the
first 150 hours, then increased over the next 400 hours to approximately
1 x 10-4 mhos/cm2 and finally appeared to fluctuate around his value for
the remainder of the exposure. A value of 1 x 10-4 mhos/cmZ for 1/PR corre-
sponds to a corrosion rate of approximately 20 pm/y, assuming Tafel slopes
of 100 mV/decade for the anodic and cathodic reactions and an ionic value of
+4 for titanium. This corrosion rate is approximately two orders of magni-
tude greater than the value predicted from gravimetric measurements. Two
possible explanations for this discrepancy are that either the titanium acts
as a hydrogen electrode and the exchange current for this reaction is much
higher than the corrosion current, or that oxidation of some other species
in solution contributes a net current.

Crevice Corrosion. Duplicate crevice-corrosion specimens of Titanium
Grade 12 with pickled and iron-embedded surfaces were exposed in the first
autoclave test. Following exposure, the specimens were optically examined
and gravimetric measurements were performed. Results of the gravimetric
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Figure 3.2. 1/PR as a function of exposure time for Titanium Grade 12
exposed to deaerated Brine A at 250 C.

measurements, given in Table 3.2, show that the crevice specimens gained
more weight than the uncreviced specimens, suggesting that the presence of
crevices led to higher rates of attack. This conclusion is consistent with
results of optical examination of the specimens. Interference colors were
evident in the creviced region of the specimens, suggesting that thicker
films are present in these regions (see Figure 3.3). These observations are
similar to those reported by Ahn and Soo (Ref. 3.2) and may be an indication
of incipient crevice corrosion. The presence of iron did not appear to sig-
nificantly influence crevice-corrosion behavior.
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Figure 3.3. Low-power optical photographs of front (a) and back (b) faces of Titanium Grade 12
crevice specimens exposed to Brine A for 900 hours at 250 C.

Specimens 1 and 2 had a pickled surface treatment while Specimens 3 and 4 had an
iron-embedded surface treatment.



Stress-Corrosion Cracking. The two U-bend specimens of Titanium Grade 12
included in the first autoclave exposure were oriented such that the maximum
stress was parallel to the rolling direction in the plate stock. No crack-
ing was observed. However, this orientation generally is considered to be
the least susceptible orientation for SCC of titanium.

3.1.3.2 Second Autoclave Exposure

The objectives of the second autoclave exposure were to study the effect of
heat transfer and thermal gradients (thermogalvanic corrosion) on pitting
and general corrosion and to evaluate the influence of welding and metallur-
gical orientation on SCC. Isothermal polarization-resistance specimens were
included in the exposure to study the anomalous electrochemical behavior
observed in the first autoclave exposure.

Rather peculiar behavior was observed throughout this second autoclave expo-
sure. Immediately following autoclave heatup, pressure in the system sta-
bilized at the autogeneous value, approximately 3.45 MPa (500 psi), as in
the first autoclave exposure. However, whereas the pressure in the auto-
clave in the first exposure maintained a steady value throughout the test, a
steady increase in pressure was observed in the second autoclave exposure,
up to a value of 6.6 MPa (950 psi) within approximately 350 hours. The
pressure then decreased to approximately 6.2 MPa (900 psi) within 4 days; at
this point a leak in an autoclave head fitting was noticed. The heaters
were then shut off and the autoclave was allowed to cool to room temperature
and ambient pressure. The leak was repaired and the system was vacuum
tested, blanketed with nitrogen, and reheated to 250 C. The pressure in the
system achieved a value somewhat higher than that observed upon initial
heatup: 3.9 MPa (560 psi) versus 3.45 MPa (500 psi). As in the initial
heatup, the pressure gradually increased with exposure time thereafter,
reaching a value of 5.8 MPa (840 psi) prior to shutdown.

Following a total of 1,000 hours at 250 C, the heaters were turned off and
the autoclave was allowed to cool to room temperature, whereupon the pres-
sure returned to approximately 1 atm. The autoclave was then opened and the
specimens were examined. A significant deposit buildup had occurred on the
heated specimens in the region exposed in the vapor space in the autoclave,
whereas there was no evidence of deposit buildup on the unheated specimens.
Low-power optical photographs of the thermogalvanic specimens are shown in
Figure 3.4. The deposits were primarily light gray to dark gray in color.
A dark green color was evident in the region of the deposit nearest to the
liquid-vapor interface, while yellow-white deposits were scattered over the
gray deposits and were concentrated adjacent to, and above, the dark green
deposits.

Energy-dispersive spectrographic (EDS) and X-ray diffraction (XRD) analyses
were performed on the deposits. Results of these analyses are given in
Tables 3.3 and 3.4. These data show that the deposits were composed of
sodium and magnesium salts, magnesium hydroxide, and chromium and nickel.
The presence of significant quantities of chromium and nickel indicates that
severe attack of the autoclave or the fittings had occurred. Examination of
these components confirmed that both the fittings and the autoclave head had
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Figure 3.4. Low-power optical photograph of Titanium Grade 12 thermo-
galvanic specimens showing deposit on heated specimen.
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Table 3.3. Results of EDS analyses of deposits found on one of the heated
polarization-resistance specimens.

Concentration, weight percent

Deposit Color Na Mg S Cl V K Cr Ni

Green 8.6 10.6 1.5 33.8 0.6 1.2 26.7 16.9

White 34.6 - - 63.3 - - - 2.1

Gray 5.8 13.1 1.6 26.0 - 0.6 0.9 52.1

Table 3.4. Results of XRD analyses of deposits found on one of the heated
polarization-resistance specimens.

Deposit Color Compounds Identified Powder Diffraction Number

Green NaCl 5-628
MgCl2 3-854
Mg(OH)3C1 12-410
Mg2Cl(OH)2 12-120
MgClOH 24-276

White NaCl 5-628

Gray NaCl 5-628
Mg(OH) 2 7-239
Ni metal 4-850

undergone severe attack. Some of the Type 316 stainless steel fittings
failed in the threads during removal due to severe general corrosion, while
evidence of pitting and surface etching of the Hastelloy Alloy C276 auto-
clave head was found. Since the autoclave is composed of a highly
corrosion-resistant material, the observation of severe attack suggests that
a very aggressive species was present in the autoclave's vapor space.

The pH of solution samples taken from the autoclave following exposure was
measured with a glass electrode and found to be approximately 0.68. By com-
parison, the solution's initial pH was approximately 6.5. An inductively
coupled argon plasma (ICAP) analysis of the solution indicated the presence
of significant quantities of nickel, chromium, and iron, as shown in
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Table 3.5. The probable source of these elements was the autoclave head
that underwent severe vapor-phase attack.

Table 3.5. Results of ICAP analyses of test solution
from the autoclave exposure of Titanium
Grade 12 in Brine A where effect of heat
transfer was studied.

Element* vjg/ml (ppm)

Arsenic 4.7
Boron 210
Calcium 560
Cobalt 590
Chromium 2,600
Copper 310
Iron 3,600
Magnesium 22,000
Manganese 210
Molybdenum 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 i ppm
are reported.

The observation of a low-pH solution following exposure, coupled with the
occurrence of severe vapor-phase attack of the Hastelloy Alloy C276 auto-
clave head, the presence of hydroxides of magnesium in the deposits, and the
pressure buildup in the autoclave with exposure time, all point to a simple
explanation for the peculiar phenomena observed: namely, the generation of
hydrochloric acid in the vapor phase of the autoclave. It appears that
hydrolysis of magnesium salts and their deposition as a basic salt in the
vapor phase led to generation of hydrochloric acid. At the autoclave tem-
perature, 250 C, this HCl would be present primarily as a vapor and thus
would lead to a gradual increase in pressure with continued generation.
Upon autoclave cooldown, the HCl would go into the liquid, lowering the pH
and allowing the autoclave pressure to return to approximately ambient pres-
sure at ambient temperature. The generation of hydrogen or of any other
noncondensable gas would have produced a net pressure in the system at ambi-
ent temperature. A simple calculation of the expected pressure increase in
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the autoclave, as a result of the acid generation and pH drop from 6.5 to
approximately 0.7, was made based on an initial solution volume of
2.25 liters and a vapor volume (at temperature) of 0.5 liters. Assuming the
pH is equal to the negative log of the hydrogen ion concentration, that is,
not considering activity coefficients and also assuming ideal gas behavior,
a pressure increase of approximately 3.7 MPa (540 psi) would be expected.
This is in reasonably close agreement with the observed pressure increase of
approximately 2.7 MPa (400 psi).

The formation of magnesium hydroxide on heated surfaces has been routinely
observed in seawater desalination (Ref. 3.3). The commonly accepted mecha-
nism for this process involves generating hydroxide by decomposition of the
bicarbonate ion in the seawater. Since the bicarbonate composition of
Brine A is reasonably low, 700 ppm, this mechanism probably is not appli-
cable to this system. Moreover, such a mechanism does not involve genera-
tion of hydrochloric acid. The key to understanding the mechanism probably
is related to the deposition that occurs in the vapor space. Under iso-
thermal conditions where these deposits were not observed, the increased
solubility of magnesium hydroxide with decreasing pH limits the progress of
the reaction. On the other hand, deposition of magnesium hydroxide in the
vapor space, which occurs under heat-transfer conditions, apparently allows
the reaction to be self-sustaining.

Weight Loss. Results of the gravimetric measurements performed on the spec-
imens in the second autoclave exposure are given in Table 3.6. These data
show that Titanium Grade 12 performed surprisingly well, considering the
aggressive nature of the environment that was generated in the autoclave.
It should also be noted that no evidence of localized attack of the speci-
mens was found. As shown in Table 3.6, rates of attack for the welded
U-bend specimens exposed in the liquid phase were low and were similar to
those measured for pickled gravimetric specimens in the first autoclave
exposure. Rates of attack were higher for specimens that were partially
exposed in the vapor. The portions of the specimens exposed in the vapor
also were darker in color than the regions exposed in the liquid. However,
the weight-loss data for the polarization-resistance specimens are of ques-
tionable validity because of the presence of corrosion products from the
support rods, whereas the weight gain for the unheated member of the thermo-
galvanic couple may have represented thermogalvanic as well as vapor-phase
effects.

Electrochemistry. Two types of electrochemical measurements were performed
in the second autoclave exposure: galvanic current and polarization resis-
tance. 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 with equal surface areas was measured peri-
odically by means of a ZRA. 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 potential dif-
ference between the electrodes also was measured.
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Table 3.6. Results of gravimetric measurements performed on Titanium
Grade 12 specimens exposed 1,000 hours to deaerated Brine A
at 250 C (second autoclave exposure).

Number of Weight Change Corrosion Rate
Specimen Type Specimens g/cm2 Pm/y(b)

Unwelded U-bends 2 +4.04 x 10-6
-6.7 x 10-7

Welded U-Bends 4 +1.29 x 10-5 1.67 x 10-1

Heat Transfer 2 N/A(a)

Thermogalvanic
Heated 1 N/A(a) -
Unheated 1 +1.33 x 10-4 1.72

Isothermal Polarization
Resistance (C) 2 -8.5 x 10-3 1.1 x 102

(a)Not available--unable to remove deposits.
(b)Calculated assuming the weight gain was the result of TiO2.
(C)Questionable data because of inability to remove all of the

products from the Type 316 stainless steel support rod.
corrosion

It was found that the heated specimen was noble to the unheated one by about
90 mV throughout the exposure, and that the galvanic-current flow was in the
direction of the unheated specimen; that is, the unheated specimen was
undergoing galvanic corrosion when contacted by the heated specimen, assum-
ing that the current measured was a corrosion current. Actual current mea-
surements are given in Figure 3.5. These data show that the current
fluctuated over the initial 400 hours of exposure around 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 pm/year. This value is more than two orders of magni-
tude greater than the corrosion rate of the unheated specimen as measured
gravimetrically (1.72 pm/year). As discussed above, a similar discrepancy
was observed between corrosion rates of Titanium Grade 12 in Brine A pre-
dicted by polarization resistance and those predicted gravimetrically. This
discrepancy is attributed to parasitic redox reactions in the solution that
contributed a net current.

The corrosion rate of the unheated thermogalvanic specimen measured gravi-
metrically 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
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Figure 3.5. Galvanic current density as a function of exposure time for a
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throughout exposure.
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the galvanic-current measurement successfully predicted the direction, but
not the magnitude, of the galvanic effect. However, in this autoclave expo-
sure, 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
HCl. The HCl in the vapor may have accelerated the corrosion rate of the
electrodes, which passed 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 Fig-
ure 3.5, galvanic currents measured after restarting the autoclave were con-
siderably 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
measurements.

Results of the polarization-resistance (PR) measurements performed in this
autoclave exposure are summarized in Figure 3.6. These data show that the
polarization-resistance values for the heated specimens were higher (that
is, 1/PR values were 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 qualitatively consistent with the
results of the galvanic-current measurements. 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 expo-
sure. In addition, the polarization-resistance values for the unheated
specimens measured in this autoclave exposure do not agree with those repor-
ted in the first autoclave exposure. This effect may have resulted from
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 probably was a result of impingement of
vapor-phase deposits onto the autoclave head.

Stress-Corrosion Cracking. Duplicate unwelded U-bends having a transverse
orientation and duplicate welded U-bends having transverse and longitudinal
orientations were exposed in the liquid phase in the second autoclave test.
Following exposure, the specimens were optically examined, and no evidence
of SCC or localized attack was observed.

3.1.3.3 Third Autoclave Exposure

The objective of the third autoclave exposure was to investigate the effect
of heat transfer on Titanium Grade 12 corrosion, and to do so in the absence
of contamination of the test environment with corrosion products from the
autoclave. The latter was accomplished by fitting a sealed internal canis-
ter of Titanium Grade 12 inside the autoclave so that the test environment
was isolated from the autoclave head and body.

The annular region between the autoclave and the connector was filled with
an aqueous solution of 1,000 g/L sodium chloride. This solution was
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Figure 3.6. 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.

selected to match the vapor pressure of Brine A, but to prevent HCl genera-
tion by hydrolysis of magnesium salts. The contents of the canister
included four weight-loss specimens, two crevice specimens, and two U-bend
specimens in each phase (liquid and vapor).

Unlike the results of the previous autoclave exposure, the pressure within
the canister in this exposure did not increase with exposure time. When the
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autoclave was opened at the end of--the exposure, a deposit was found to have
built up on the outside of the internal canister. 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 Figure 3.7).
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 iso-
thermal during the test and that the majority of the temperature drop had
occurred between the canister's outside surface and the autoclave wall.

All of the specimens 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 immersed in the liquid were somewhat
higher than those previously reported (see Table 3.7).

The specimens were optically examined and, as in the previous exposures,
evidence of incipient attack was found within the crevices (see Figure 3.8).
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 3.9). No evidence of cracking was found in the U-bend specimens.

3.1.3.4 Deposit-Growth Studies

The objective of the deposit-growth studies was to investigate the mechanism
and kinetics of the deposit growth that occurred on the heat-transfer spec-
imen in the autoclave studies. The effect of temperature difference between
a heated specimen (AT) and the bulk solution on the rate of deposit growth
was studied over a solution temperature range of 40 to 100 C and a AT range
of 5 to 15 C.

Results given in Figure 3.10 show that the rate of deposit growth increased
with increasing temperature and AT. The data were plotted as a function of
l/T to determine whether the rate of deposit buildup could be described by a
thermally activated process having a single activation energy. Figure 3.11
shows the data for AT = 5 C falling on a reasonably straight line, with an
activation energy of approximately 13 kcal/mole. Data for AT = 10 C and
15 C have considerably more scatter and appear to fit lines having smaller
slopes, indicating lower activation energies.

The deposits that formed on the specimens were optically examined, and
selected samples were analyzed. In contrast to the multicolored deposits
that formed in the autoclave tests, where significant contamination of the
system had occurred from reactions with the autoclave head, deposits formed
at ambient pressure were a uniform white color (see Figure 3.12). The
deposits were found to contain approximately 68 percent chlorine, 15 percent
potassium, 13 percent magnesium, 4 percent sodium, and a trace of sulfur, as
determined by EDS analysis. X-ray diffraction analyses of the deposits
indicated the presence of KOH, NaCl, and two hydrated magnesium chlorides.

Optical examination of the specimens during deposit formation suggested that
the mechanism of formation is related to a wicking action whereby a thin
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Figure 3.7. 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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Table 3.7. Results of gravimetric measurements performed on Titanium
Grade 12 specimens exposed for 1,000 hours to deaerated
Brine A at 250 C (third autoclave exposure).

Weight Change Corrosion Rate
Specimen Type Phase g/cm2 pm/y(a)

Gravimetric Vapor +1.09 x 10 4(b) 1.27

Crevice Vapor +3.68 x 10 -5(c) 4.29

Gravimetric Liquid +4.09 x 10-5(b) 4.77

Crevice Liquid +3.95 x 10 .5 (c) 4.61

(a)Calculated assuming the weight gain
(b)Averaged for four specimens.
(C)Averaged for two specimens.

was the result of TiO2 formation.

vapor liquid

3X 2L464

Figure 3.8. Low-power optical photograph of crevice specimens exposed to
vapor and liquid phases in the third autoclave exposure.
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Figure 3.9. Low-power optical photograph of U-bend specimens exposed to
vapor in the third autoclave exposure.
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Low-power optical photograph of Titanium Grade 12 heat
transfer specimen exposed for 4 hours to naturally
aerated Brine A at 65 C (AT = 7 C).

Figure 3.12.

AT = Theated specimen - Tsolution-
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deposit initially forms on the specimens at the vapor-liquid interface, and
solution then migrates up the specimen in the thin layer between specimen
and 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 tem-
perature was measured as a function of distance from the solution-vapor
interface. Typical results of these measurements, given in Figures 3.13 and
3.14, 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.

3.1.3.5 Slow Strain Rate Studies

The objective of the slow strain rate test was to reproduce data found in
the literature. A slow strain rate test was carried out on a Titanium
Grade 12 tensile specimen at a strain rate of 1 x 10-7 sec 1 in Brine A at
250 C under deaerated conditions. The specimen failed after 350 hours, giv-
ing an elongation to failure of 13 percent and a reduction in area of
59 percent. After the test, the specimen was examined optically and in a
scanning electron microscope (SEM). Figure 3.15 is an SEM fractograph for
the specimen. With the exception of a narrow region at the edge, the frac-
ture surface is typical of ductile failure. A closer examination of the
narrow region suggested that the area had been mechanically damaged when the
specimen was removed from the autoclave. The mechanical nature of the dam-
age was confirmed on metallographic examination of the specimen (see Fig-
ures 3.16 and 3.17), which showed complete absence of cracking and high
local deformation in the damaged area. The voids seen near the fracture
surface in Figures 3.16 and 3.17 are due to strain-induced porosity, which
is well-known to occur in titanium and its alloys at high strains
(Ref. 3.4).

3.1.4 Conclusions

In these studies, Titanium Grade 12 exhibited good corrosion performance in
deaerated Brine A under isothermal and heat-transfer conditions. General
corrosion rates were very low and there was no evidence of stress corrosion
under slow strain rate conditions or cracking in welded or unwelded speci-
mens, either in the longitudinal or transverse orientation.

However, several potential problem areas were identified. Discoloration of
surface films was observed within crevices on the specimens, which may be an
indication of a decrease in the protective nature or possible breakdown of
the passive films. This behavior has been reported elsewhere (Ref. 3.2).
Similar discoloration was observed on uncreviced specimens in which iron
particles were embedded prior to exposure.

Heat transfer, occurring on Titanium Grade 12 specimens in deaerated Brine A
at 250 C, led to hydrolysis of magnesium chloride and to generation of sig-
nificant quantities of HCl in the autoclave. Although the Titanium Grade 12
performed well in the aggressive HCl vapors generated, it is unlikely that
this alloy has adequate corrosion resistance to guarantee, with some degree
of certainty, an extended lifetime.
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Measurements were taken after an exposure time of 10 minutes.
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Figure 3.15. SEM photograph of fracture surface of Titanium Grade 12
specimen after slow strain rate testing in deaerated
Brine A at 250 C at a strain rate of 1 x 10-7 sec-.
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Figure 3.16. Photomicrograph of metallographic section of
specimen from Figure 3.15.
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Figure 3.17. Higher magnification photomicrograph of right edge
of fracture surface shown in Figure 3.16.

Note considerable plastic deformation in the damaged
area in upper right-hand corner and strain-induced
porosity (voids).

Finally, results of gravimetric and polarization-resistance measurements
performed on isothermal specimens of Titanium Grade 12 in deaerated Brine A
at 250 C indicate that parasitic redox reactions occurring in the solutions
may preclude the use of electrochemistry for measuring corrosion rates in
this system.

3.2 Carbon Steel-System

3.2.1 Potentiodynamic Polarization Studies

3.2.1.1 Objective

The objective of this task was to evaluate the influence of metallurgical
and environmental variables on the general corrosion, pitting, and stress
corrosion behavior of carbon steels in simulated basalt repository
environments.

3.2.1.2 Experimental Approach

Potentiodynamic polarization techniques were used to evaluate the influence
of metallurgical and environmental variables on the electrochemical behavior
of carbon steels. The results of these analyses were then used to assess
the tendency for general corrosion, stress-corrosion cracking (SCC), and
pitting.
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In the potentiodynamic polarization procedure, the polarity and magnitude of
the current density between a metal specimen and an inert counter electrode
are measured as functions of electrochemical potential. A polarization
curve is then plotted as potential versus logarithm of current density. For
the anodic portions of the curve, the current measured is equal to the cor-
rosion rate of the specimen if two conditions are met: (1) the over-
potential (difference between the free-corrosion and polarized potential) is
large enough such that the rate of the cathodic reaction is negligible, and
(2) the rates of parasitic oxidation reactions are negligible.

A schematic of anodic polarization curves showing several types of behavior
is given in Figure 3.18. For the active-corrosion case, the anodic curve is
linear on a potential versus logarithm of current (E-log i) plot, and the
forward and reverse scans are coincident. The presence of a peak in the
anodic portion of the curve, followed by decreasing current, generally indi-
cates the onset of passivation. The occurrence of hysteresis between the
forward and reverse scans indicates pitting. Where the hysteresis loop is
very large, the protection potential, Epr9t, may be very close to the free-
corrosion potential, Ecor, indicating a high probability of pitting in
service.

E -~~~~~~~~~~Passivation and
.pit Pitting

Hysteresis ...... Passivation and
X t ///§ Loop //// No Pitting

t - -Active Corrosion

0

Eco

i~~c i nor imax

Log Current Density

Figure 3.18. Schematic of
curves.

typical anodic potentiodynamic polarization

Ecor = corrosion potential; icor = current density at the free-corrosion
potential; Emax = potential at the active peak; imax = current density
at active peak; ipas = current density in passive range; Epit = poten-
tial at which pits initiate on forward scan; and Eprot = potential at
which pits repassivate on reverse scan.

3-34



The potentiodynamic polarization technique also has been found to be useful
in identifying possible SCC environments for carbon steels. It has been
shown (Ref. 3.5) that SCC is associated with environments that promote
active-passive behavior and that the range of electrochemical potentials
that promotes SCC is near to and more noble (positive) than Emax. Moreover,
it has been observed (Ref. 3.5) that severe cracking occurs in environments
where ijax on a fast scan (scan rate > 10 V/hr) Is greater than about
1 x 10-S A/cm2, and where the fast scan exhibits currents at least an order
of magnitude higher than those of the slow scan (scan rate <1 V/hr) (see
Figure 3.19).

4,

0z

A
Slow Scan

Fast Scan

£1

4J
C
0)
4.
0
0.

Emax

Imax

v 4 Imax

Log Current Density

Figure 3.19. Schematic of slow scan and fast scan potentiodynamic
polarization curves for a metal in an SCC environment.

The polarization behavior of candidate alloys was determined using conven-
tional polarization techniques. The equipment used for these experiments
included a PAR Model 173 potentiostat with an ECO Model 567 function genera-
tor, coupled to a computer data-acquisition system. A three-compartment
electrochemical cell containing a saturated calomel reference electrode
(SCE) and a platinum counter electrode was used. The three-compartment
electrochemical cell, which is shown in Figure 3.20, separates the working
electrode from the counter electrode, thus preventing solutions in the dif-
ferent compartments from mixing. The working-electrode specimens were
cylindrical rods drilled and tapped at both ends and then sealed using PTFE
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Figure 3.20. Three-compartment polarization cell design.

gaskets. The specimens were 0.6 cm in diameter and 1.9 cm in length; the
actual area of each specimen was measured prior to immersion in the electro-
chemical cell. The electrodes were polished with successively finer grades
of silicon carbide paper, finishing with a 600-grit paper.

Prior to testing, the working electrode remained in the test solution over-
night while the solution was sparged with the desired gas mixture. The
polarization scans were then performed approximately 16 hours after the
working electrode was immersed in the cell. Partial cathodic and full
anodic polarization curves were obtained by scanning at a rate of 0.6 V/hr,
beginning the scan approximately 100 mV more negative than the free-
corrosion potential. The current for the anodic curve was then scanned
until it attained a density of approximately,3 xt1Q03 A/cm2; the anodic scan
was then reversed until repassivation occured and the6-rrent changed polar-
ity, becoming cathodic. When the polarization plot was aompleted, a new
steel specimen was inserted into the polarization cell ahd immediately
polarized to a potential of approximately -0.90 V (SCE)/ Within five min-
utes of immersion, a fast-anodic scan was-p-performed u4-ng a scan rate of
18 V/hr. After the polarization scans were cornx, the following polari-
zation parameters were obtained from the polarization curves of potential
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(E) versus the logarithm of current density (log i): Ecors icors Emaxs imax
(obtained from the fast-scan curves), ipas, Epit, and Eprot.

The potentiodynamic polarization technique was used in three separate stud-
ies: metallurgical studies of the effect of steel cleanliness and structure
on electrochemical behavior in simulated basalt groundwater; preliminary
environmental studies of the effect of the presence of basalt rock and con-
centration of the basalt groundwater on corrosion behavior; and a statisti-
cal matrix of experiments designed to evaluate the influence of 15 environ-
mental species on corrosion behavior. The chemical composition and other
data on the steels used in these studies are given in Table 3.8. Note that,
with the exception of the metallurgical studies, hot-rolled 1020 carbon
steel specimens were used for all potentiodynamic polarization experiments.
Significant findings from these studies are given below.

3.2.1.3 Results of Metallurgical Studies

The majority of the metallurgical studies were performed in a single ground-
water composition, which is referred to as basalt groundwater. This solu-
tion was prepared according to a published procedure (Ref. 3.6); the nominal
composition is given in Table 3.9.

The metallurgical studies focused on the effects of steel cleanliness and
structure on electrochemical behavior. Two steel compositions were exam-
ined, one ("doped" with phosphorus and sulfur) comparable to a 1018 composi-
tion, and one ("clean") having low phosphorus and sulfur (see Table 3.8).
These two steels were tested in the as-cast condition and in the hot-rolled
condition, giving four combinations. Information on the preparation proce-
dures and characterization of these materials is provided in the 1983-1984
Annual Report for this program (Ref. 3.7).

Results of polarization tests performed on the materials at a scan rate of
0.6 V/hr in deaerated basalt groundwater at 90 C are summarized in
Table 3.10 and a polarization curve is given in Figure 3.21. These data
show that neither the cleanliness nor the structure of the steel had a pro-
nounced effect on its electrochemical behavior in basalt groundwater.

As an extension of this work, polarization tests were run, in duplicate, on
Ferrovac E in basalt groundwater at 90 C. Ferrovac E is a high-purity iron
containing only trace quantities of impurities (Table 3.8) and represents an
upper bound in cleanliness for a ferrous canister material. The results are
summarized in Table 3.10 and Figure 3.22. Several features of the data are
noteworthy. First of all, two types of behavior are readily apparent. In
Specimen 1, the appearance of the polarization curve is similar to that
reported for the other steels, exhibiting an active-to-passive transition, a
passive region, and definite pitting and protection potentials. Values of
the parameters for Ferrovac E are comparable to those previously reported
for the other steels (see Table 3.10). On the other hand, the curve for
Specimen 2 does not exhibit an active-to-passive transition, and the free-
corrosion potential was in the passive potential range. The presence of a
-pitting potential and hysteresis on the reverse scan indicates that pitting
had occurred on the specimen. The protection and pitting potentials for
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Table 3.8. Chemical compositions and other data on steels used in the corrosion studies.

WA

(AI

SAE
Number or Thermomechanical Tests Composition, weight percent
Designation Treatment Used In Dimensions C Mn P S Si Cu Sn Ni Cr Mo Al

1018 Cold-Rolled Slow Strain Rate 0.635 cm dia. 0.18 0.72 0.007 0.010 -- -- -- -- -- -- --

rad

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

Exposures 15.2 cm strip

1020(a) Hot-Rolled Electrochemical 1.27 cm rod 0.20 0.46 0.011 0.032 0.17 0.38 0.027 0.014 0.018 0.024 --

Pitting Monitor,
Potentiodynamic
Polarization

1020(a) Hot-Rolled Slow Strain Rate 0.635 cm 0.22 0.55 0.01 0.037 -- -- -- -- -- -- --

diam. rod

Clean BCL Cast or Hot- Potentiodynamic Ingot 0.18 0.49 0.004 0.002 0.30 0.006 -- 0.002 0.007 0.00 0.10
Steel Rolled Polarization

Doped BCL Cast or Hot- Potentiodynamic Ingot 0.17 0.55 0.029 0.036 0.35 0.007 -- 0.004 0.011 0.00 0.14
Steel Rolled Polarization

Ferrovac E Cast Potentiodynamic Ingot 0.003 Tr(b) -- __ Tr -- -- Nil(c) Nil Tr Nil
Polarization

(a)Hot-rolled 1018 carbon steel not available in rod form.
(b)Tr = Trace.
(c)Nil = None detected.



Table 3.9. Nominal compositions of test solutions.

l
DWA

two

Concentration, mg/l

Na K Mg Ca Sr Fe Cl F Br Si S04 C03 HCO3 B03 N03 pH

Basalt
Groundwater 360 3.4 0.03 2.8 -- -- 310 33.4 -- 35.5 175 (b) (b) -- -- 9.8

Brine A(a) 42,000 30,000 35,000 600 5 -- 190,000 -- 400 -- 3,500 -- 700 1,200 -- 6.5

Brine B 115,000 15 10 900 15 -- 175,000 -- 400 -- 3,500 10 10 10 -- 6.5

(a)PPm.
(b)18.1 ppm total inorganic carbon.



Table 3.10. Summary of results
and wrought steels
of 0.6 V/hr.

of ,potentiodynamic polarization tests performed on cast
in(deaerated bas/alt groundwater at 90 C and a scan rate

0

Ecor, Emax, Epit, Eprot, 1cor, imax 'pas
Material V (SCE) V (SCE) V (SCE) V (SCE) V (SCE) A/cm: A/cP

Doped BCL Steel Cast -0.840 -0.745 -0.508 -0.698 3.7 x 10-6 5.5 x 10-6 4.6 x 10-6

Doped BCL Steel Wrought -0.859 -0.793 -0.481 -0.659 6.8 x 10-6 1.2 x 10-5 5.7 x 10-6

Clean BCL Steel Cast -0.859 -0.793 -0.471 -0.679 6.2 x 10-6 1.0 x 10-6 6.2 x 10-6

Clean BCL Steel Wrought -0.859 -0.801 -0.508 -0.669 3.4 x 10-6 5.2 x 10-6 4.4 x 10-6

Ferrovac E (1) -0.869 -0.764 -0.432 -0.679 6.2 x 10-6 1.2 x 10-5 6.2 x 10-6

Ferrovac E (2) -0.754 * -0.461 -0.764 1.9 x 10-7 * 4.4 x 10-7

*The free-corrosion potential of the specimen was more noble than the potential at maximum current (Emax).
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Specimen 1 and 2 were similar, whereas the value for Ecor.- for Specimen 2
was more noble than that for Specimen 1. The most reasonable explanation
for this behavior is that the solution in the cell containing the latter
sample was contaminated with trace quantities of 02 that spontaneously pas-
sivated the specimen.

The standard procedure used for these electrochemical experiments was to
allow the specimens to equilibrate in the solution overnight before begin-
ning the polarization experiment. Periodically, during this equilibration
period, the Ferrovac E specimens were visually examined, and evidence of pit
initiation was found on the polished surfaces of both specimens. Following
the polarization test, the attack on the specimen surfaces was somewhat
greater, as one would expect based on the polarization behavior (see Fig-
ure 3.23).

In summary, the results of these experimental studies indicate that varia-
tion in the composition of the steels from high-purity Ferrovac E to 1018
carbon steel does not have a marked effect on the electrochemical behavior
in a simulated basalt repository environment. Since close correlation
between electrochemical behavior and pit initiation has been established for
many environments, these results indicate that minor variation in the compo-
sition of carbon steel or the use of a high-purity steel will not have a
marked influence on pit initiation.

The influence of steel composition on SCC cannot be fully assessed on the
basis of these electrochemical data. Although the electrochemical behavior
of Ferrovac E was not markedly different from 1018 carbon steel, it is well
known that carbon content of steel can greatly influence SCC susceptibility,
and the carbon content of these steels is considerably different. Thus, it
is clear that properties other than the bulk electrochemical response must
be considered in assessing the influence of metallurgical variables on SCC
susceptibility. Since SCC in this system is intergranular in nature, the
chemistry and electrochemistry of the grain boundaries, as influenced by
bulk composition, also must be considered. In addition, the influence of
steel composition on mechanical response of the material to the applied load
must also be taken into account in assessing the influence of composition on
SCC susceptibility.

3.2.1.4 Results of Preliminary Environmental Studies

Effect of Basalt Rock and Concentration of Basalt Groundwater. Potentio-
dynamic polarization curves were obtained on two of the steels characterized
in Table 3.8: a wrought, doped BCL steel and a clean, cast BCL steel.
These were tested in the standard basalt groundwater (1X) and a 10-fold con-
centration of this groundwater (1OX) both in the presence of crushed basalt
and in its absence. In the former tests, the solutions were equilibrated
with crushed basalt by boiling overnight. Results of these studies, summa-
rized in Figures 3.24 and 3.25, show small but systematic effects of ground-
water chemistry on the electrochemical parameters. The corrosion potential
(Ecor) and the potential at the current peak (Ema ) shifted to slightly more
negative values, and the passive current density (i as) decreased slightly
upon increasing the solution concentration. A similar analysis of the
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Figure 3.23. Optical photographs of Ferrovac E Specimen 2 following
potentiodynamic polarization testing in deaerated basalt

groundwater at 90 C.
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effect of leaching of-the basalt rock on these parameters indicated no sys-
tematic effect on the electrochemical parameters measured. Since the sys-
tematic shifts in these parameters were small, their relevance is difficult
to ascertain with respect to waste-package performance.

Effect of Electrochemical-Potential Scan Rate. The effect of scan rate on
the polarization behavior of two steels was studied in a 1X basalt ground-
water at 90 C. These experiments provided information on the most likely
potential ranges for stress-corrosion cracking susceptibility of the steels
in repository environments. In the fast-scan tests (18 V/hr), the curves
were generated as soon as the specimen contacted the solution, whereas in
the slow-scan tests (0.6 V/hr), the specimens were allowed to equilibrate
with the solution overnight. The aim of the fast-scan polarization tests
was to obtain the maximum current density on relatively bare metal surfaces.

Results of these experiments, summarized in Table 3.11, show that passive
currents are considerably higher at the faster scan rates than at the lower
scan rates, as expected. An example is given in Figure 3.26. Empirically,
it has been shown that stress-corrosion susceptibility of carbon steel
reaches a maximum where the differences in current density between the fast
and slow polarization scans are large. On this basis, one would expect that
the most likely range for SCC of carbon steel in basalt groundwater is
between -0.78 V and -0.65 V (SCE). However, the differences in current
between the fast and slow scans are small in comparison to potent cracking
systems, and thus one would not expect a high degree of susceptibility to
SCC at 90 C in the IX basalt groundwater.

Effect of Temperature. A potentiodynamic polarization curve was obtained
for the wrought, doped carbon steel in deaerated basalt groundwater at 250 C
and at a scan rate of 0.6 V/hr. In this test, a pressure-balanced external
Ag/AgCl reference electrode and an internal platinum counter electrode were
used. With the exception of the modifications necessitated by the cell
design, the experimental procedure used for the high-pressure test was simi-
lar to that used at ambient pressure. The results, given in Figure 3.27,
show that the behavior of the steel at 250 C was qualitatively similar to
that observed at 90 C, exhibiting an active-passive transition and pitting
and protection potentials. Values for icor, imax, and ipas were somewhat
higher at 250 C than at 90 C. The higher peak current may indicate that SCC
is more likely at 250 C than at 90 C. On the other hand, the hysteresis
loop area at 250 C appears to be somewhat smaller than at 90 C. Because the
polarization behavior is qualitatively similar at 250 C to that observed at
90 C, the majority of the subsequent polarization studies were performed at
90 C.

3.2.1.5 Statistical Environmental Studies

As discussed previously, results of the potentiodynamic polarization studies
indicate that a uniform tenfold increase in chemical concentration of the
groundwater did not have a pronounced effect on the electrochemical behav-
ior. On the other hand, the literature survey (Ref. 3.5) identified many
species that are present in the groundwater or that may intrude into the
repository or be generated by radiolysis that may significantly affect the
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Table 3.11. Summary of results of potentiodynamic polarization tests performed on doped
cast BCL steel and clean wrought BCL steel in deaearated basalt groundwater
at 90 C comparing fast scan rate and slow scan rate data.

CA.

I5~

Scan
Rate, Ecor, Emax, Epit, Eprot, 1cor imax 'pas

Material V/hr V (SCE) V (SCE) V (SCE) V (SCE) A/cmS A/cm2 A/cP

Doped Cast* 0.6 -0.858 -0.745 -0.508 -0.698 3.7 x 10-6 5.5 x 10-6 4.6 x 10-6

Doped Cast 18 -0.886 * -0.518 -0.669 1.9 x 10-5 * 8.2 x 10-5

Clean Wrought 0.6 -0.859 -0.801 -0.508 -0.669 3.4 x 10-6 5.2 x 10-6 4.4 x 10-6

Clean Wrought 18 -0.896 * -0.491 -0.649 1.5 x 10-5* 9.0 x 10-5

*Polarization behavior did not exhibit a maximum current peak.
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localized corrosion behavior of carbon steel. Accordingly, electrochemical
studies were undertaken to evaluate the influence of these species on elec-
trochemical behavior. Because of the large number of species considered, a
statistical approach was used.

A literature survey of the chemical species selected for the investigation
was the basis for determining the high and low concentrations to be used in
the experiments. The low concentration was based on that present in typical
basalt groundwater. The high concentration was typically 2 to 4 orders of
magnitude higher than the low concentration.

Table 3.12 gives the 15 species and their concentrations selected for exami-
nation during the preliminary two-level design matrix. These included spe-
cies present in the groundwater, those that may leach from the backfill,
radiolysis products, and species that may intrude into the repository.

Table 3.13 shows typical concentrations reported in the literature for the
15 species examined as well as concentrations of other species. Species
such as sodium (Na+I), potassium (K+l), calcium (Ca+2), and sulfate (S04-2)
were also included in the experimental matrix, but not as controlled varia-
bles. The concentrations of potassium and calcium were maintained constant,
while sodium and sulfate ions were used to balance the cation and anion con-
centrations required for the 15 species added as variables. Justifications
for the species examined in this task were presented elsewhere (Ref. 3.14).

All experiments were performed on a commercially available, hot-rolled 1020
carbon steel at 90 C in argon-purified simulated groundwater solutions. The
composition of the steel is given in Table 3.8. The parameters analyzed
were Ecor, Eprot, Egit, icor, imax, and ipas, as defined in Figure 3.18.
The studies, descri bed in the following sections, were divided into three
subtasks: the screening matrix, the main matrix, and effects of single
species.

Screening Matrix of Experiments. The purpose of the screening matrix of
experiments was to determine which of the 15 species discussed above have a
significant effect on general corrosion, SCC, and pitting corrosion. The
screening matrix was used to select the species that significantly affect
corrosion, for examination in the main matrix.

To estimate the individual main effects of each of the 15 species, a statis-
tical design was used to define the optimal compositions of the test solu-
tions. The statistical design was a partial factorial design of resolution
IV. This design permits the main-effect terms of the 15 variables to be
estimated free and clear of other main-effect terms and of any two-factor
interactions. Three-factor and greater interactions still confound the
main-effect terms; however, these usually contribute only a small response
compared to the main-effect term response. Consequently, a good estimate of
the main-effect terms was calculated at the end of the screening matrix of
experiments. Four experiments were also performed using the midpoint of
each species concentration to provide an estimate of error for the polariza-
tion experiments.
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Table 3.12. High and low concentrations of species selected for
evaluation in the electrochemical experiments.

High Low
Species Concentration Concentration

1.

2.

3.

4.

5.

6.

7 .

8.

9.

10.

11.

12.

13.

14.

15.

pH

Cl-1

F- 1

Fe+2 /Fe+3

Al+3

C0 3 - 2 /HC03-1

N03-1/NO2-1

P04 -3

B03 - 3 /B 4 07 -2

SiO3 2

H202

Cl04- 1

C2

CO

9.3

100,000 ppm

10,000 ppm

100 ppm

1,000 ppm

I M

1,000 ppm [NI

1,000 ppm [P]

1,000 ppm [B]

1,000 ppm [Si]

100 ppm

100 ppm

2% (Vapor)

1% (Vapor)

80% (Vapor)

6.0

100 ppm

10 ppm

0.05 ppm

0.1 ppm

0.001 M

0.1 ppm [NJ

0.1 ppm [PI

1 ppm [B]

10 ppm [Si]

0

0

0

0

1%H2
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Table 3.13. Concentrations of species in basalt groundwater or
or simulated basalt repository environments.

in actual

Ref. 3.8 Ref. 3.9 Ref. 3.10 Ref. 3.11 Ref. 3.12 Ref. 3.13

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

pH
Cl-1
F-1

Fe+2 /Fe+3

Al+3

C03 - 2 /HC0 3 - 1

N03- 1/N02-1

P04-
3

B03 - 3 /B 4 07 - 2

sio3 -2

H202
C 104-2

02
Co

H2

9.7 (5.7)

11-42(50) ppm

0-0.6(0.5)[Fe+21 ppm

0.02(20) ppm

4-55/45-118(70/200) ppm

0-1.5(5)[B+31 ppm

30-170(2000)[Si] ppm

4%LFe203 ](c)

18%(Al 2 031 (c)0.009 ppm

0.007 ppm

0.2[P] ppm

1.3 [B] ppm

0.08%IP 205 1 (c)

59%[SjO21(c)
LnWa

30[SiO2 1 ppm

0.34 ppm

3.2 ppm 0.5%(b)

0.02 ppm 76.6%(b)

Na+ 1

K+1
Ca+2
Mg+2
so-2

S-2

N2
CH4
CO2
EH

161-350(500)
3-25(100)

0.8-10(100)
0-0.2(50)
4-197 (200)

0(100)

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

2.2%(C)
0.7%1K2 01 (c)
1.7%CaO](c)
2.1%[MgO](c)

25 ppm(a)
700 ppm(a)

300 ppm

29.3%(b)
0 3%(b)
2.3%(b)

(a)Measurements at 25 C.
(b)Composition of gas phase for simulated
(C)Composition of bentonite.

irradiated Grande Ronde basalt groundwater.



At the completion of the screening matrix of experiments, a regression anal-
ysis was performed on the different corrosion parameters with the aid of a
multiple regression routine on the MINITAB* statistical computer program.
The regression analysis calculated the "F" ratio and the regression coeffi-
cient for each of the 15 species. The "F" statistic is a ratio of two vari-
ances, that is, the sum of squares explained by each factor when entered in
the equation, divided by the residual mean square (error). In general, when
the calculated "F" ratio for a factor is large, it means that a large amount
of experimental variation is explained by this term compared to the error
variation. If a calculated "F" ratio exceeds the appropriate tabulated "F"
value, then it can be assumed that the solution variable has a statistically
significant effect on a particular polarization parameter. A 90-percent
probability that a species is significant is usually acceptable for most
experimental work and implies that one accepts a 10-percent chance of being
wrong in assuming the factor has a significant effect.

The regression coefficients are multiplicative terms for the factors in a
regression equation and were determined by a linear least square fit of the
data. The regression coefficients determined in this study were calculated
based on the high and low concentrations (+1 and -1) of the various chemical
species. For the screening matrix, these factors were based on the design
concentration range of the species indicated in Table 3.12. Because precip-
itation occurred in several solutions, the actual concentrations achieved in
the test solutions were not the designed values. Therefore, the regression
coefficients provide relative magnitudes of the measured effects only and
were not meant to give a quantitative measure of the effects.

Polarization experiments were performed and polarization curves obtained for
each of 33 solutions. A wide range of behavior was observed by varying the
concentration of the 15 species used in the screening matrix of experiments.
Not all of the polarization parameters could be selected from the curves in
all cases. Table 3.14 shows the polarization parameter values for 1020 car-
bon steel in quadruplicate tests in solution 33. The variations in the
polarization parameters for these tests indicate the reproducibility of the
data obtained.

Results of the statistical analysis performed on the polarization data are
given in Table 3.15. These data indicate the main effect for each of the
15 species on the six polarization parameters examined: Ecor, log icor, log
ipas, Epit' and Eprot from the slow scan rate curves, and log imaX from the
fast scan rate curves. The "F" value indicates the significance of the spe-
cies, and the coefficient indicates the relative magnitude of the effect.
Coefficients are given only for those species that have a significant
effect, based on a 75-percent or greater probability. For the majority of
the discussions, a 90-percent or greater probability is typically required
before an effect is considered significant. A positive coefficient indi-
cates that an increase in concentration increases the value of the

*Minitab Project, Statistics Dept., 215 Pond Laboratory, The Pennsylvania
State University, University Park, PA, 16802, 1981.
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Table 3.14. Experimentally measured polarization parameters for solution
33 which represented the mid-point concentration of species
defined in Table 3.12 (4 replicates, A to D).

icor Ecor, 'pas Epit, Eprot, imax(fadt),
Solution A/cmO V (SCE) A/cmP V (SCE) V (SCE) A/cm

33A 2.50 x 10-6 -0.544 6.25 x 10-6 -0.293 -0.576 1.12 x 10-4
33B 1.10 x 10-6 -0.0466 3.73 x 10-6 -0.310 -0.576 1.17 x 10-4
33C 1.37 x 10-6 -0.530 4.27 x 10-6 -0.232 -0.576 8.97 x 10-5
33D 1.48 x 10-6 -0.530 4.61 x 10-6 -0.310 -0.576 1.11 x 10-4
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Table 3.15. Results of statistical analysis indicating the effect of each
chemical species on the polarization parameters measured by
potentiodynamic polarization.

on

Ecor log icor log imax log ipas Epit Eprot

F Coef F Coef F Coef F Coef F Coef F Coef

pH 0.5 6.4 -0.34* 0.0 174 -0.18* 27 +0.31* 13 +0.22*

Cl 7.6 -0.06* 0.2 7.1 -0.23* 34 +0.06* 26 -0.25* 30 -0.32*

F 0.5 1.0 1.8 +0.11** 39 -0.08* 0.0 0.3

Fe 0.9 0.9 0.2 86 +0.41* 0.0 0.3

Al 1.1 0.8 0.0 36 +0.03* 1.7 0.1

C03/HCO3 8.4 -0.07* 0.3 25.1 +0.43* 3.6 -0.16** 2.9 +0.06** 0.9

N03/N02 15.0 +0.09* 1.1 0.9 19 +0.64* 4.0 +0.13** 0.1

P04 1.1 0.4 0.3 28 +0.10* 0.3 2.6 -0.10**

803/B407 1.9 +0.03** 0.1 1.3 29 +0.78* 6.0 +0.14* 5.1 +0.13*

S10 3 1.1 7.2 -0.36* 0.2 138 -0.85* 0.0 0.1

H202 0.3 4.2 +0.27* 0.4 16 +0.25* 0.0 0.2

C10 4 0.2 0.1 0.0 1.2 0.2 1.3

02 3.9 +0.05* 0.5 0.0 1.3 9.3 +0.13* 8.2 +0.15*

Co 0.1 0.1 0.0 22 -0.64* 1.1 0.0

H2 0.0 1.7 +0.17** 0.2 0.3 1.2 0.1

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



parameter, and a negative coefficient indicates that an increase in concen-
tration of the species decreases the value of the parameter. Table 3.15
indicates that most species have an effect on at least one polarization
parameter, with the exceptions of perchlorate (ClQ4-) and hydrogen (H2),
based on a 90-percent or greater probability of significance.

Table 3.16 summarizes the statistical analysis results for the main effects
of the chemical species examined in the screening tests. Arrows are used to
indicate the direction of the effect for each species that had a significant
effect, based on a 90-percent or greater probability. Many of the effects
were expected, such as 02 and N03- increasing Ecor and Cl- decreasing E it*
Other effects, such as Cl- decreasing Ecor, were not particularly expected,
but can be explained since Cl- would tend to make the steel more active. It
is also noteworthy that several species had a significant effect on ipas.
Referring back to Table 3.15, N03-/N0 2- and B03- /B407-

2 had very large
coefficients, indicating that these species greatly increased the passive
current density with an increase in concentration, while SiO3

2 and CO had
large negative coefficients, indicating that these species greatly decreased
spas with an increase in concentration.

The polarization parameter imax, which is the maximum current density during
the active peak, as measured with the fast-scan technique, has been used to
indicate the tendency for SCC. Generally, a higher SCC tendency is indi-
cated by a larger imax. As expected, C03-

2/HC03- produced a significant
increase in imax with increasing concentrations. Chloride, on the other
hand, decreased imax with increasing concentration.

Pitting behavior also was affected significantly by some of the species.
Chloride, as expected, tended to decrease Epit and Eprot, indicating more
severe pitting conditions. Oxygen, B03/B407, and pH all tended to increase
Epit and Eprot with increasing concentration.

Based on the results of the statistical analysis, 11 species were selected
for examination in the main matrix of experiments. As shown in Table 3.16,
H2 and C104- had no effect on the polarization parameters measured, based on
a 90-percent or greater probability of significance; therefore, these two
species were removed from further consideration. It should be noted that
C104- may have an effect that lasts for only a short period, and that it
might have been overlooked in the present experiments. Therefore, addi-
tional work was performed to consider the effects of C104-. The other two
species not considered in the main matrix of experiments were Al+ and
P04

3; these species were removed since they only affected i as, and the
coefficients of the effects (see Table 3.15) were less than those of the
other species. Fluoride also had only a small effect on i as but showed an
effect on imax with a probability of significance greater than 75 percent,
but less than 90 percent. The decision, therefore, was made to retain
fluoride in the main matrix.

Several of the two-factor interactions of the 15 species examined were sig-
nificant. Of particular interest to this program are interactions that are
important when considering imax, which indicates the tendency for SCC, and
when considering Epit and Eprot, which indicate the tendency for pitting.
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Table 3.16. Summary
effects
greater

of results of statistical analysis for the main
of the chemical species based on a 90-percent or
probability of significance.

log log log
Ecor icor imax ipas Epit Eprot

pH - 4. - It
Cl 4 - t
F - - - 4
Fe - - - f -

Al t
C03/HCO3 4I t

N03 /N02 - - t

P04 - - - t
B03/B407 I - - t It

SiO3 - L - 4fi
H2 02 - t - t -

ClO4 -----

°2 It - I
CO -- 4
H2 - - - _

1'means that an increase in the control parameter (e.g., pH) resulted in an
increase in the response parameter. 4. means that an increase in the control
parameter resulted in a decrease in the response parameter.

However, the two-factor interactions were always confounded with several
others, and individual two-factor interaction effects could not be deter-
mined from the preliminary matrix analysis.

Main Matrix of Experiments. The primary purpose of the main matrix of
experiments was to examine the two-factor interactions significantly affect-
ing the corrosion behavior of carbon steel. Also, an improved estimate of
the main effect of each of the 11 species in the main matrix of experiments
was determined with the aid of the larger database available. Table 3.17
shows the 11 species included in the main test matrix and the 21 two-factor
interactions, that were also examined. The interactions included in
Table 3.17 were based on (1) the results of the preliminary matrix analysis
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Table 3.17. Main effects and interactions selected from screening
tests which were examined in main test matrix.

Main Effects Two-Factor Interactions

pH pH x Cl Cl x H202
Cl pH x C03 C03 x H202
F pH x N03 C03 x 02
Fe pH x BO N03 x B03
C03/HCO3 pH x SiO3 N03 x 02
N03/N02 pH x H202 N03 x SiO3
B03/B407 pH x 02 B03 x SiO3
SiO3 pH x CO BO0 x H202
H202 Cl x C03 SiO2 x 02
02 Cl x N03 H202 x 02
CO Cl x B03

of group-interaction effects
experience.

on the polarization parameters, and (2) past

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

In this case, the COED program was used to select 30 additional experiments,
which, when combined with the preliminary matrix experiments, allowed for
the estimation of the 21 two-factor interactions listed in Table 3.17. The
ability to estimate the main effects listed in the table carries over from
the preliminary matrix. Table 3.18 gives the design matrix for the 30 addi-
tional test solutions selected by COED for the main matrix of experiments.
The pluses and minuses refer to the high and low concentration values given
in Table 3.12, except in the case of pH. In the main matrix of experiments,
the nominal high and low values for pH were 11.5 and 6.0, respectively, com-
pared to 9.3 and 6.0 in the screening matrix.

In an initial analysis of the main matrix data, the design concentrations
given in Table 3.12 were used. Therefore, as in the screening matrix, the
accuracy of the analysis was reduced because the design concentrations were
not achieved. To improve the analysis, the solutions were analyzed and the
actual elemental concentrations were then used in a subsequent analysis.
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Table 3.18. Experimental design developed utilizing COED for main matrix
of experiments.*

Experiment pH Cl F Fe C03/HCO3 N03/N02 B03/B407 SiO3 H202 02 Co

W

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

*(+) and (-) refer to the high and low concentrations, respectively, as indicated in Table 3.12 (except for
pH). Solutions 1 through 33 comprise the preliminary matrix.



During the polarization experiments, solution samples were collected. As
part of the collection procedure, a-filtering-process removed any precipi-
tate present in the test solution. Therefore, the samples consisted of only
the dissolved species present when the tests were performed. Prior to anal-
ysis, any precipitates that formed during storage of the samples were redis-
solved so that the analysis provided elemental concentrations representative
of those present in solution at the time of testing.

Analyses for fluoride, iron, and silicon were performed on all solutions.
Spot analyses were performed for chloride, nitrogen, and boron depending on
whether precipitates were observed during testing and whether the high or
low concentration was used for a particular solution. Because peroxide is a
nonstable species, the design concentration was used, although it was real-
ized that that concentration probably was not achieved during testing. The
pH of the test solution, as measured immediately after testing, was used in
this analysis. The carbonate/bicarbonate concentration was determined
through equilibrium calculations based on the hardness of the solution and
pH. Design concentrations were used for oxygen and carbon monoxide. The
concentrations used in the statistical analysis for the chemical variables
in each of the 66 experiments are given in Table A.1, Appendix A.
Table 3.19 gives the range and medium values of the solution variables
measured.

Table 3.19. Measured range and median values
main matrix of experiments.

of solution variables in

Range Median

pH
Cl

F

Fe

C03/HCO3
N

B

Si

H202

02
Co

5.3 - 13

100 - 114,000 g/m3

10 - 8,200 g/m3

0.1 - 23 g/m3

60 - 239,000 g/m3

0.2 - 2,000 g/m3

1 - 2,080 g/m3

14 - 1,360 g/m3

0 - 100 g/m3

0 - 2% (Vapor)

0 - 1% (Vapor)

9.15

57,100 g/m3

4,105 g/m3

11.55 g/m3

119,530 g/m3

1,000 g/m3

1,040 g/m3

687 g/m3

50 g/m3

1%

0.5%
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A close examination of the measured values of the solution variables
(Table 3.19) as compared to the designed values (Table 3.12) indicates a
significant discrepancy. As was expected, the carbonate-to-bicarbonate
ratio was highly dependent upon pH. Furthermore, the total carbonate/
bicarbonate concentration varied significantly from the high and low values
of the design matrix, with the low values being quite often higher than
designed. Both silicon and iron also varied significantly from their
designed concentrations for both high and low concentrations. For silicon
this may be partly due to (1) leaching from the walls of the glass cell,
especially when fluoride was present, and (2) limited solubility. Iron
deviated from designed values due to limited solubility and corrosion-
product formation. The high concentration for fluoride was typically less
than half the designed 10,000 g/m3 value due to limited solubility. Due
primarily to the fact that the designed concentrations were not always
achieved, a high degree of unwanted correlation existed between certain
main-effect and interaction terms. It is desired that all main-effect terms
and interaction terms be independent of one another. Table 3.20 gives the
terms that had a high degree of correlation.

Table 3.20. Terms that had a
correlation.

high degree of

Main-Effect Terms Interaction Terms

pH and C03

F and SiO3

C03 and pH x C03

SiO 3 and SiO 3 x 02

SiO3 and pH x SiO3
SiO3 and B03 x SiO3
pH and pH x SiO3

B03 and B03 x SiO3

°2 and NO3 x 02

02 and H202 x 02

pH x C03 and pH x SiO3

pH x Cl and Cl x C03

pH x H202 and C03 x H202

pH x 02 and C03 x 02

N03 x SiO 3 and B03 x SiO3
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The final regression model was based on a step-wise regression analysis.
This technique begins with no variables in the model and adds variables one
at a time. For each variable, an F statistic is calculated that reflects
the variable's contribution to the model if it were to be included next.
The variable contributing most to the model is added provided that the
F statistic is significant at the 15 percent level. After a variable is
added, however, a backward elimination is performed to delete any variable
that does not contribute significantly to the model. This process continues
until no variables can be added or deleted. Tables A.2 and A.3 (Appendix A)
present the coefficients and significance levels for the main-effect terms
and two-factor interaction terms in the final model, respectively. The
final model included all terms with a 15 percent or less chance of not being
significant. Coefficients are presented for each term present in the model',
with a positive value indicating that the parameter increases with increas-
ing concentration and a negative value indicating that a parameter decreases
with increasing concentration.

Figures 3.28 to 3.33 represent the main-effect terms and interaction terms
for each corrosion parameter. Because the analysis represents normalized
concentrations from +1 to -1 for each variable, comparisons of the relative
magnitude of the effect can be made for the concentration ranges examined.
Figures 3.28 to 3.33 present the data in such a way that determining the
significance of a main-effect term and its interactions is relatively easy.
For example, from Figure 3.28 it is seen that iron has the largest main
effect on Ecor; Ecor decreases with increasing iron concentration. Further-
more, no iron interactions were shown to be significant (follow the iron
lines through the interaction triangle). Nitrate, on the other hand, tends
to increase Ecor with increasing concentration, and the nitrate x pH two-
factor interaction is significant. Chloride also is shown to decrease Ecor
with increasing chloride concentration. The effects of chloride and nitrate
are easily explained, but the relatively large decrease of Ecor due to iron
is more difficult to explain. Iron was added as equal amounts of ferric and
ferrous ions, and, because Ecor decreases with increasing iron, it appears
that the effect of the ferrous ions is dominating.

Several main effects were shown to be significant for the parameter of maxi-
mum active current density, imax. This parameter is important because a
high value of imax suggests the possibility for SCC. Figure 3.30 shows that
pH and chloride produce a decrease in imax with an increase in the value of
the variable. Fluoride, iron, and carbonate tend to increase imax with
increasing concentration. The pH x carbonate interaction is the most signi-
ficant interaction term for imax present in the model. Table 3.20 indicates
that some of the factors in the imax model are highly correlated: (1) pH
and carbonate, (2) carbonate and pH x carbonate, and (3) pH x chloride and
chloride x carbonate. A consequence of these correlations is a decreased
ability of the model to predict electrochemical behavior, especially beyond
the ranges for concentrations of the variables contained in the model.

The pitting tendency for a solution can be described by Epit and Eprot. A
variable that tends to decrease either of these parameters would typically
be considered to promote pitting. To determine whether pitting would occur
in any given environment, Ecor would also have to be considered. From
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FREE-CORROSION POTENTIAL
E

Interaction Terms
Co 02 H2 02 SiO3 B0 3 N0 3 C0 3 Fe

Main
Effect
Terms F Cl pH

Figure 3.28. Schematic showing the relative magnitude and direction of
significant main effects and two-factor interactions on
Ecor.

The direction of the arrow indicates the direction of
effect of that single species (left) or that two-factor
interaction (right) on Ecor. The length of the arrow
indicates the magnitude. For example, N03 increased Ecor
by about 0.67 V while the B03 x SiO3 interation decreased
Ecor by about 0.25 V.
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Figure 3.29. Schematic showing the relative magnitude and direction of
significant main effects and two-factor interactions on
icor.
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MAXIMUM ACTIVE CURRENT
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Interaction Terms
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Figure 3.30. Schematic showing the relative magnitude and direction of
significant main effects and two-factor interactions on
imax*
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PASSIVE CURRENT
Log ipas

Interaction Terms
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Figure 3.31. Schematic showing the relative magnitude and direction of
significant main effects and two-factor interactions on
ipas,
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PITTING POTENTIAL
Epit

Main
Effect Interaction Terms
Terms CO 02 H202 SiO3 B0 3 NO3 C0 3 Fe F CI pH

pH~~~~~~~~~~~~~~~~~~
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_ iFe - - - --- e
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NiO3 ---

_0O3_ 7 sO 3
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Figure 3.32. Schematic showing the relative magnitude and direction of
significant main effects and two-factor interactions on
Epit.
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PROTECTION POTENTIAL
Eprot

Main
Effect
Terms

Interaction Terms

CO 02 H202 SiO3 B0 3 NO3 CO3 Fe F CI pH

�1 F

Figure 3.33. Schematic showing the relative magnitude and direction of
significant main effects and two-factor interactions on
Eprot.

Figures 3.32 and 3.33, pH, chloride, and carbonate were the only main
effects shown to have a significant effect on either Eprot or E it- A
decrease in pH tended to increase Epit; a decrease in chloride tended to
increase Eprot; and an increase in carbonate tended to increase both Epit
and Eprot. Furthermore, various interactions with pH or with chloride
tended to explain the majority of the significant interaction terms. It
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should be-noted, however,, that Epit had several variables included in the
model which, in Table 3.20, show a high degree of correlation: (1) pH and
carbonate, (2) carbonate and pH x carbonate, (3) oxygen and peroxide x oxy-
gen, (4) pH x chloride and chloride x carbonate, and (5) borate x silicate
and nitrate x silicate. As discussed for imax, high correlation of these
factors makes predictions and extrapolation of the data outside of the
ranges present in the model much less accurate.

To perform a statistical analysis of the main-effect and interaction terms,
the data (given in Tables A.2 and A.3 in Appendix A) were normalized to a
range of +1 to -1 for each variable using the following transformation:

* 2 ( X: i ) L (3-1)

where X* is the transformed concentration of variable i, Xi is the actual
concentration, Li is the minimum concentration, and Mi is the maximum con-
centration. The equation for any particular parameter, Y. can be expressed
as follows:

Y = ao + bi Xi* + cij Xi* Xj* (3-2)

where ao is the intercept, bi is the coefficient for the main-effect terms,
and cij is the coefficient for the two-factor interaction terms.

Th2 transformation (Eq. 3-1) is such that at the maximum concentration,
Xi = +1; when Xi equals the minimum concentration, Xi* = -1; and when Xi
equals the median concentration, Xj* = 0. For this discussion, the median
concentration will be referred to as an average concentration. Therefore,
for an average solution (a solution with all variables set to their median
concentrations), the parameter Y is equal to ao, since Xi is equal to 0 for
all variables. For solutions other than an average solution, the effect of
the solution concentration on the corrosion parameter Y can be calculated
using Eqs. 3-1 and 3-2.

Table 3.21 shows the effect of the concentration range for each variable
with all other variables held at their median values. With all other varia-
bles held at their median values, all of the terms in the model go to 0
except for the variable of interest. For example, with all variables held
at their median values except for chloride, Ecor is given as follows:

Ecor = -0.664 - 0.072 XCl* (33)
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Table 3.21. Effect of concentration range for each variable (with all other
variables held at their median values) on the corrosion parameters.

-.

Effects on Corrosion Parameters

Ecor icor imax 1pas Epit Eprot
Variable Range V (SCE) A/cm2 A/cm2 A/cm2 V (SCE) V (SCE)

pH 5.3 to 13 - 1.3 x 10-4 to 1.6 x 10-7 3.5 x 10-1 to 1.7 x 10-5 3,9 x 10-4 to 5.2 x 10-7 +1.39 to +0.08 -

Cl 100 to 114,000 g/m3 -0.59 to 0.74 - 5.0 x 10-3 to 1.2 x 10-3 - - +0.32 to -0.51

F 10 to 8,200 g/m2 _ 1.8 x 10-6 to 1.2 x 10-5 1.2 x 10-3 to 4.9 x 10-3 7.7 x 10-6 to 2.7 x 10-5

Fe 0.1 to 23 g/m 3 -0.55 to -0.78 - 6.2 x 10-4 to 1.0 x 10-2 - - -

CO3 60 to 239,000 g/m3
- 2.2 x 10-4 to 2.7 x 10-2

N03 0.2 to 2,000 g/m3 -0.72 to -0.60 2.0 x 10-5 to 1.1 x 10-6 - -0.19 to +1.66 -0.33 to +0.14

803 1 to 2,080 g/m3
-

SiO3 14 to 1,360 g/m3
-

H202 0 to 100 g/m3
- -

02 0 to 2% (Vapor) - - - +0.67 to 0.80

Co 0 to 1% (Vapor)



where XCl* is given as follows:

( Xcl - 100 (34)

XCl 2 114,000 - 100/ 1

Therefore, Table 3.21 shows the magnitude of the effect of varying any par-
ticular variable in an otherwise "average" solution.

The effect of iron in Table 3.21 on imax is of interest because imax has
been shown to be related to SCC. Within a concentration range of 0.1 to
23 g/m31 the model predicted that imax would increase from 6 x 10-4 to
1 x 10 A/cm2. Also, the effect of pH on imax and Epit is worth noting,
but it should also be recalled that pH and carbonate are highly correlated
(see Table 3.20). The large increase in imax at low pH values probably
indicates an increase in active corrosion behavior as opposed to an increase
in imax' followed by passivation behavior. Therefore, care should be exer-
cised in making predictions with the model.

Selected Two-Factor Interactions. This section presents the results of
potentiodynamic polarization studies of five two-factor interactions selec-
ted for further examination. Potentiodynamic polarization curves were per-
formed for the low-low, high-low, high-high, and low-high conditions for the
following interactions: chloride x carbonate, chloride x borate, pH x
chloride, pH x borate, and nitrate x oxygen. These interactions were selec-
ted based on the preliminary results and thus the importance changed once
the final regression model was completed. For example, the interaction of
pH x borate was not shown as being significant in the final model. Also,
these polarization curves permit a comparison to be made between experi-
mental results and the predictions based on the regression model.

The potentiodynamic polarization curves for the chloride x carbonate and
nitrate x oxygen interactions are presented in the second quarterly report
for Year Four (Ref. 3.15). Solutions used in these experiments were formu-
lated by adding the high or low concentrations of the interaction variables
to the simulated basalt groundwater. The composition of the simulated
basalt groundwater is given in Table 3.9. For purposes of verifying the
regression model, all of the variables were assumed to be at their low val-
ues except for the Interaction variables being examined and except for pH.
When pH was included in the interaction, the low value of pH was 6 and the
high value of pH was 11.5. When pH was not in the interaction term being
examined, the pH was assumed to be 9, which was the approximate value of the
simulated basalt groundwater used in the potentiodynamic polarization exper-
iments. With these considerations, the solutions used in the potentiody-
namic polarization experiments simulated the solution described in the
model.

Table 3.22 presents the predictions for the corrosion parameters compared to
the experimentally measured values. The quantitative agreements between the
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Table 3.22. Model predictions for corrosion parameters compared to measured values
for several solutions used in examining two-factor interactions.

WIA

CA)

Ecor, V (SCE) icor, A/cm2 imax, A/cm2 ipas, A/cm2
Epit. V (SCE) Eprot, V (SCE)

Condition Exp.(a) Model(b) Exp. Model Exp. Model Exp. Model Exp. Model Exp. Model

Low Cl + Low CO3 Cc) -0.65 -0.71 1.4x10-7 5.3xj0- 6 2.8xjO-5 2.9x10- 5 - 4.2x10- 6
-0.51 -0.26 -0.83 -0.17

High Cl + Low C03 (c) -0.66 -0.80 5.7x10-7 1.9x10- 6 4.5xlO-5 3.0x10-5 - 2.2x10-5 -0.55 -0.84 -0.66 -0.89
High Cl + High CO (c) -0.96 -0.74 j.Ox10-5 1.9x10- 6 8.9x10-3 4.8x10- 3 7.9x10- 5 8.5x10-6 +0.82 +1.90 +0.82 -0.41
Low Cl + High C03?C) -0.96 -0.65 2.5x10- 5 5.3x10- 6 7.1x10-3 1.2x10-2 4.0x10- 5

j.lxlO-
5 +0.78 +0.82 +0.78 +0.31

Low C1 + Low B0 3 (C) -0.68 -0.71 7.9x10-7 5.3x10- 6 6.3xIO- 5 2.9xlO-5 6.3x10- 6
4.2x10-6 -0.41 -0.26 -0.75 -0.17

High Cl + Low B03 (C) -0.62 -0.80 1.6x10-7
j.9x10-

6 3.4x10-5 3.0x10-5 - 2.2x10-5 -0.52 -0.84 -0.67 -0.89
High Cl + High 803 (c) -0.69 -0.74 1.0x10-5 1.9x10- 6 6.Ox1O- 5 3.OxlO-5 1.6x10- 5 1.2xjO-5 -0.40 -0.83 -0.60 -0.78
Low Cl + High 803?c) -0.52 -0.65 2.5x10-7 5.3x10-6 6.3x10-5 2.9xlO-5 1.6x10- 6 7.4x10- 6 +0.17 +0.20 -0.58 +0.47

Low pH + Low Cl(d) -0.78 -0.76 8.OxjO-6 4.4x10-5 2.8x10-5 2.2x10-4
1.2x10-5 2.0x10-5 -0.40 -0.88 -0.78 -0.85

High pH + Low Cl(d) -0.52 -0.67 6.3x10- 8 9.1x10-7 2.5x10-5 5.6x10-6 2.8x10-7 j.jx10-
6 -0.24 +0.25 -0.80 +0.38

High pH + High Cl(d) -0.62 -0.76 5.6x10- 8 3.3x10-7 2.5x10-5 4.9x10-6 - 6.0x10-6 -0.49 -0.69 -0.62 -0.74
Low pH + High Cl(d) -0.75 -0.85 4.Ox10-6 1.6x10- 5 1.6xO-5 4.8x10-5 5.6x1O- 6 l.Ox10-4 -0.61 -1.03 -0.70 -1.08

Low pH + Low 8 0 3 (d) -0.80 -0.76 8.3xjO-6 4.4x10-5 5.Ox1O-5 2.2x10- 4 8.3x10-6 2.0x1O-5 -0.40 -0.88 -0.67 -0.85
High pH + Low 8 0 3 (d) -0.52 -0.67 5.OxjO- 8 9.1x1O- 7

6.3x10-6 5.6x10-6 5.OxjO17 1.1xIO-6 -0.25 +0.25 -0.78 +0.38
High pH + High 80 3 (d) -0.65 -0.61 6.3x10- 8 9.1x10-7 2.0xIO-5 5.6x10-6 2.5x10-6 2.OxlO-6 +0.67 +0.93 +0.67 +1.03
Low pH + High 803 (d) -0.73 -0.70 1.4x10-4 4.4x10-5 1.0x10-3 2.2x10- 4 2.5x10-3 3.9x10-5 -0.43 -0.42 -0.57 -0.20

Low N03 + Low 02(c) -0.78 -0.71 2.8x10- 6 5.3x10- 6 2.0x10-5 2.9x10-5 6.3x10-6 4.2x1O- 6
-0.50 -0.26 -0.75 -0.17

High N03 + Low 02 (c) -0.40 -0.58 2.3xl0-7 4.3x10-7 2.0xjO-5 2.9x10-5 1.Ox10-6 1.2x10-6 +0.23 -0.05 -0.25 -0.36
High N03 + High 02 (c) -0.32 -0.42 1.8x10-7 2.OxIO- 6 3.2x10-5 2.9x10-5 7.1x10-7 3.0x10-6 +0.20 +0.20 -0.32 -0.35
Low N03 + High 02 (c) -0.62 -0.55 2.8x10-6 2.1x10-6 3.7xIO-5 2.9x1O-5

1.8x10-5 1.5x10-6 -0.40 -0.00 -0.70 -0.16

(a)Data from potentiodynamic experiments.
(b)Data predicted from model.

(C)For model predictions pH = 9.0 (XpH* = -0.039) and all other variables were assumed to be at their low values except as noted.
(d)For model predictions low pH = 6.0 (XpH* = -0.82) and high pH = 11.5 (XpH* = +0.61) and all other variables were assumed to be at their low

values except as noted.



experimentally measured values and the predictions from the model were gen-
erally poor, but the trends in the data were fairly well predicted. For
Ecor, trends were predicted with the exception of the chloride x carbonate
conditions for high carbonate where the experiments showed very negative
Ecor values and the predicted values did not indicate this behavior. For
the icor values, the agreement was usually within an order of magnitude and
trends were generally predicted. For imax' trends were predicted and agree-
ment was relatively good with the model clearly indicating an increase in
imax for the high-carbonate conditions. The predicted values of i as were
typically within an order of magnitude of the measured values, with the
exception of the low-pH plus high-borate and the low-pH plus high-chloride
conditions. For the low pH-plus-borate condition, the predicted value was
approximately two orders of magnitude low, and the predicted value for the
low pH-plus-chloride condition was 1-1/2 orders of magnitude high. For the
values of Epit, quantitative agreement between the predicted and measured
values were relatively poor, but trends in the data generally were predicted
by the model. For E rot, very poor agreement was observed and, for the most
part, the trends in the data also were poorly predicted.

Although the predictive capability of the model was greatly diminished by
the correlated terms, the model and the data obtained in the potentiodynamic
polarization studies are extremely useful in understanding the ranges of
expected behavior for carbon steel in repository environments. In addition,
these data were used to select solution chemistries for the pit-propagation
and SCC studies.

Effect of Thermodynamically Unstable Species. Two species included in the
original matrix of potentiodynamic experiments were peroxide, H202, and per-
chlorate, C104 1. Both of these species are thermodynamically unstable in
the solutions examined but may be generated at an overpack surface due to
radiolysis. Because the effects of these species may have been overlooked
as a result of the experimental procedure used during the statistical matrix
of experiments, these species were examined in more detail. An experimental
setup was devised such that these species could be continuously added to the
electrochemical cell during the experiment. The initial experimental setup
was similar to that used for performing standard potentiodynamic polariza-
tion tests. The steel specimen was placed in the deaerated basalt ground-
water at 90 C where it remained overnight and obtained a steady-state Ecor
value.

While the steel specimen remained at Ecor, additions of the desired species
were initiated and the change in Ecor was recorded as a function of time.
After Ecor again obtained a near-steady-state condition, the potentiodynamic
polarization curve was performed at 0.6 V/hr with the species being con-
tinually added during the potentiodynamic polarization experiment.

* Hydrogen Peroxide. Figure 3.34 shows Ecor as a function of exposure
time for carbon steel specimens with continuous H202 additions of
6.5 ppm/min. The two curves shown in Figure 3.34, which are for two separ-
ate runs, represent similar behavior with steady-state values of Ecor of
approximately -0.6 V (SCE). In one experiment, a longer period between ini-
tiation of the H202 addition and the peak in potential was observed. It is
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Figure 3.34.
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Free-corrosion potential as a function of exposure time for
1020 carbon steel specimens in deaerated basalt groundwater
at 90 C with continuous H202 additions of 6.5 ppm/min.

A and B are data for replicate experiments.

believed that this is due to experimental procedure (that is, possible
residual air in the injection system). Figure 3.35 shows a polarization
curve produced at the end of the free-corrosion potential exposure (curve B
in Figure 3.34). The polarization curve indicates a very high corrosion
current of approximately 1 x 10-3 A/cm2 (11,700 pm/year) at the free-
corrosion potential.

Figure 3.36 shows Ecor as a function of exposure time for carbon steel spe-
cimens with continuous H202 additions of 65 ppm/min. Discounting the leak
problem experienced with Curve A, the two curves show very similar results
with a final Ecor of approximately -0.1 V. Thus, the higher addition rate
of H202 produced a much more positive Ecor than the lower addition rate seen
in Figure 3.34. Figure 3.37 shows the polarization curves produced after
the exposures shown in Figure 3.36. The behavior of the two curves is rela-
tively similar with the exception that curve A shows a large anodic peak in
the polarization curve.

The corrosion current densities measured in Figures 3.35 and
between 1 x 10-4 A/cm2 and 1 x 10- A/cm2, which corresponds
corrosion rate of between 1,200 and 12,000 .im/yr (47 and 470

3.37 are
to an average
mil/yr). The
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Figure 3.35. Potentiodynamic polarization curve for 1020
under same conditions as for Figure 3.34.
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Figure 3.36. Free-corrosion potential as a function of exposure time for
1020 carbon steel specimens in deaerated basalt groundwater
at 90 C with continuous H202 additions of 65 ppm/min.
A and B are data for replicate experiments.

3-76



1000

800

600 -

400 -

-200 -

-400

-600

-800

-1000 Lt.L@ IaJ.lL.. * 'LLLI-

-4 -3 -2 -1 0 1 2

Log Current Density. A/mz

Figure 3.37. Potentiodynamic polarization curves for 1020 carbon steel
under same conditions as for Figure 3.36.

fact that the higher value of icor was measured for the lower H202 concen-
tration suggests that H202, at the higher concentration, promoted film for-
mation on the specimen. However, rates of attack for both H202 concentra-
tions were excessive. The effects of H202 addition rates of less than
6.5 ppm/min were not examined in this task but merit examination based on
these results.

a Perchlorate. Continuous perchlorate additions were made at a rate
of 2.0 ppm/min. Figure 3.38 shows the free-corrosion potential as a func-
tion of exposure time for carbon steel specimens with continuous HCl04 addi-
tions. As was observed for the H202 additions, there was a difference in
the rate of change for Ecor for the two individual experiments with HCl04,
but the steady-state potentials achieved were similar. The HCl04 additions
shifted the free-corrosion potential from -0.83 to approximately -0.7 V.
Potentiodynamic polarization curves were then performed at the end of each
free-corrosion exposure, and these are shown in Figure 3.39. The polariza-
tion curves for the two exposures are very similar, showing corrosion cur-
rent densities of approximately 1 x 10- A/cm2. Both curves exhibit active
behavior, and nonlinear behavior is observed which is likely due to IR drops
resulting from the very high currents measured. In both cases, the pH of
the solution measured prior to performing the experiments was approximately
4, which is significantly lower than the starting pH of 9.3. Therefore, the
corrosion behavior observed is likely due, in part, to the decrease in pH.
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These data indicate that, if significant amounts of C104-1 are produced dur-
ing radiolysis, a significant pH decrease and corrosion rate increase will
occur.

The data for both peroxide and perchlorate indicate that significant
increases in corrosion rate could result from large quantities of these spe-
cies being produced. Once estimates are made of the amounts of these spe-
cies likely at an overpack surface and their rates of production, similar
experiments could be repeated to establish the effect on corrosion. For
peroxide, it was clearly shown that both the anodic and cathodic kinetics
were affected since the higher corrosion rate occurred in the lower
concentration.

3.2.1.6. Summary

The objective of this study was to evaluate the influence of metallurgical
and environmental variables on the general corrosion, pitting, and SCC
behavior of carbon steel in basalt repository environments. This was
accomplished by using potentiodynamic polarization experiments to determine
the effect of the metallurgical and environmental variables on a number of
polarization parameters. The results of this task also were used in many of
the other overpack corrosion tasks on this program to identify appropriate
environments and steels for study.

Carbon steel was found to exhibit active-passive behavior in the simulated
basalt groundwater, and the values for the polarization parameters indicated
a high probability for pitting corrosion. On the other hand, the values for
the parameters associated with SCC did not indicate a potent cracking
environment.

The results of the metallurgical studies indicated that variation in the
composition of the steels (from high-purity Ferrovac E to 1018 carbon steel)
or thermomechanical treatments (cast versus wrought) did not have a marked
effect on the electrochemical parameters associated with pit initiation or
general corrosion in the simulated basalt repository environment. Thus, it
appears that the use of high-purity iron for fabrication of the overpack
would not greatly enhance the general or localized corrosion performance.

In the metallurgical studies, the electrochemical parameters associated with
SCC also were not greatly affected by steel composition or microstructure.
Thus, from an electrochemical standpoint, variation in the metallurgy of the
steels over the range examined would not be expected to affect SCC. How-
ever, it must be cautioned that the influence of metallurgy on SCC suscepti-
bility cannot be fully assessed by means of bulk electrochemical techniques
since mechanical factors and grain boundary phenomena must also be
considered.

Several tests were performed to study the effect of environmental variables
on electrochemical behavior. In preliminary studies, it was found that
equilibration of the simulated groundwater with basalt rock, or concentra-
tion of the groundwater by a factor of ten,- did not have a marked effect on
the polarization parameters. Similarly, increasing the temperature from 90
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to 250 C did not markedly affect behavior, although a careful analysis of
the data indicated a slightly higher likelihood of SCC at 250 C in compari-
son to the 90 C data.

A statistical experimental approach was used to evaluate the influence of
15 environmental variables on the electrochemical behavior of carbon steel.
The species and ranges in concentration were selected for study based on a
survey of the literature. Species considered included those present in the
groundwater as well as those that may intrude the repository or be generated
by radiolysis. A screening matrix of experiments was performed to reduced
the number of variables from 15 to 11 for analysis in the main matrix.
Twenty-one two-factor interactions were also considered in the main matrix.

From the statistical analyses, it was found that many of the environmental
variables had important effects on the electrochemical parameters; this
behavior was expected. Somewhat more surprising was the fact that many of
the two-factor interactions also significantly affected the polarization
parameters. These two-factor interactions are not normally considered in
most corrosion studies.

The results of the statistical analyses were used to develop regression mod-
els that describe the influence of the main effects and two-factor interac-
tions on the electrochemical parameters. These models were then tested for
selected two-factor interactions. The quantitative agreement between the
experimentally measured values and the predictions of the models were gener-
ally poor, but the trends in the data were fairly well predicted. This poor
predictive capability of the models was attributed to correlation of the
terms, which occurred because the design concentrations for the solutions
could not be achieved in all instances as a result of precipitation in the
solutions. Nevertheless, the studies were extremely useful in understanding
the ranges of expected behavior for carbon steel in a respository environ-
ment. In addition, these data were used to select solution chemistries for
the pit propagation and SCC studies.

A few species in the statistical matrix are thermodynamically unstable and
the standard test procedure was not effective in studying their influence on
corrosion behavior. Accordingly, the test procedure was modified to include
continuous injection of these species. Two species, peroxide and perchlor-
ate, were studied in greater detail. It was found that both species greatly
increased the corrosion rate of carbon steel when present at reasonably high
concentrations. Once estimates are made of the amounts of these species
likely at an overpack surface, and of their rates of production, similar
experiments can be repeated to establish the likely effect on corrosion.
For peroxide, it was clearly shown that both the anodic and cathodic elec-
trode kinetics were affected since, for carbon steel in simulated basalt
solutions, the lower concentration of peroxide had the higher corrosion
rate.

3.2.2 Pit-Propagation Studies

Results of the potentiodynamic polarization experiments and autoclave expo-
sures suggest that pit initiation in low-carbon steel is likely in basalt
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groundwater. The polarization curves exhibit considerable hysteresis on the
reverse scans, and protection potentials are very near the corrosion poten-
tials, even for deaerated solutions. In the autoclave exposures, pits actu-
ally were found on specimens exposed for approximately 1,000 hours in a
deaerated simulated basalt groundwater at 250 C (see Section 3.2.3).

Accordingly, experiments were undertaken to characterize the pit-propagation
behavior of carbon steel in simulated basalt-repository environments. Brine
solutions were also briefly examined to characterize any differences in pit-
propagation mechanisms. The compositions of these solutions are given in
Table 3.9. Two types of experiments were performed: (1) long-term expo-
sures and (2) electrochemical studies. The purpose of the long-term expo-
sures was to examine the pit propagation as a function of time and to help
verify the predictions made in the relatively short-term electrochemical
studies. The electrochemical studies provided predictions of pit-
propagation behavior within a relatively short time while providing funda-
mental mechanistic information on pit propagation.

3.2.2.1 Objectives

The overall objective of this study was to characterize the pit-propagation
behavior of carbon steel and to develop a better understanding of the mech-
anism of pitting attack. The specific objectives were to:

* establish the rate controlling process for pit propagation
* determine the effect of pit geometry
* examine the effect of environmental variables
* determine the effect of carbon steel surface finish.

3.2.2.2 Experimental Approach

The following sections give details on the long-term exposure and electro-
chemical techniques that were used to study pit-propagation behavior.

Long-Term Exposures. Two types of long-term exposures were performed: expo-
sures of mechanically drilled pits and weight-loss exposures of simulated
pits. The pit geometries for the two types of experiments are given in Fig-
ure 3.40. In the first type of exposure, pits of various depths and aspect
ratios (diameter/depth ratios) were drilled in specimens of hot-rolled 1018
carbon steel and exposed to deaerated and oxygenated basalt groundwater at
90 C. The steel used in this study was obtained commercially, and its com-
position is given in Table 3.8. Prior to exposure, the depths of the pits
were measured with a micrometer having a thin needle point. After exposure,
the specimens were metallographically sectioned so that the morphology and
depth of attack could be studied.

Four different pit diameters were studied: 5.1 mm (0.2 inch), 2.54 mm
(0.10 inch), 1.35 mm (0.05 inch), and 0.53 mm (0.021 inch). For each diam-
eter, there were three diameter-to-depth ratios: 1:2, 1:5, and 1:10. Thus,
for a 5.1-mm-diameter pit, the initial pit depths were 10 mm, 25 mm, and
50 mm. The overall specimen dimensions were approximately 40 mm long x
20 mm wide x 75 mm thick (in the dimension of the pit depth), and the speci-
mens were machined from 7.6 cm (3 inches) x 15.2 cm (6 inches) strip steel.
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Figure 3.40. Pit geometries used in long-term exposure tests.

Prior to exposure, the specimens were cleaned with acetone, each pit was
filled with the simulated basalt groundwater using a syringe, and the speci-
mens were placed in high-density polyethylene vessels containing one inch of
crushed basalt. In each vessel, an electrical connection was attached to
one specimen for subsequent potential measurements. The basalt-groundwater
solution was added and the vessels were sealed. The vessels were then
placed in oil baths, Luggin probes were connected, and the flow of nitrogen
or oxygen was started (for deaerated or oxygenated solutions, respectively).

Aliquots of solution were collected periodically and the pH was analyzed.
Also, during the experiments, the electrochemical potential of one specimen
in each vessel was monitored. Specimens were removed from each solution
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following a 4-month exposure and an 8-month exposure. The specimens were
optically examined, metallographically sectioned, and reexamined to charac-
terize the corrosion that had occurred.

Weight-loss tests were carried out on specimens having the same geometry as
those used in the electrochemical pit-propagation experiments but shortened
in the axial direction (see Figure 3.40). The experiments were conducted
for 1,000 hours in three environments: a pitting environment, aerated
basalt groundwater, and deaerated basalt groundwater, all at 75 C. The pit-
ting environment was solution number 47 from the potentiodynamic polariza-
tion task (Section 3.2.1) and was selected on the basis of the results of
those studies.

In addition to test solution composition and degree of aeration, other vari-
ables that were included in the experiments were the pit diameter-to-depth
ratio (1:1 and 1:2), electrical coupling of the pit specimen to the boldly
exposed surface (BES) specimen (coupled and uncoupled), and the pH of the
Fe304 paste used to pack the pits (about pH = 1 [0.1M HCl] and about pH = 2
[0.O1M HClI). The experiments were conducted using a flow-through system
with the solution being refreshed twice a week to maintain constant bulk-
solution chemistry throughout the exposure period.

Electrochemical Studies. A schematic of the pit-propagation monitor is
shown in Figure 3.41. The monitor was positioned vertically in a test cell
containing an electrolyte, and the current flow between the pit and the BES
specimen was monitored as a function of exposure time. Current measurements
provide an estimate of the rate of pit propagation, where shifts in the
electrochemical potential of the pit base, as a result of the couple, are
greater than about 50 mV. For potential shifts less than this value, the
rate measured may be somewhat nonconservative since the reduction reactions
occurring on the pit base will contribute to pit propagation but will not be
detected. The measured current does provide an indication of the increase
in the rate of corrosion as a result of the couple.

A standard procedure was developed to initiate pitting with the monitor.
This procedure consisted of (1) pre-packing the simulated pit with a modi-
fied paste prepared with 0.1N or 0.01N HCl and Fe304; (2) deaerating the
test solution to fully deaerate the pit, during which time the simulated pit
and boldly exposed surfaces were not coupled; and (3) aerating the test
solution and coupling the simulated pit and boldly exposed surface through
the zero-resistance ammeter (ZRA).

Double-walled Pyrex6 cells were used in the experiments so that the tem-
perature could be controlled by flowing a heat-transfer solution in the
annular region between the inner and outer walls. The cells consisted of
(1) a counter-electrode cell containing a platinum electrode for electro-
chemical measurements, (2) a reference-electrode cell containing a standard
calomel electrode (SCE) for electrochemical potential measurements, (3) a
platinum wire for Eh measurements, (4) a frit bubbler for deaeration or aer-
ation of the solution. Prior to the test, the specimens were cleaned with
acetone and assembled, and the simulated pits were packed with a paste as
previously described. The specimens were then inserted in the cell, the
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test solution was added,.and the experiment was started. During the course
of the experiment, couple potentials, Eh, temperature, and galvanic current
flow were continuously monitored and recorded with a data acquisition sys-
tem. In some experiments, the specimens were uncoupled and the specimen
potentials also were measured. Solution and gas flow rates were continously
monitored and maintained at 40 cc/hour and 10 cc/min, respectively.

During these experiments, various secondary experiments were performed on
the pit and BES specimens. In some of the initial experiments, potentiody-
namic polarization curves were performed at the end of the exposures on
these specimens. The potentiodynamic polarization experiments were per-
formed in a similar fashion to that described in Section 3.2.1. In a major-
ity of the later experiments, potential profiles were measured by moving a
glass microcapillary Luggin probe down the pits. The measurements were
taken at 1-mm intervals from approximately 10 mm above the pit down to the
base of the pit specimens. For these measurements, the pit and BES speci-
mens were coupled. However, in some instances the specimens were uncoupled
prior to being measured.

3.2.2.3 Pit-Propagation Results

The results of the different pit-propagation experiments are presented
below. These sections include a brief discussion of how the results of the
long-term exposures, weight-loss exposures, and electrochemical studies
relate to the overall pit-propagation studies. A detailed discussion on the
pitting mechanism and how these pitting studies relate to the overall NRC
goals are presented in the summary, Section 3.2.2.4.

Long-Term Exposures. As described in more detail in Section 3.2.2.2 (Exper-
imental Approach), two types of long-term pit propagation tests were per-
formed: exposures of mechanically drilled specimens and weight-loss experi-
ments on simulated pits. Pit specimens of hot-rolled 1018 carbon steel
containing mechanically drilled pits of various diameters (0.53 mm to 5.1 mm)
and diameter-to-depth aspect ratios (1:2 to 1:10) were exposed to deaerated
and oxygenated basalt groundwater for up to 8 months.

During the experiments, the electrochemical potential of one specimen in
each vessel was monitored, and alliquots of solution were taken periodically
for pH analyses. The results of the potential measurements are given in
Figure 3.42. These data show that the potentials of the specimens in the
deaerated vessels varied between -0.70 and -0.75 V(SCE) over the first
70 days of exposure, whereas the potentials of the specimens in the oxygen-
ated vessels exhibited a marked increase after about 25 days of exposure and
stabilized at about -0.22 V(SCE).

The results of the pH measurements are given in Table 3.23. The measure-
ments were taken frequently over the first several weeks of exposure to
establish the trends, but less frequently thereafter to conserve the solu-
tions and minimize contamination of the deaerated solutions with oxygen.
These data show some interesting trends. The pH of all the solutions
decreased over the first 24 hours from about 9.8 to about 7.5, and the pH of
the deaerated solutions continued to decrease somewhat over the first
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Table 3.23. pH as a function of exposure time for simulated basalt
groundwater solutions in contact with basalt rock and
1018 carbon steel specimens at 90 C.

Exposure Time Oxygenated Deaerated
(hours) Vessel 1 Vessel 2 Vessel 3 Vessel 4

0 9.8 9.8 9.8 9.8
24 8.0 7.6 7.0 7.4
72 7.4 7.4 7.2 7.8

168 7.5 7.5 7.5 7.5
336 7.8 7.9 7.5 7.5

1080 11.2 11.5 7.5 7.5
2208 11.2 11.5 6.5 6.6

2 months of exposure. On the other hand, the pH of the oxygenated solutions
increased over the 2-month period to values around 11.5. The mechanism for
this pH increase is not fully understood.

Altogether, eight prepitted specimens were removed from the vessels and
optically examined following 120 days of exposure. Specimens containing
mechanically produced pits of each diameter were removed from both oxygen-
ated and deaerated vessels. All specimens from the oxygenated vessels were
covered with thick, red rust deposits, and the pits were all capped with
corrosion products. On the other hand, specimens taken from the deaerated
vessels were covered with thin black deposits, and the pits were not capped.
Figure 3.43 illustrates some of these features as they appeared in specimens
with 2.54-mm-diameter pits.

Following the optical examination, the specimens were metallographically
sectioned, mounted, and polished, and the depths of the pits were measured
with a microscope having a calibrated stage. No systematic trend in pit
depth was evident from the data. The differences between the initial (pre-
exposure) and the final pit depths varied by about +0.1 mm, which probably
reflects the error in the measurement.

A close examination of the metallographic sections of the specimens exposed
in the deaerated vessels did not indicate any evidence of appreciable
attack. Similarly, the 5.1-mm, 2.45-mm, and 1.35-mm pits in the specimens
exposed in the oxygenated vessels did not exhibit appreciable attack. On
the other hand, the smallest-diameter pits exposed in the oxygenated vessels
did show evidence of attack. The attack occurred over the entire pit for
the lowest-aspect-ratio pit (1:2), whereas it occurred only near the mouth
of the deeper pits. There is also evidence that the attack followed string-
ers in the walls of the pits (see Figures 3.44 to 3.45).
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Oxygenated

Deaerated

Figure 3.43. Low-power photograph of prepitted hot-rolled 1018 carbon
steel specimens following exposure in oxygenated and
deaerated simulated basalt groundwater containing crushed
basalt at 90 C.

Note that the pits on the specimen in the oxygenated solu-
tion are capped with corrosion products.
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Figure 3.44. Optical photomicrograph of
0.53-mm-diameter pit.

1:2 aspect ratio

20X 7L707

Figure 3.45. Optical photomicrograph of 1:5 aspect ratio
0.53-mm-diameter pit.
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ys of exposure, four prepitted specimens from the oxygenated
-e metallographically examined. There was considerably more
orrosion on these specimens than on the oxygenated solution
'ved after 120 days. Patches of localized attack were evident
exposed surfaces of the specimens, and these patches were asso-

with the presence of the thicker deposits. There was also evidence
Lnat this localized attack followed stringers or other microstructural fea-
tures in the metal. An approximate corrosion rate for these areas
(245 pm/yr) was calculated based on the change in surface profile. Actual
rates were somewhat higher since some uniform attack on the free surface had
occurred.

Results of the metallographic examination of the drilled pits from the
240-day exposure indicated that attack was generally greater for the shallow
pits and near the mouth of the pits, as was reported for the 120-day expo-
sures, as shown in Figure 3.46. However, the attack observed beneath depos-
its away from the pits was more severe in several instances than that
observed near the pit mouths; thus, the drilled pits did not act as sites of
initiation of severe attack.

Weight-Loss Experiments. Weight-loss tests of 10 v hours'duration were car-
ried out on specimens having the same geometry as those used in the electro-
chemical pit-propagation experiments but shortened in the axial direction
(see Figure 3.40). The experiments were carried out in three environments:
a pitLng-ea viefw t, aerated basalt groundwater, and tdeaerated basalt
groundwater at 75 C. The pitting environm`ent was solution numfeMrt-47-from
the-Potfet4edynf-iic polarization task (3.2.1) and was selected on the basis
of the results of those studies.

Results of the weight-loss tests for the three environments are given in
Figures 3.47 to 3.49. Figure 3.47, which contains data for the deaerated
basalt groundwater, shows that the BES specimens had, in general, very low
corrosion rates in this environment (25 to 50 jim/yr) which were not affected
by pit diameter-to-depth ratio or packing pH. The corrosion rates of the
BES specimens appeared to be slightly lower for the coupled than for the
uncoupled condition, as one might expect, but the differences were small.

The corrosion rates for the pits were generally higher than for the BES
specimens (200 4m/yr versus 25 to 50 Vim/yr) but, nevertheless, were moder-
ate. There was no systematic effect of pH, coupling, or diameter-to-depth
ratio on the corrosion rate of the pits. Thus, in the deaerated basalt
groundwater, the corrosion rates of the pits were moderate and were probably
controlled by the environment that developed within the pits.

Results of the weight-loss experiments performed in the aerated basalt
groundwater are given in Figure 3.48, where it can be seen that the corro-
sion rates for the boldly exposed surfaces were quite high, about 500 pm/yr,
and that there was considerable scatter in the data. Optical examination of
the BES specimens indicated that the high corrosion rates were the result of
occluded cell corrosion occurring beneath deposits. The data in Figure 3.48
also show that uncoupled corrosion rates for the pits were comparable to or
less than the corrosion rates for the BES specimens, whereas coupled
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a. 1:5-Aspect-Ratio Pit

40X 2M062

b. 1:2-Aspect-Ratio Pit

Figure 3.46. Optical photomicrographs of prepitted specimen (0.53-mm
diameter pits) of hot-rolled 1018 carbon steel following
exposure in oxygenated simulated basalt groundwater
containing crushed basalt for 238 days (5712 hours).
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corrosion rates for the pits were considerably higher than corrosion rates
for the respective BES specimens at a diameter-to-depth ratio of 1:1. This
coupling effect appeared to drop off rapidly with increasing pit depth; for
the 1:2 diameter-to-depth ratio pit, the effect of coupling on the corrosion
of the pits was much less pronounced.

The corrosion data for the aerated pitting solution are given in Fig-
ure 3.49. These data exhibited much less scatter than those observed for
the aerated basalt groundwater but, nevertheless, the trends in the data
were similar. Coupling clearly accelerated the rate of attack of the pit,
and the effect of coupling dropped off rapidly with increasing diameter-to-
depth ratio. Corrosion rates shown in Figure 3.49 for the BES specimens
were extremely low, indicating that the pitting solution effectively passi-
vated the surfaces of these specimens. The data in Figure 3.49 also indi-
cate that the packing pH did not have an effect on the corrosion behavior of
either the pit or the BES specimen.

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

Results of the 1000-hour exposure are given in Figure 3.50. As was observed
in the previous tests, the corrosion rates of the BES specimens all were
quite low. On the other hand, the corrosion rates of the pits increased
with decreasing diameter-to-depth ratio, from 300 to 500 pm/yr at 1:0.5 to
1400 to 1700 pm/yr at 1:2. Below that diameter-to-depth ratio, the corro-
sion rate for the reactive-wall pit dropped off rapidly, from 1700 pm/yr at
1:2 to 250 pm/yr at 1:5; whereas the corrosion rate for the nonreactive-wall
pit dropped off more gradually with increasing depth, from 1400 pm/yr at a
diameter-to-depth ratio of 1:2 to 1050 pm/yr at a diameter-to-depth ratio
of 1:5.

The trend shown in Figure 3.50 in which the corrosion rate of the pit +
increases with a decrease in diameter-to-depth ratio is consistent with
observations on the pit walls made during post-exposure investigations.
These investigations indicated that the surfaces inside the pits were passi-
vated about one pit diameter down the pit. The bulk electrolyte altered the
environment within the pit and produced less aggressive coupling conditions
for the more shallow pits. The opposite trend was seen upon going from the
diameter-to-depth ratio of 1:2 to 1:5. This effect is likely due to the
increasing importance of ohmic potential drop (down the pit) in controlling
pit corrosion rates. The difference between the reactive-wall and the non-
reactive-wall pits for the 1:5 diameter-to-depth ratio is interesting and is
discussed further in the next section and Section 3.2.2.4 (Summary).
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Figure 3.50. Effect of aspect ratio (diameter to depth) and pit-wall
reactivity in the corrosion rate of pit and BES specimens
in 1000-hour weight-loss tests.

Tests were conducted in aerated pitting solution (Num-
ber 47 from the potentiodynamic polarization studies) at
90 C with a packing pH of 1.
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Electrochemical Studies. In this section, the results of experiments per-
formed with the electrochemical pit-propagation monitor, previously shown in
Figure 3.41, are presented. The majority of the work concentrated on exami-
ning the effects of pit geometry on pit propagation in the basalt ground-
water. Also examined were the effect of the presence of milscale on the
carbon steel surface and the effects of varying solution chemistry on pit
propagation, including the examination of carbon steel in brine solutions.
The results are described in the following subsections; Preliminary Experi-
ments, Effect of Pit Geometry, Effect of Milscale, Active Versus Passive
Solutions, and Brine Solutions.

e Preliminary Experiments. Several preliminary experiments were per-
formed in oxygenated basalt groundwater at 75 C for the purpose of estab-
lishing test procedures and to determine the types of data that could be
obtained using the pit specimen-boldly exposed surface (BES) testing
arrangement. No attempt was made in these preliminary experiments to mask-
off the inside of the pit wall; thus, the experiments correspond to the
reactive-wall condition. No packing material was used and the specimens
were placed in the cells with deaerated solution added. Then, after an ini-
tial exposure period of a few hours, oxygen sparging was initiated. For
diameter-to-depth ratios of 1:2 and 1:10, the coupled currents measured
between the pit and BES specimens were negative after one week of exposure.
This result indicated that the pit specimens were more positive (noble) than
the BES specimens and that the current from the pit specimens was cathodic.
In an attempt to activate the pits, the pit specimens were stimulated for
approximately 24 hours by a 10 to 20 mA/cm2 anodic current using a potentio-
stat and a platinum counter electrode. Following stimulation, both of the
pits exhibited anodic coupled currents with the 1:2-aspect-ratio pit stabi-
lizing at a current of approximately 50 pA/cm2 (23 mil/yr). On the other
hand, the 1:10-aspect-ratio pit eventually exhibited a negative coupled cur-
rent (cathodic current from the pit). Further experience indicated that it
was difficult to activate the pits in a consistent manner.

Two artificial methods of occluding the pit were investigated: (1) packing
the pit with an Fe304 slurry, and (2) plugging the pit mouth with a glass
frit. The Fe304 slurry was selected based on results of X-ray diffraction
analyses of deposits in pits on carbon steel. These deposits, which were in
pits that developed on specimens from the long-term exposures, were composed
primarily of Fe304 with some gamma-FeOOH and alpha-FeOOH. The simulated
pits were set up with diameter-to-depth ratios of 1:3 using the basalt
groundwater at 75 C. Again, the cells were initially deaerated with nitro-
gen for 24 hours followed by oxygen sparging at a flow rate of 10 cm3/min.
For both conditions, anodic current from the pits were measured almost imme-
diately upon introduction of oxygen, indicating that conditions for pit
propagation had been established. The pitting currents were monitored dur-
ing the course of the next 5 days.

For the Fe304-packed pits, the current fluctuated between 5 and 12 PA/cm2

(2.17 pA/cm2 is equal to 1 mil/yr). For the pits with the glass frit plug-
ging the mouth, the coupled current varied between 0.5 and 1.2 IJA/cm 2.
Because of the low coupled currents for both cases, stimulation of the pits
by anodic polarization was performed using an anodic current of 15 mA/cm2
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for 24 hours. After stimulation, the currents were found to be cathodic and
remained cathodic over a period of 2 days, at which time the experiments
were discontinued.

Further experiments to investigate the use of anodic stimulation of the pits
met with only limited success. During these tests, it was found that tem-
perature and oxygen fluctuations had a significant effect on the coupled
currents measured. The experimental arrangement was adjusted to permit much
better control of both the temperature and gas flow rate, and it was further
decided to use the Fe3O4 packing with no anodic stimulation of the pits.
With this new cell arrangement, one-week experiments were performed at three
diameter-to-depth ratios (1:1, 1:5, 1:10) in basalt groundwater at 75 C.
The oxygen flow rate was 10 cm3/min and the pits were packed with an Fe304
slurry. The results of these experiments are shown in Figure 3.51. These
data show that, for the initial 4,000 minutes of exposure, the current den-
sities were highest for the higher diameter-to-depth ratio (that is, 1:1).
However, the currents decreased with time and became similar for all three
diameter-to-depth ratios.

Based on the results of these experiments, it was determined that stable
pit-propagation behavior had not been achieved. Accordingly, a final
adjustment was made to the packing procedure. It was decided to acidify the
Fe304 paste using hydrochloric acid (HCl). This decision was based on
results of pH analyses of deposits found within pits on specimens in the
long-term experiments; pH values were between 2 and 3. Two experiments were
conducted using a diameter-to-depth ratio of 1:5 in simulated basalt ground-
water at 75 C. These and all subsequent experiments were performed with air
sparging rather than oxygen sparging, at a rate of 10 cm /min. Pits were
packed with a paste of 0.1 N HCl-Fe304 in one and 0.01 M HCl-Fe304 in the
other. The results of the current-time measurements indicated that, as in
the previous experiments, pitting currents were very low and fluctuated con-
siderably during the exposure period. Coupled potentials for the two test
cells were similar over the exposure period; prior to deaeration, the poten-
tials were approximately -0.65 V(SCE) and a noble (positive) shift of 0.10
to 0.15 V occurred when air sparging was started. The potentials of the two
cells tended to become more negative over the next few hours and fluctuated
between -0.55 and -0.60 V (SCE) over the remainder of the test period.

Potential measurements were made for the pit specimen and BES specimen for
the uncoupled condition. It was observed that these uncoupled potentials
were within a few millivolts of each other, even when this low pH packing
material was used for the pits. Although the reason for the similar poten-
tials were not understood at that time, the coupled current would not be
expected to give a true indication of the corrosion rate if the potentials
of the two specimens being coupled were within approximately 50 millivolts
of one another.

The above experiments were repeated with the addition of careful weight-loss
measurements on the pit specimens. Results of the coupled-current and
coupled-potential measurements for the two experiments were similar to those
previously reported for the condition of the 0.1 N HCl and 0.01 N HCl packed
pits. In these experiments, the potential measurements for the pit and BES

3-98



200

W.

E

. 100_
0)

0
C

c 0

0

Figure 3.51.

2,000 4,000 6,000 8,000 10,000

Time, minutes

Current density as a function of exposure time for pit propagation experiments performed at
diameter-to-depth ratios of 1:1, 1:5, and 1:10 in oxygenated basalt groundwater at 75 C.



specimen in the uncoupled condition were monitored periodically throughout
the experiments. These data are summarized in Table 3.24. The data show
that the BES specimens were a few millivolts more noble than the pit speci-
mens during the experiments, and that the potential difference (AE) between
the two decreased with exposure time. Although the measured potentials were
slightly more positive for the 0.01 N HCl-packed pit, it is probable that
the potential differences are experimental variations and not due to the
acidity of the packed pit.

Table 3.24. Uncoupled potentials for pit and BES specimens as a function
of exposure time and pH of packing paste for pit-propagation
experiments in basalt groundwater at 75 C.

Time After Potential (mV SCE)
Start of 0.1 N HCl-Packed Pit 0.01 N HCl-Packed Pit

Air Purging
(hours) Pit BES AX Pit BES AO

8.0 -600 -595 5 -550 -546 4
8.1 -599 -594 5 -552 -548 4
8.4 -598 -593 5 -550 -547 3

73.3 -560 -559 1 -479 -476 3

73.5 -562 -560 2 -483 -480 3
73.7 -562 -560 2 -483 -480 3

122.1 -533 -531 2 -489 -488 1
122.3 -533 -532 1 -489 -488 1
122.5 -532 -531 1 -488 -487 1

Following termination of the exposures, careful weight-loss measurements
were performed on the pit specimens. The specimens were alternately
descaled in Clarke's solution* at room temperature and then weighed until
there was no evidence of corrosion products on the specimens or of a change
in the slope of the weight-time curve. The weight losses of the electrodes
were converted to corrosion rates of 1,700 Vm/yr and 1,500 pm/yr for the
0.1 N HCl-packed and 0.01 N HCl-packed pits, respectively. These corrosion
rates are over 20 times greater than the values predicted from coupled cur-
rent measurements, 5 hA/cm or about 60 pm/yr. The similarities in the
weight losses for the two pits suggest that, in these experiments, the

*This solution is composed of one liter HCl (specific gravity 1.19), 20 g
Sb203, and 50 g SnCl2.

3-100



environmental conditions that developed as a result of pit propagation domi-
nated any effect that the initial packing pH may have had on corrosion.
This agrees with the results of the long-term exposure with the simulated
pit specimens shown in Figure 3.49.

The results of these preliminary tests indicated that the low coupled cur-
rent did not provide a true measure of the pit-propagation rate for the case
of, reactive-wall pits. Additional miscellaneous experiments were performed
with both reactive-wall and nonreactive- (inert) wall pits.* In these pre-
liminary studies, ambient temperature conditions were used because more
reproducible data were obtained at the lower temperature. This was possibly
due to expansion and oozing of the packing paste from the pits at the higher
test temperature. The nonreactive-wall geometry was examined because it is
frequently selected for mathematical modeling studies to simplify the model-
ing. It is believed, however, that the reactive-wall geometry more closely
simulates actual pits.

In the remaining studies discussed in the following paragraphs, the pitting
experiments were performed with simulated pits packed with a 0.1 N HCl-Fe304
paste, maintained at room temperature (25 C), with a 10-cm3/min sparging of
air. Complete details of the experimental procedures used are given in the
Experimental Approach section (3.2.2.2).

e Effects of Pit Geometry. For this study, pit-propagation experi-
ments were performed at varying diameter-to-depth ratios ranging from 1:0.5
to 1:10. The pit diameter was 0.41 cm, providing a pit area of 0.13 cm2.
The experiments were performed at 25 C with an air sparging rate of
10 cm3/min. The pits were packed using an Fe304 powder mixed with 0.1 N HCl
to form a thick paste. The typical exposure period was 192 hours (8 days).
Table 3.25 lists the experimental parameters for all the electrochemical
pit-propagation experiments.

Table 3.26 summarizes the electrochemical pit-propagation data for the
experiments involving carbon steel and basalt groundwater for several dif-
ferent diameter-to-depth ratios. There are several different measurements
provided in Table 3.26. The corrosion rate of the pit is presented as the
average corrosion rate in }pm/yr calculated from weight-loss measurements;
the coupled current between the pit specimen and the BES specimen, as mea-
sured at the end of the experiment; and the coupled potential of the pit-BES
couple measured at the end of the experiment. At intervals during the expo-
sure period, the pit and BES specimens were uncoupled and allowed to freely
corrode for approximately 15 min. At that time, the uncoupled potentials of
both specimens were then measured prior to recoupling (Columns 5 and 6 in
Table 3.26, respectively).

The last procedure performed in each of the pit-propagation experiments was
the measurement of the potential profile down the pit using a microcapillary

*A Teflono tube, which was sealed at the pit opening, was used to isolate
the pit walls from the test solution.
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Table 3.25. Experimental parameters for the electrochemical pit-
propagation tests performed at 25 C; pit specimen
area = 0.13 cm2, BES specimen area = 24 cmt.

Diameter- Exposure
Specimen to-Depth Pit Packing Time Test Specimen

No. Ratio Material (hour) Solution Material

21-Inert

21-Reactive

30-Inert

29-Inert

29-Rective

24-Inert

24-Reactive

17-Inert

17-Reactive

22-Inert

23-Reactive

20-Inert

20-Inert

26-Inert

26-Reactive

31-Inert

31-Reactive

27-Inert

27-Reactive

28-Inert

28-Reactive

1:0.5

1:0.5

1:1

1:2

1:2

1:2.5

1:2.5

1:5

1:5

1:10

1:10

1:5

1:5

1:5

1:5

1:5

1:5

1:5

1:5

1:5

1:5

(a) 212 Basalt
Groundwater

(a)

(a)

(a)

(a)

(a)

(a)

(a)

(a)

(a)

(a)

(a)

(a)

(b)

(b)

(b)

(b)

(b)

(b)

(b)

(b)

212

214

172

172

172

172

142

142

312

192

158

158

172

172

165

165

172

172

310

310

,I

II

II

Solution 30
II

Solution 47
Il

Brine A
Il

Brine B
i,

Carbon Steel

If

Il

Il

Il

Il

Ul

II

Il

Il

Ul

Carbon Steel
with Mill Scale

Il

Carbon Steel
Il

U,

II

Il

al

Il

'l

(a)Fe304 powder
(b)Fe304 powder

mixed with 1 N HCG.
mixed with test solution adjusted to pH 1 with HCl.
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Table 3.26. Summary of electrochemical pit-propagation
carbon steel in basalt groundwater at 25 C
pits prepacked with 0.1 N HCl-Fe3Q4 paste.

experiments for
using simulated

C)

2 5 6 7 8
1 Corrosion 3 4 Uncoupled(d) Uncoupled Coupled(b) Uncoupled(b) 9

Diameter- Rate of Pit Coupled(a) Coupled(a) Potential Potential Potential at Potential at Resistance
Specimen to-Depth (Wt. Loss) Current, Potential, of Pit, of BES, Pit Surface, Pit Surface, Down Pit,

No. Ratio ljm/yr IjA/m 2 V, SCE V, SCE V, SCE V, SCE V, SCE ohm

21-Nonreactive 1:0.5 2,073 40 -0.640 -0.668 -0.639 -0.651 -0.671 1,600
21-Reactive 1:0.5 631 28 -0.584 -0.615 -0.588 -0.625 -0.635 180
30-Nonreactive 1:1 3,093 34 -0.564 -0.621 -0.556 -0.600 -0.641 1,200
30-Reactive 1:11 1,667 2 -0.627 -0.629 -0.629 -0.650 -0.652 270
29-Nonreactive 1:2 959 54 -0.566 -0.617 -0.562 -0.620 -0.659 5,340
29-Reactive 1:2 285 8 -0.607 -0.612 -0.609 -0.653 -0.655 180
24-Nonreactive 1:2.5 510 15(c) -0.648 -0.690 -0.661 -0.668 -0.690 5,800
24-Reactive 1:2.5 596 3 -0.620 -0.610 -0.602 -0.672 -0.681 250
17-Nonreactive 1:5 -- 41 -0.578 -0.646 -0.574 -0.631 -0.656 6,900
17-Reactive 1:5 -- 0.5 -0.580 -0.591 -0.589 -0.648 -0.658 210
22-Nonreactive 1:10 380 38 -0.555 -0.646 -0.598 -0.620 -0.650 9,900
23-Reactive 1:10 311 1 -0.565 -0.608 -0.607 -0.667 -- 175

(a)Values given in table represent end of exposure data.
(b)Measured using a microcapillary probe at the end of the experiment.
(c)Erratic current could indicate problems with high resistive contact

pit substrate (threaded connection).
between pit specimen and

(d)Measured at different time than coupled potential (Column 4). At any given time, the coupled
potential equals the uncoupled potential of BES (Column 6).



reference probe. This was typically done with the pit specimen and BES spe-
cimen coupled; the potential at the bottom of the pit is given in Column 7.
With the probe remaining at the bottom of the pit, the pit specimen and BES
specimen were uncoupled and the pit surface was permitted to depolarize for
approximately 5 min, at which time the uncoupled potential at the pit sur-
face was measured (Column 8). Electrochemical impedance measurements were
performed on the pit specimens for both the nonreactive and reactive-wall
conditions. The primary purpose of the electrochemical impedance measure-
ments was to determine the resistance down the pit, which was assumed to be
equal to the solution resistance since the solution resistance between the
Luggin probe and the BES specimen is always much less than that of the solu-
tion resistance down the pit (Column 9).

Before discussing the comparisons in Table 3.26 in more detail, some exam-
ples of the data are presented below. Figure 3.52 shows the coupled current
as a function of exposure time for the nonreactive-wall and reactive-wall
pits for the 1:5 diameter-to-depth ratio in basalt groundwater. The coupled
current for the reactive-wall pit was very low and, for this experiment,
remained positive, indicating anodic current from the pit. In other experi-
ments, the current for the reactive-wall pit exhibited some periods of cath-
odic current from the pit specimen. The coupled current for the
nonreactive-wall pit was approximately two orders of magnitude greater than
the coupled current for the reactive-wall pit. This occurred in all other
tests with basalt groundwater except for experiment 21, which had the most
shallow pit geometry. In that experiment, the currents for both geometries
was high.

The coupled potentials for the nonreactive- and reactive-wall conditions for
Experiment 17 are given in figure 3.53. Although some variations are seen
during the initial exposure period, the coupled potentials are very similar
for the nonreactive- and reactive-wall conditions. Because of the large
surface area of the BES, it was expected that these potentials would be sim-
ilar and that the presence of the nonreactive- or reactive-wall would not
appreciably affect the coupled potential. Periodically, the pit and the BES
specimens were uncoupled and the uncoupled potentials for each specimen were
measured. Figure 3.54 shows the uncoupled potentials for the different
specimens. Figure 3.54a shows the potentials of the pit and the BES for the
nonreactive-wall condition. A 70 mV difference existed between the BES and
the pit specimen, the latter being more negative. For this couple, a rela-
tively high current was observed with the anodic current leaving the pit
specimen. Figure 3.54b shows the uncoupled potentials for the pit and BES
specimen for the reactive-wall condition. These potentials were always sim-
ilar, with the potential of the pit specimen a few millivolts more negative
than the potential of the BES specimen. In comparing Columns 5 and 6 in
Table 3.26, the same trends existed for all the experiments performed.
Experiment 21 was the only experiment in which a significant difference in
the uncoupled potential (between the pit and BES specimen) was observed for
the reactive-wall condition; it also had the most shallow pitting geometry
examined. For Experiment 21, a high coupled current also was observed.

In Experiment 17, the pit specimen and the BES specimen were uncoupled and
the potential profile down the pit was measured toward the end of the
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Figure 3.52. Coupled current density as a function of exposure time and
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formed at a diameter-to-depth ratio of 1:5 in aerated
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Figure 3.54. Uncoupled potential as a function of exposure time for pit-
propagation Experiment 17 performed at a diameter-to-depth
ratio of 1:5 in aerated basalt groundwater at 25 C.
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exposure. Because the pit and BES specimen were uncoupled, there was no
current flow. Figure 3.55 shows the uncoupled potential for the
nonreactive- and the reactive-wall conditions as a function of microcapil-
lary position down the pit. Except for a very small potential drop at the
opening of the pit, the uncoupled potential of the pit for the nonreactive-
wall condition shows no potential gradient down the pit. For the reactive-
wall condition, a very large potential gradient existed as the probe was
moved down the pit for the first 10 mm, and no further potential gradient
existed further down the pit. This indicates that, for the reactive-wall
condition, a significant amount of corrosion activity was taking place at
the mouth of the pit with the reduction reactions occurring on the outside
wall of the BES and the anodic reactions occurring on the inside pit wall of
the BES.

E
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Figure 3.55. Potential for pit specimen as a function
probe position down the pit when the pit
were uncoupled; Experiment 17 in aerated
at 25 C.

of microcapillary
specimen and BES
basalt groundwater

Figure 3.56 shows the potentials of the pit for the nonreactive- and
reactive-wall conditions as a function of microcapillary position down the
pit when the pit specimen and the BES were coupled together. With the pit
specimen and BES coupled, a near linear potential gradient existed in moving
the capillary probe down the nonreactive-wall pit. The presence of this
potential gradient indicates that there was current flow between the pit
specimen and the outside surface of the BES specimen. For the reactive-wall
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Figure 3.56. Potential for pit specimen as a function of microcapillary
probe position down the pit where the pit specimen and BES
specimen were coupled; Experiment 17 in aerated basalt
groundwater at 25 C.

condition, a potential gradient similar to that observed for the uncoupled
condition was again measured for the coupled condition. The presence of no
gradient from 10 mm down the pit to the base of the pit (at 20 mm) suggests
that the current flow between the pit specimen and BES was negligible. This
is confirmed by the very low current measured for the reactive-wall condi-
tion with the pit specimen and BES coupled (shown in Figure 3.52). The
level of polarization obtained due to the coupling can be examined by com-
paring Figures 3.55 and 3.56. Because the potential of the pit measured at
the base was approximately the same for the coupled and uncoupled conditions
for the reactive-wall, very little or no polarization of the pit occurred as
a result of coupling. Again, this corresponds to the very low current mea-
sured for this condition. In the nonreactive-wall condition, however, there
was approximately 25 millivolts difference in potential between the coupled
and uncoupled condition. This potential difference is a measurement of the
level of polarization provided to the pit surface due to coupling to the
BES. These data are shown in Columns 7 and 8 of Table 3.26 for all of the
experiments performed for carbon steel in basalt groundwater. In each case,
it is seen that a much greater degree of polarization of the pit existed for
the nonreactive-wall case when compared to the reactive-wall case.

Curves similar to those shown in Figure 3.52, 3.53, and 3.56 for the remain-
ing experiments in Table 3.26 are given in Appendix B. The data show that
there is very little coupling effect for reactive-wall pits except for the
most shallow pit geometry (1:0.5). With a diameter-to-depth ratio of 1:1,
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the coupled current and the potential profile data indicate that only a
small amount of coupled current goes to increasing the pit-propagation rate.
There does not appear to be a significant trend in the coupled current as a
function of diameter-to-depth ratio. However, the corrosion rate, as mea-
sured by weight loss, tended to decrease upon going to smaller diameter-to-
depth ratios (1:1 down to 1:10). The resistance down the pit for the non-
reactive conditions did increase as the depth down the pit increased (see
Column 9). This, of course, was expected. The values for the resistance
down the pit in the reactive-wall condition are much lower than for the non-
reactive-wall conditions and did not vary as a function of depth. This is
due to the experimental arrangement that permits the BES specimen in the
reactive-wall case to provide a low-resistance path for the measuring signal
such that the path down the pit through the Fe304 paste is circumvented;
that is, the high-frequency current path is on the outside of the BES,
through the metallic path of the BES, off of the BES near the pit surface,
and on to the pit specimen. Therefore, for the case of the reactive-wall
pits, the resistance down the pit cannot be measured with the electrochemi-
cal impedance technique employed. One final observation from Table 3.26 is
that the uncoupled potential at the pit surface (Column 8), for the nonreac-
tive and reactive conditions for a given experiment (for example, Experi-
ment 30), are within 10 mV of each other. This indicates that the environ-
mental conditions within the pits for the nonreactive- and reactive-wall
conditions are similar. This tells us that, although the environment within
the pits may change from the preset condition, the environment established
is not dependent upon the reactivity of the pit wall.

e Effect of Mill Scale. Because mill scale may or may not be present
on the outside surface of the overpack, experiments were performed for the
same pit geometries discussed above, except that the outside of the BES had
mill scale present. The very top surface of the BES specimen was masked off
such that the only bare steel exposed on the BES specimen was that of the
pit specimen and the inside pit wall of the BES specimen. Table 3.27 sum-
marizes the data for the experiments with the mill scale (Experiment 20)
along with the results for Experiment 17 (previously presented). The actual
data for Experiment 20 are given in Appendix B, Figures B-16 to B-18. The
time dependence of the potential and current, and the potential profile as a
function of distance down the pit, show similar trends to those discussed
above for Experiment 17. A higher coupled current was measured in the pre-
sence of the mill scale, almost a factor of two greater for the mill scaled
than for the bare carbon steel surface.

This higher current is likely due to the more positive potentials measured
for the mill scaled surfaces. This more positive potential for the BES spe-
cimen provides a larger driving force for the couple. Although weight-loss
measurements were not performed for these experiments, it would be expected
that the pit specimen in the experiment with mill scale experienced greater
weight loss as a result of the larger coupling effect, even for the
reactive-wall condition. It should be noted that this larger coupling
effect on currents due to mill Scale for the reactive-wall condition
(increase from 0.5 to 4.0 pA/cml) was still quite small in comparison to the
coupled currents for the nonreactive-wall condition (41 to 92 pA/cm ).
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Table 3.27. Summary of electrochemical pit-propagation experiments for carbon steel with millscale
aerated basalt groundwater at 25 C using simulated pits prepacked with 0.1 N HCl-Fe304

in
paste.

(,

I-

I.-

2 5 6 7 8
1 Corrosion 3 4 Uncoupled(c) Uncoupled(C) Coupled(b) Uncoupled(b) 9

Diameter- Rate of Pit Coupled(a) Coupled(a) Potential Potential Potential at Potential at Resistance
Specimen to-Depth (Wt. Loss) Current, Potential, of Pit, of BES, Pit Surface, Pit Surface, Down Pit,

No. Ratio pm/yr pA/cm2 V, SCE V. SCE V. SCE V, SCE V, SCE ohm

20-Nonreactive 1:5 - 92 -0.525 -0.630 -0.543 -0.611 -0.644 6,000

20-Reactive 1:5 - 4 -0.516 -0.486 -0.482 -0.637 -- 690

17-
Nonreactive(d) 1:5 - 41 -0.578 -0.646 -0.574 -0.631 -0.656 6,900

17-Reactive(d) 1:5 - 0.5 -0.580 -0.591 -0.589 -0-.648 -0.658 210

(a)Values given in table represent end of exposure data.

(b)Measured using a microcapillary probe at the end of the experiment.

(C)Measured at different time than coupled potential (Column 4). At any given time, the coupled potential equals the
uncoupled potential of BES (Column 6).



Therefore, it is more critical to consider pit wall reactivity than to con-
sider surface finish in predicting pit-propagation rates.

* Active Versus Passive Solutions. The solutions examined in this
section were Solutions No. 30 and No. 47 from the statistical matrix of
potentiodynamic polarization experiments. Solution No. 30 (Experiment
No. 26 in Table 3.28) is a solution in which carbon steel exhibited active
behavior. Solution No. 47 (Experiment No. 31 in Table 3.28) is a solution
in which carbon steel exhibited active/passive behavior with the protection
potential approximately 100 mV more positive than the free-corrosion poten-
tial. Therefore, in Solution No. 47, the outside surface of the BES should
remain passive. This is in contrast to the basalt groundwater solution in
which pitting and underdeposit corrosion initiated and propagated on the BES
specimen throughout the exposures. This behavior was predicted electrochem-
ically in that the protection potential was slightly more negative than the
free-corrosion potential in basalt groundwater.

Table 3.28 summarizes the data for the electrochemical pit-propagation
experiments on carbon steel in Solution 30 (Experiment 26) and Solution 47
(Experiment 31). In Experiment 26, very low coupled currents were measured
for both the nonreactive- and reactive-wall conditions. In fact, it was
observed that the coupled currents were initially negative (see Fig-
ure 3.57), that is, cathodic to the pit, during the initial stages for both
wall conditions. Furthermore, in comparing Column 4 with Columns 7 and 8,
it is seen that the potential changed very little upon coupling the pit and
BES specimens for either the nonreactive- or reactive-wall condition. The
potential profiles for the two conditions are shown in Figure 3.58. The
data for the reactive wall condition indicate some coupling action near the
base of the pit and, upon uncoupling, indicates that the pit specimen was
cathodically polarized, which is consistent with the coupled current mea-
surements. The data for the nonreactive- (inert) wall specimen show that
the pit specimen was anodically polarized, which also corresponds to the
measured coupled current. The first four data points for the nonreactive-
wall condition are an apparent anomaly, and the 13 mV step near the pit
mouth is not understood. The coupled potentials are not shown but remained
steady throughout the experiment. These data indicate that, for Solu-
tion 30, in which carbon steel exhibited active corrosion behavior, pitting
was not initiated even when the simulated pit was preconditioned with an
acidic Fe304 paste. Because only slight coupled-current activity existed,
it is not understood why the nonreactive-wall pit specimen exhibited such a
high corrosion rate while no weight loss was observed for the reactive-wall
pit specimen.

For carbon steel in Solution 47 (Experiment 31), large coupled currents were
measured for both the nonreactive- and reactive-wall conditions. Fig-
ure 3.59 shows the coupled current as a function of time for the two condi-
tions. For the nonreactive-wall condition, the current was initially very
high and decreased as a function of time, while the current for the
reactive-wall condition was relatively low and increased as a function of
time. The increase in current for the reactive-wall condition can be
explained, at least in part, by the profile of the potential down the pit.
As seen in Figure 3.60, the profile did not show the large gradient until
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Table 3.28. Summary of electrochemical pit-propagation experiments for carbon steel in aerated Solution
No. 30 (#26) and aerated Solution No. 47 (#31) at 25 C using simulated pits prepacked with
pH 1 Fe304 paste.

I-.

(A

2 5 6 7 8
1 Corrosion 3 4 Uncoupled(C) Uncoupled(C) Coupled(b) Uncoupled(b) 9

Diameter- Rate of Pit Coupled(a) Coupled(a) Potential Potential Potential at Potential at Resistance
Specimen to-Depth (Wt. Loss) Current, Potential, of Pit, of BES, Pit Surface, Pit Surface, Down Pit,

No. Ratio urm/yr VA/cm2 V, SCE V, SCE V, SCE V. SCE V, SCE ohm

26-Nonreactive 1:5 5,468 1.5 -0.710 -0.702 -0.694 -0.697 -0.705 650

26-Reactive 1:5 0 -0.3 -0.701 -0.696 -0.700 -0.699 -0.696 15

31-Nonreactive 1:5 3,594 48 -0.283 -0.402 -0.164 -0.360 -0.417 4,645

31-Reactive 1:5 1,805 36 -0.420 -0.427 -0.427 -0.583 -0.589 70

(a)Values given in table represent end of exposure data.
(b)Measured using a microcapillary probe at the end of the experiment.
(C)Measured at different time than coupled potential (Column 4). At any given time, the

uncoupled potential of BES (Column 6).
coupled potential equals the
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probe position down pit when the pit and BES specimens were
coupled (open symbols); carbon steel in aerated solution
No. 47 at 25 C (Experiment 31). Closed symbols indicate
potentials when pit and BES specimens were uncoupled.

some depth within the pit. This suggests that the walls within the pit were
passivated, thereby increasing the diameter-to-depth ratio. This would tend
to make it easier to drive a coupled current. Also, the driving force for
pit propagation was greater in Solution 47 than in the basalt groundwater,
as indicated by the uncoupled potential measurements (Columns 5 and 6 in
Table 3.28).
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Figure 3.61 shows the coupled potentials as a function of exposure time for
Experiment 31. Note that the coupled potential for the reactive-wall condi-
tion was much more negative than the coupled potential for the nonreactive-
wall condition. For the nonreactive-wall condition, coupling of the pit
specimen to the BES significantly affected the potential of the BES, as seen
by the difference between the uncoupled potential of the BES (Column 6) and
the coupled potential (Column 4). For the reactive-wall condition, there
was a much larger surface area for the pit (the pit specimen surface area
plus the surface area of the BES within the pit), which resulted in a much
more negative coupled potential than for the nonreactive-wall condition. It
is interesting to note that the coupled current obtained at the end of the
exposure period (48 pA/cm2) is similar to the currents obtained for the
basalt groundwater solution. The initial average rate of pit propagation
can be quite large and is comparable to those measured in basalt groundwater
for a diameter-to-depth ratio of 1:1. It is not known, however, whether
these high rates of pit propagation are maintained over long-term exposure
periods.

* Brine Solutions. Electrochemical pit-propagation experiments were
performed for carbon steel in Brine A and Brine B. These brines are used in
much of the DOE Salt Repository research; their compositions are given in
Table 3.9. Table 3.29 summarizes the data for the experiments in Brine A
(Experiment 27) and Brine B (Experiment 28). With the exception that the
initial coupled currents were positive (anodic with respect to the pit), the
data for both brine solutions are very similar to the data obtained for
Solution 30 in which carbon steel exhibited active polarization behavior.
The coupled currents were very small and often were negative, or cathodic
with respect to the pit. Very small or negligible potential gradients were
observed upon moving the microcapillary probe down the pits. Thus, it
appears that for either Brine A or Brine B pitting was not initiated after
preconditioning the simulated pits with the acidic Fe3O4 paste. The curves
showing the coupled current and coupled potential behavior as a function of
time and the potential gradients down the pits for Brine A and Brine B are
given in Appendix B.

3.2.2.4 Summary

Because of the time periods involved for the containment of nuclear waste,
realistic mechanistic models that accurately predict the long-term pit-
propagation behavior are imperative. Most of the mechanistic models for pit
propagation are based on the assumption that the anodic reaction occurs only
on the pit base and the cathodic reactions occur on the boldly exposed sur-
faces (Refs. 3.16-3.19). The pit walls are assumed to be nonreactive
(inert) in order to simplify the models. The majority of these models are
based on mass transport, where the rate of pit propagation is controlled by
transport of corrosion products out of the pit.

Many of the experimental studies performed in conjunction with the modeling
studies have utilized potentiostatic or galvanostatic control of the pit
propagation using auxiliary electrodes. This approach may artificially
accelerate pit propagation, affecting the rate-limiting step (for example,
promoting mass transport control as opposed to activation control). In
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Table 3.29. Summary of electrochemical pit-propagation experiments for carbon steel
in aerated Brine A (Experiment 27) and aerated Brine B (Experiment 28)
at 25 C using simulated pits prepacked with pH 1 Fe3O4 paste.

2 5 6 7 8
1 Corrosion 3 4 Uncoupled(C) Uncoupled(c) Coupled(b) Uncoupled(b) 9

Diameter- Rate of Pit Coupled(a) Coupled(a) Potential Potential Potential at Potential at Resistance
Specimen to-Depth (Wt. Loss) Current, Potential, of Pit, of BES, Pit Surface, Pit Surface, Down Pit,

No. Ratio wm/yr pA/cm2 V, SCE V, SCE V, SCE V, SCE V, SCE ohm

r% 27-Nonreactive 1:5
C0

147 0.5

-4

-0.679

-0.684

-0.671

-0.647

-0.672

-0.680

-0.680

-0.683

-0.672 150

27-Reactive 1:5 0

28-Nonreactive 1:5 0

415

-7

-0.5

-0.694

-0.715

-0.642

-0.705

-0.704

-0.707

-0.693

-0.713

-0.679

-0. 63 8 (d)

-0 .69 6 (d)

34

190

28-Reactive 1:5 16

(a)Values given in table represent end of exposure data.
(b)Measured using a microcapillary probe at the end of the experiment.
(C)Measured at different time than coupled potential (Column 4). At any given time, the

uncoupled potential of BES (Column 6).
(d)The large noble potential shift was probably the result of microcapillary scraping of

uncoupling.

coupled potential equals the

the pit specimen surface during the



addition, this-approach may not be realistic for systems where cathodic
reactions occur within the pit during pit propagation (Ref. 3.20).

The results of the long-term exposures and electrochemical studies permit a
better understanding of the process of pit propagation in carbon steel in
basalt groundwater. Figure 3.62 shows a schematic of the current flow pat-
terns for the reactive-wall and nonreactive (inert)-wall pits based on the
measured potential gradients down the pits. For the reactive-wall condi-
tion, coupled currents were present but existed between the upper portions
of the pit wall and BES. Significant current flow between the outside sur-
face and base of the pit only occurred for the shallow pits. On the other
hand, the current flow pattern for the nonreactive-wall condition was from
the base of the pit to the boldly exposed outside surface. As a result of
this behavior, the coupled current for the reactive-wall condition tends to
widen the pit and does not promote pit propagation in the depth direction.
Alternatively, for the nonreactive-wall condition, the coupled current tends
to promote pit propagation. Therefore, for the nonreactive-wall geometry,
relatively high propagation rates would occur for pits because of the coup-
ling effects of the BES. For the reactive-wall pits, the high rates of
attack are confined to the region near the pit mouth because the high volt-
age drop within the solution in this region effectively minimizes polariza-
tion of the deeper portions of the pit. This tends to produce a condition
where the rate of the pit propagation for the reactive-wall condition is
controlled by the electrode kinetics within the pits. This rate may be
higher than corrosion rates on the BES because the presence of the anodic
reactions near the pit mouth promotes the maintenance of a low-pH condition
within the pit. However, the pit propagation rates for the reactive-wall
geometry would be lower than those observed for the nonreactive-wall geom-
etry because the rate for the latter is also driven due to the coupled cur-
rents with the BES.

Both the long-term exposure experiments and the electrochemical studies sup-
port the model presented for the reactive-wall condition as opposed to that
for the nonreactive-wall condition. For example, in the studies using
mechanically drilled pits, the more severe attack for the deeper pits was
typically observed near the mouth of the pit. Similarly, for the weight-
loss experiments, in which the simulated pits were exposed to Solution 47 at
a diameter-to-depth ratio of 1:5, the nonreactive-wall condition had much
greater corrosion than the reactive-wall condition. For larger diameter-to-
depth ratios (shallower pits), the measured corrosion rates were similar for
the reactive- and nonreactive-wall conditions, which is probably due to the
presence of coupled currents down to the pit specimens even for the
reactive-wall. The electrochemical studies show that, even at the diameter-
to-depth ratio of 1:5 for Solution 47, relatively large coupled currents
existed for the reactive-wall pit. The model for the reactive-wall condi-
tion shown in Figure 3.62 further explains why there is no difference in the
uncoupled potential of the pit. Even with the pit and BES specimens uncoup-
led, the current flow is still present between the pit wall and the BES such
that the potential measurement for the pit specimen includes the ohmic
potential drop due to the coupled current. This makes the potential of the
pit appear to be the same as that of the BES.
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In light of these findings, pitting models based on nonreactive (inert)-wall
geometries will predict higher pit propagation rates than models based on a
reactive-wall geometry. In addition, the nonreactive-wall geometry model
will predict a much lower diameter-to-depth ratio than is likely to occur in
service. Because the models are attempting to predict extremely long-term
pit-propagation behavior, they should be based on the more realistic condi-
tions of reactive-wall geometries.

3.2.3 Autoclave Studies

3.2.3.1 Objective

The objectives of the autoclave studies on carbon steels were to selectively
reproduce the corrosion data in basalt groundwater at elevated temperatures
(250 C) and to evaluate the influence of steel composition and microstruc-
ture, as well as concentration of the groundwater, on the corrosion
behavior.

3.2.3.2 Approach

Two carbon steel compositions were 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 3.8. Both cast and wrought specimens were included in the
experimental matrix. Cast specimens were machined directly from the bil-
lets, while wrought specimens were machined from billet sections that were
hot-reduced approximately 87 percent. Four types of specimens were included
in the autoclave exposures: gravimetric specimens, crevice specimens,
3-point bend specimens, and polarization-resistance (PR) specimens. The
crevice-corrosion specimens had a boldly-exposed-surface-area to crevice-
surface-area ratio of 10 and were made by attaching serrated PTFE washers to
thin, rectangular specimens of the steels.

The autoclave exposures were performed in two simulated groundwaters at
250 C: one prepared according to a Rockwell-Hanford procedure (Ref. 3.6),
referred to as basalt groundwater; and the other, a ten-times concentration
of the basalt groundwater, referred to as lOX basalt groundwater. The nom-
inal composition of the basalt groundwater is given in Table 3.9. Basalt
rock, taken from an outcropping of the umtanum flow, was placed in the bot-
tom of the autoclave during the exposures.The rock was prepared by first
removing weathered surfaces and curshing in 7.6 to 2.5 cm jawcrushers. The
crushed rock was then sieved on progressively finer screens with a rowtap
shaker and the rock that passed through the number 4 screen, but was
retained on the number 8 screen (-4+8), was used. Prior to placement in the
autoclave, the rock was washed three times with deionized water.

3.2.3.3 Results and Discussion

One-thousand-hour autoclave exposures were completed on the carbon steel
specimens in two simulated basalt groundwater compositions at 250 C under
stagnant deaerated conditions.
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Results of the gravimetr'ic measurements performed on the specimens are given
in Tables 3.30 through 3.33. These data show that general-corrosion rates
were quite low in these environments under deaerated conditions and were
similar for the two materials. These rates of general attack in the uncon-
centrated groundwater are comparable, in most instances, to those reported
by Bradley et al. (Ref. 3.21) for ductile iron in a basalt groundwater. The
02 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. Surprisingly,
general-corrosion rates were somewhat lower in the concentrated groundwater.
The PR specimens tested in the concentrated groundwater did exhibit somewhat
higher weight losses than the other specimens.

Tenacious black surface films were present on all the steel specimens fol-
lowing exposure to the basalt groundwater. The surface films on a cast
specimen of the clean steel, which was exposed in the unconcentrated ground-
water, were analyzed by energy dispersive X-ray (EDX) spectroscopy and X-ray
diffraction (XRD). Results of these analyses are summarized in Table 3.34.
These data indicate the films were primarily Fe3O4. The presence of surface
films on the specimen is consistent with the observed low rates of general
attack and the occurrence of pitting (see discussion below); pitting corro-
sion 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 Fe203 or FeOOH probably would be generated.
Although Fe203 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.

The specimens also were optically examined following exposure for evidence
of pitting, crevice corrosion, and stress-corrosion cracking. 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 3.30 through 3.33, where
it can be seen that shallow pits were detected on most specimens. Pitting
was somewhat more severe in the concentrated groundwater and was similar for
the two materials. The pits on the specimens exposed in the less concen-
trated groundwater appeared to be more prevalent in or near the crevices. A
typical photograph of one such pit is given in Figure 3.63.

Deep pits were observed on one of the polarization-resistance specimens of
the cast clean steel that had been exposed to the concentrated groundwater.
This attack reached depths greater than 1000 pim and was localized in the
region of the specimen exposed to the vapor space in the autoclave. All
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 ground-
water. 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
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Table 3.30. 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) Maximum
Number of Corrosion Rate Pit Depth Pit Depth

Specimen Type Specimens(a) Pm/y(b) Jim Pm

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 num-
ber of specimens of each type that were descaled and weighed
varied.

(b)Weight losses were converted to depths of penetration assuming uni-
form attack and extrapolated linearly to give annual rates of pene-
tration.

(c)For 5 deepest pits.
(d)In crevice region of specimen.

Table 3.31. 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 Corrosio Rate Pit Depth, Pit Depth,

Specimen Type Specimens(a) im/y (b) Jim Jim

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 num-
ber of specimens of each type that were descaled and weighed
varied.

(b)Weight losses were converted to depths of penetration assuming uni-
form attack and extrapolated linearly to give annual rates of pene-
tration.

(c)For 5 deepest pits.
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Table 3.32. Corrosion rates calculated from weight loss and pit depths
for cast specimens of clean 1018 steel exposed for 1000
hours to deaerated simulated basalt groundwater at 250 C.

Average(c) Maximum
Number of Corrosior Rate Pit Depth, Pit Depth,

Specimen Type Specimens(&) pm/y7b) Jm pm

Gravimetric
Crevice
3-Point Bend
Polarization
Resistance

3
1
2
2

5.59
5.83
7.46
18.1

18
13

30
20

>1,000(e)12 (d)

(a)Some specimens were reserved for future analyses and thus the
number of specimens of each type that 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.
(e)It is likely that these very deep "pits" for the one specimen were

metallurgical flaws and not corrosion pits.

Table 3.33. Corrosion rates calculated from weight loss and pit depths
for wrought specimens of 1018 steel exposed for 1000 hours
to deaerated simulated 1oX basalt groundwater at 250 C.

Average(c) Maximum
Number of Corrosion Rate Pit Depth, Pit Depth,

Specimen Type Specimens(a) Pm/yib) pm pm

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 that 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.

3-126



Table 3.34. 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
Fe2SiO 4 29-720
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50OX 42971

Figure 3.63. SEM photograph of pit found in the crevice region
of a cast clean 1018 steel specimen exposed for
1000 hours in 250 C deaerated simulated basalt
groundwater containing crushed basalt.

liquid at 250 C. Results given in Tables 3.35 through 3.38 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 mate-
rials. Thus, the "pits" observed in the PR specimen from the previous auto-
clave exposure probably were simply metallurgical flaws in the specimen.

Electrochemical Measurements. Electrochemical measurements were performed
during the autoclave test with the unconcentrated groundwater. The polari-
zation resistance (PR) of the cast clean 1018 steel specimens was measured
as a function of exposure time in the basalt groundwater using a two-
electrode technique. Results given in Figure 3.64 show that the 1/PR value,
which is proportional to the corrosion rate, increased over the first
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Table 3.35. Corrosion rates calculated from weight loss and pit depths for
duplicate specimens of clean cast 1018 steel exposed for 1000
hours to deaerated simulated 1OX basalt groundwater at 250 C.

Corrosion Rate(a) Average pit(b) Maximum Pit
Specimen Type Phase pm/y Depth, pm Depth, pm

Gravimetric V 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.

Table 3.36. Corrosion rates calculated from weight loss and pit depths for
duplicate specimens of clean wrought 1018 steel exposed for
1000 hours to deaerated simulated lOX basalt groundwater at
250 C.

Corrosion Rate(a) Average pit(b) Maximum Pit
Specimen Type Phase pm/y Depth, 4m Depth, pm

Gravimetric V 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 3.37. Corrosion rates calculated from weight loss and pit depths for
duplicate specimens of cast 1018 steel exposed for 1000 hours
to deaerated simulated 1OX basalt groundwater at 250 C.

Corrosion Rate(a) Average pit(b) Maximum Pit
Specimen Type Phase Pm/y Depth, pm Depth, pm

Gravimetric V 9.07 9.4 11

Gravimetric L 8.52 12 16

Crevice V 11.1 15 27

Crevice L 9.44 16 22

(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.

Table 3.38. Corrosion rates calculated from weight loss and pit depths for
duplicate specimens of wrought 1018 steel exposed for 1000
hours to deaerated simulated lOX basalt groundwater at 250 C.

Corrosion Rate(a) Average pit(b) Maximum Pit
Specimen Type Phase Wm/y Depth, pm Depth, pm

Gravimetric V 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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Figure 3.64. 1/PR as a function of exposure time for cast clean
and platinum exposed in deaerated simulated basalt
water at 250 C containing crushed basalt.

1018 steel
ground-

50 hours of exposure and decreased over the remaining 950 hours. This
decrease may be attributable to passivation of the carbon steel.- The aver-
age value of 10-4 mhos/cm2 corresponds to a corrosion rate of about 25 pm/y,
assuming anodic and cathodic Tafel slopes of 100 mV/decade. This value is
about two times higher than the corrosion rates measured by means of weight
loss but is, nevertheless, in reasonable agreement. The polarization
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resistance of platinum electrodes also was measured as a function of expo-
sure time, and values of 1/PR were found to be lower than values for cast
steel and appeared to achieve a maximum after about 250 hours of exposure.

Figure 3.65 shows a graphical representation of the electrode kinetics for a
corroding metal; m - m+ + e is the corrosion reaction and Ox + ne- * Red is
the reduction reaction. If 10 Red/Ox is greater than or equal to icor, then
the polarization resistance value can be in error by an amount equal to
io Red/Ox. Although the 1/PR values for platinum estimate 1o Red/Ox for
platinum, the i Red/Ox for the corroding metal may be somewhat less than
the value for platinum. It is difficult to quantitatively estimate the
value of 1o Red/Ox on the corroding metal, but it is possible, in view of
the high value for platinum, that it produced at least a portion of the dis-
crepancy between the corrosion rate prediction for the polarization resis-
tance versus the weight-loss measurement. In this system, the primary
reduction reaction under deaerated conditions is probably H20 reduction, but
in the presence of radiation many other reducible species may be generated.

set

E.Redl/Ox-X

r.X
C
C)
4-
0

CL

Ecorr

Eom/m+

icorr

log i

Figure 3.65. Graphical representation of electrode kinetics for a corrod-
ing metal where the oxidation and reduction reactions are
under activation control.

Electrochemical potentials of the cast steel and platinum also were measured
as a function of exposure time, with respect to an external (25 C) Ag/AgCl
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(0.1 M KCl) 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 3.65 as Ecorr for a metal corroding under
activation control. Activation control refers to a condition where the
rate-limiting step for the reaction is charge transfer across the metal-
solution interface. The measurement performed on the inert platinum elec-
trode indicates the Eo value, sometimes referred to as the solution Eh, for
the dominant reduction reaction (see Figure 3.65). 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 measure-
ment does provide an indication of the solution's oxidizing strength.

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 KCl 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 Fig-
ure 3.66, 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 exhibited a peak after about 250 hours of exposure. The increase
in potential over the first few hundred hours of exposure is common in sys-
tems where film formation or passivation occurs. The range of potential
from -0.8 to -0.4V (Ag/AgCl) is probably in the Fe3O4 domain of the E-pH
diagram. It should be noted that deposits had formed on both the cast steel
and platinum electrodes during the exposure.

It was thought that the drop in potential over the remainder of the exposure
may have been the result of reference electrode degradation. Accordingly,
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
whether 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.

3.2.3.4 Summary

One-thousand-hour autoclave exposures were performed on carbon steel speci-
mens in simulated basalt groundwater at 250 C under stagnant deaerated con-
ditions. The objectives of the exposures were to selectively reproduce cor-
rosion data for carbon steel in basalt groundwater at elevated temperature
and to elevate the influence of steel composition and microstructure, as
well as concentration of the groundwater on the corrosion behavior. General
corrosion rates were found to be low in the basalt groundwater under the
test conditions (<25 pm/y) and were not measurably different for the two
materials evaluated: a clean (low P and S) cast 1018 composition and a
wrought 1018 composition. Concentration of the groundwater by a factor of
10 decreased corrosion rates by about a factor of two.

Shallow pits (<20 pm) were found on most of the specimens in the exposures.
These pits were associated with breakdown of magnalite film found on the
specimen surfaces.
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Figure 3.66. Potential as a function of exposure time for cast clean 1018
steel and platinum exposed at 250 C in deaerated simulated
basalt groundwater containing crushed basalt.

Optical examination of 3-point bend specimens, which were included in the
autoclaves, indicated no evidence of SCC for either material evaluated.

Polarization resistance (PR) and corrosion potential measurements were per-
formed on specimens in the unconcentrated groundwater exposures. Reasonable
agreement was found between corrosion rates predicted from the polarization
resistance measurements and those obtained from weight-loss. PR values
increased (1/PR values decreased) over most of the exposure period indicat-
ing a decreasing corrosion rate with time.
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3.2.4 Literature Survey on Stress-Corros`on
Cracking of Carbon Steels

A survey of the literature was performed on stress-corrosion cracking (SCC)
of low-strength carbon steels in repository environments. This survey, sub-
mitted to NRC as a topical report (NUREG/CR-3861) (Ref. 3.5), is summarized
below.

SCC of low-strength carbon steels has been observed in a number of environ-
ments. Some of the cracking agents identified for carbon and low-alloy
steels are:

* N03 -
* OH-
e C03= - HC03
e CO - C02 - H2 0
* P04-

3

e Water - 02
* Water - Cl- - Oxidant
e MgC12 (Ni Alloys)
* H2S04 - KI
* Nonaqueous liquid NH3.

In all the environments in which electrochemical studies have been per-
formed, stress-corrosion cracking occurs over an electrochemical potential
range exhibiting a critical balance between active and passive behavior,
which is reflected in the potentiodynamic-polarization curves. This rela-
tionship between passivation and stress-corrosion cracking is the basis for
the dissolution mechanism for stress-corrosion cracking (Ref. 3.22). In
this mechanism, the walls of the crack are passivated while plastic deforma-
tion continually bares unfilmed metal at the crack tip, which undergoes
rapid dissolution. 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 mechanism and additional supporting evidence are
given by Parkins (Ref. 3.22).

The results of the mechanical-effects studies of SCC also are quite consis-
tent with the dissolution mechanism. In most of the systems studied,
stresses approaching the yield stress apparently are necessary for SCC to
initiate. This behavior may simply reflect the necessity for significant
plastic deformation to occur. Historically, use of this knowledge to limit
SCC either by decreasing applied residual stresses or by increasing yield
stress of the material has met with only limited success. One reason for
this is the 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 an alloy's composition or microstruc-
ture to increase its yield stress may actually increase the probability that
cracking will occur because of detrimental effects on the material's elec-
trochemical behavior or the increased likelihood of hydrogen embrittlement.
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One desirable feature of the dissolution model for stress-corrosion cracking
is that it enables a rapid prediction of the potency of an environment on
the basis of electrochemical measurements. Possible stress-corrosion crack-
ing environments are those in which a pronounced active-to-passive transi-
tion is observed in the potentiodynamic-polarization curves or in current-
time data. Actual cracking velocities also can be estimated on the basis of
electrochemistry. Indeed, Parkins (Ref. 3.23) found a good correlation
between the peak current densities measured on relatively bare metal sur-
faces with measured cracking velocities, as shown in Figure 3.67. The
straight line in Figure 3.67 is calculated from Faraday's Law,

iaM
v = 7Fd
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Figure 3.67. Measured stress corrosion crack velocities and current densi-
ties passed at a relatively bare surface for ferritic steel
in a variety of solutions (Ref. 3.23).
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where

ia = anodic current density
M = atomic weight
Z = valency
F = Faraday's constant
d = alloy density

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

Results of the preliminary electrochemical studies performed on a 1018 car-
bon steel in a basalt groundwater suggest that some slight susceptibility to
SCC may exist in the bulk environments. However, most stress-corrosion
cracking problems of technological importance occur in systems where the
bulk environment is relatively innocuous, but where potent cracking environ-
ments develop locally (for example, caustic cracking in boilers and
carbonate/bicarbonate cracking of pipeline steels). Thus, one must examine
the bulk environment to identify potential cracking agents and also examine
possible mechanisms for concentration of these agents.

Unfortunately, a number of potential cracking agents are present at low con-
centrations in the candidate repository environments. These include carbon-
ates, hydroxides, phosphates, nitrates, chlorides, and oxygen. Phosphates
and nitrates may enter a repository by the intrusion of groundwater contain-
ing fertilizers, and it appears that cracking induced by phosphates is sig-
nificant at low temperatures. Moreover, nitrate may be generated by radio-
lysis of N2. To complicate the problem further, species other than those
currently identified also may promote cracking, because any species capable
of promoting passivation also is a candidate stress-corrosion cracking
agent. Along these lines, Koch and Thompson (Ref. 3.24) recently performed
a literature survey of inorganic ionic species that affect corrosion of iron
and iron-base alloys. Their findings, summarized in Table 3.39, show that
the cracking agents N03-, C03=, P04 , and I- inhibit general corrosion of
steels, as is well known. Additional general-corrosion inhibitors of steels
which are present in repositories include Mg++ and Ca++, silicates, and
B03=.

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 hydroly-
sis occurs. Thermogalvanic corrosion, which can occur where there are grad-
ients in the overpack skin temperature, separates the oxidation and reduc-
tion 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, the literature includes only limited data
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Table 3.39. Summary of the effects of various ions on the corrosion of
iron-base alloys (Ref. 3.24).

Anion Effect Cation Effect

Cl -

BR-

1-

I-

F-

S04 - 2

S03 - 2

C1o 3 -

C1o 3 -

Tc04 -

CrO4-2

Cr2 07 -2

N03 -

N02_

MnO 4

I03-

As0 2 -

AsO4
3

As04 -3

P04 - 3

HPo 4- 2

H2P04 -

C0 3- 2

B40-2

B03-3

MoO4~2

W04-
2

Silicate

Accelerate

Accelerate

Accelerate

Inhibit

Accelerate

Accelerate

Accelerate

Accelerate

Inhibit

Inhibit

Inhibit

Inhibit

Inhibit

Inhibit

Inhibit

Inhibit

Inhibit

Inhibit

Decrease Strength

Inhibit

Inhibit

Inhibit

Inhibit

Inhibit

Inhibit

Inhibit

Inhibit

Inhibit

Cu+ 2

Cu+ 2

Zn+2

Mg+2

Fe+2

Cr+2

Accelerate

Inhibit

Accelerate

Inhibit

Inhibit

Accelerate

Accelerate
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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 ampli-
fication. In addition to the previously discussed effect of generating
potential cracking agents, radiation also will move the Eh of the ground-
water in the noble direction. Ford (Ref. 3.25) 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 dia-
gram, as shown in Figure 3.68. These data show that the cracking domains
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 Fe3O4. Although data on Eh values in repositories are lim-
ited and of questionable accuracy, many repository environments are con-
sidered to be highly reducing, and thus the radiation fields may move the Eh
values into these cracking domains. Furuya (Ref. 3.26) demonstrated a simi-
lar effect in SCC studies of sensitized Type 304 stainless steel.

+2

Fe3 +

+1

w~~~~~~~

4-
C02

CL ~Fe2+

-1 ~~Fe Fe3O4

0 7 14

pH250 C

Figure 3.68. Potential-pH diagram for iron with cracking domains for some
of the potent cracking agents (Ref. 3.25).
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This literature survey leads to the following conclusions:

* A number of potential cracking agents are present at low concentra-
tions in repository environments.

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

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

* Potential concentrating mechanisms include heat transfer, pitting,
crevice corrosion, and thermogalvanic corrosion.

* The influence of radiation fields on stress-corrosion 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 ferric ions or nitrates.

* 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 estab-
lish these data under realistic conditions where synergistic effects of
other species in the waste repository are considered. These studies can be
accomplished through electrochemical screening of the environments, followed
by selected stress-corrosion tests. Because it is an accelerated test
allowing rapid evaluation, the slow strain rate test for stress corrosion is
probably the most promising. Where evidence of cracking susceptibility is
observed, it may be desirable to perform fracture-mechanics tests to accu-
rately measure cracking velocities.

In addition, physical modeling of possible concentrating mechanisms must be
performed to more accurately assess the likelihood that these mechanisms
operate and to bound the upper limits of concentration for each. Identify-
ing and quantifying mechanisms where selective concentration of a single or
of a few species occurs is especially important in relating the modeling to
the laboratory studies. Finally, the model should be verified through
experimentation.
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3.2.5 Slow Strain Rate Studies

3.2.5.1 Objective

The objectives of the slow strain rate studies were (1) to evaluate the
influence of environmental variables on the stress-corrosion cracking (SCC)
susceptibility of carbon steels in simulated repository environments and,
(2) evaluate the predictive capability of the potentiodynamic polarization
technique in assessing SCC susceptibility.

3.2.5.2 Approach

In the slow strain rate (SSR) technique, a tensile specimen of metal is
strained to failure at a very slow rate in the p ssible cracking environ-
ment. Typically, this rate is 10-6 to 10-7 sec-1, which is 4 to 5 orders of
magnitude slower than rates used in normal tensile tests. Stress-corrosion
cracking susceptibility is indicated by a degradation in tensile properties
over those observed in an inert environment, for example, a decrease in
failure time, maximum load, strain to failure, or reduction in area. SCC
susceptibility also can be measured by metallographically sectioning the
specimen, following testing, and measuring the maximum depth of secondary
cracking in the gauge length. This crack depth can be divided by the test
time to obtain a cracking velocity. In these studies, the latter technique
was used most extensively, although measurement of the mechanical parameters
was made on all tests.

The majority of the SSR experiments were performed on hot-rolled 1020 carbon
steel, although several early experiments were performed on cold-rolled
1018 carbon steel. The compositions of these steels are given in Table 3-8.
The SSR specimens were 0.635 cm in diameter with a reduced gauge section
0.25 cm in diameter and 1.27 cm long. Prior to testing, the reduced section
of each specimen was abraded with progressively finer SiC paper down to
No. 600.

SSR experiments were performed at ambient pressure and temperatures up to
90 C, as well as at elevated pressures and temperatures up to 315 C. The
tests were performed both under freely corroding conditions and under poten-
tiostatic control. For the autoclave experiments, the techniques described
in Autoclave Studies (Section 3.2.3) were used, with modification for the
potentiostatic experiments. In the latter, an external pressure balanced
Ag/AgCl electrode operating at 25 C was used for potential measurements, and
the autoclave body was used as an auxiliary electrode. The ambient pressure
tests were performed in PTFE* vessels sparged with N2 to maintain deaerated
conditions. A saturated calomel electrode (SCE), Luggin probe, platinum
auxiliary electrode, and potentiostat were used to control the potential in
the potentiostated tests.

The SSR experiments have been divided into three types: preliminary experi-
ments in basalt groundwater, experiments in solutions from the matrix used

*Polytetrafluoroethylene.
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in the potentiodynamic-polarization studies, and experiments in selected
cracking environments. Results of these studies are described below.

3.2.5.3 Preliminary SSR Experiments in Basalt Groundwater

Slow strain rate tests were performed on cold-rolled 1018 carbon steel spec-
imens (obtained from a commercial supplier in the standard basalt ground-
water at 90 C and a strain rate of 6 x 10-' sec- 1. The tests were performed
over a potential range of -0.5 to -0.7 V (SCE), selected on the basis of the
results of the potentiodynamic-polarization behavior. This potential range
lies in the region of the active-passive transition in the anodic polari-
zation curve; in this region, SCC of carbon steel is observed in all the
cracking environments studied electrochemically. Results of the tests,
given in Table 3.40, show that the materials' mechanical properties were
similar in the basalt and inert environments. Moreover, optical examination
of the specimens did not indicate any evidence of susceptibility to SCC.
The small values of elongation to failure resulted from use of cold-worked,
rather than hot-worked, material. Use of this material had the advantage of
reasonably short failure times, even though the strain rate was quite low.

Table 3.40. 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 basalt groundwater at
90 C and a strain rate of 6 x 10-7 sec-1.

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

Oil at 90 C 26.2 4.75

Air at 25 C 24.0 4.31

A single test also was performed in basalt groundwater at 250 C at -250 mV
(saturated Ag/AgCl) and a strain rate of 6 x 10-7 sec-1. This potential was
selected on the basis of the results of the potentiodynamic-polarization
experiments performed at 250 C. No cracking was found in the gauge length
of the specimen.
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3.2.5.4 Slow Strain Rate Experiments in Solutions From the
Statistical Design Matrix

Slow strain rate (SSR) experiments were performed on several solutions from
the statistical design matrix of potentiodynamic polarization curves. The
chemical compositions of these solutions are given in Table 3.41. Note that
these solutions covered a broad range in concentration for most of the spe-
cies evaluated in the potentiodynamic polarization studies. These solutions
were selected for evaluation in the SSR experiments based on one of two cri-
teria: (1) the maximum current in the fast scan of the potentiodynamic
polarization experiment exceeded 1 x 10-3 A/cm2, or (2) there was an order-
of-magnitude difference between current densities for the fast and slow scan
potentiodynamic polarization experiments.

Table 3.41. Compositions of solutions from statistical design
were used in the slow strain rate experiments.

matrix that

Solution Composition, mg/l
Number pH NO3 CO3 HCQ3 Cl F Fe B03 SiO3

5 6.2 2,000 0 4,980 100 2,950 1.8 2,000 112

8 9.2 0.2 52,000 18,100 100,000 3,000 3.0 50 50

21 9.3 0.2 60,000 24,000 112,500 10 23.4 52 60

23 9.7 0.2 168,000 21,000 100 10 10.7 1,943 15

31 9.6 2,000 53,000 37,500 100 10 6.6 26 35

57 7.2 2,000 0 4,540 100 5,425 2.8 1,920 340

Fast scan and slow scan polarization curves for the six solutions evaluated
are given in Appendix C, and a summary of the potentiodynamic polarization
parameters is given in Table 3.42. The potentiodynamic polarization curves
for the high nitrate, low bicarbonate solutions (solutions 5 and 57) were
the most difficult to interpret since they did not exhibit classical active/
passive transitional behavior. On the other hand, the low nitrate solutions
and solution 31, which contained high nitrate and carbonate/bicarbonate,
exhibited active-passive behavior in most cases. For the nitrate solutions,
the observed decreases in current with decreasing scan rate in the potentio-
dynamic polarization experiments is indicative of passivation of the
electrode.

A summary of the results of the SSR experiments is given in Table 3.43.
These data show that SCC occurred in all of the environments examined except
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Table 3.42. Summary of potentiodynamic polarization parameters for 1020 carbon steel in the test solutions
used in the SSR studies.

Imax(b)
AImay(a) Ratio Slow Scan

Solution ImaxA/cm2 at Emax(c) at at Emax at(c) Icor Ecor Ipas
Number Slow Fast Fast Emax Fast(c) Emax A/cm2 V (SIE) A/cm2

5 2.3 x 10-3 - >4.4 x 10-2 - >7 x 102 - 1.0 x 10-4 -0.325 7.8 x 10-4

8 4.4 x 10-4 1.6 x 10-3 1.1 x 10-3 1.1 x 10-3 2.54 2.54 4.2 x 10-5 -0.891 2.3 x 10-5

21 5.6 x 10-5 6.2 x 10-3 6.2 x 10-3 6.1 x 10-3 4.4 x 102 110 2.0 x 10-6 -0.940 1.5 x 10-5

23 8.6 x 10-3 2.7 x 10-2 2.7 x 10-2 1.8 x 10-2 4.1 x 102 3.1 3.3 x 10-5 -0.876 6.5 x 10-5

31 8.0 x 10-4 3.4 x 10-3 3.3 x 10- 3 2.6 x 10-3 3.3 x 101 3.2 8.6 x 10-6 -0.562 1.1 x 10-4

57 - 8.7 x 10-3 8.7 x 10-3 - 2.1 x 103 - 3.7 x 10-5 -0.325 1.0 x 10-4

(a) Imax = Imax (fast) - I (slow).
(b)j max ratio = Imax fast/I slow.
(C)Almax and Imax ratio were measured two ways: at Emax' the difference or ratio of currents was based

on maximum currents; at Emax fast; the difference or ratio of currents was measured at Emax Of fast scan.



Table 3.43. Summary of results-of SSR experiments performed on solutions
from potentiodynamic yolarization matrix at 75 C and a strain
rate of *2 x 10-7 sec .

Reduction Time to Cracking
Solution Potential in Area, Failure, Velocity,
Number V (SCE) percent hours mm/sec

8 -0.700 5.3 151 6.07 x 10-7
8 -0.750 10.8 154 4.50 x 10-7
8 -0.800 20 201 NC**

5* -0.400 4.0 342 NC
5* -0.500 7.0 216 NC
5 -0.800 22 187 NC

21 -0.700 25 190 NC
21 -0.800 20 161 4.58 x 10-7
21 -0.900 21 213 NC

23* -0.700 28 288 NC
23* -0.800 10 290 1.98 x 10-7
23* -0.900 35 332 NC

31 -0.700 - 141 5.17 x 10-7
31 -0.800 - 130 1.00 x 10-6
31 -0.850 15 167 2.83 x 10-7

57 -0.400 5.0 133 9.55 x 10-7
57 -0.500 17 124 9.51 x 10-7

*Strain rate = 1 x 10-7.
**NC = no cracking.

solution 5. The absence of cracking in solution 5 is somewhat surprising
considering the fact that cracking occurred in solution 57, which had a very
similar composition. The major differences between the two solutions are
the higher pH and higher fluoride composition of solution 57. Comparison of
Table 3.41 and Table 3.43 indicates that a known SCC species was present in
all of the experiments in the environments that produce cracking. Thus, no
new cracking agents were identified in this study. Of course, it is con-
ceivable that other environments in the test matrix, which did not contain a
known cracking species, also could give rise to SCC. However, the potentio-
dyanmic polarization studies did not indicate the presence of such an
environment.
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For the carbonate-containing environments, it is clear that the criteria for
selecting cracking environments are effective. Although it is more diffi-
cult to apply the criteria in the nitrate solutions, these criteria also
appear to be effective in nitrate solutions. Of course, non-cracking envi-
ronments would need to be tested to assure that cracking is unlikely when
the criteria are not met.

Several other conclusions can be made from the data in Tables 3.41 through
3.43. For example, the occurrence of SCC in solution 21 demonstrates that,
i'n the presence of carbonates, high chloride concentrations will not com-
pletely inhibit SCC. This observation has significant implications for the
salt repositories.

Attempts were made to correlate cracking susceptibility with the potentiody-
namic polarization parameters, such as maximum current, maximum current
ratio, and maximum current difference. The data, shown in Figures 3.69
through 3.71, do not indicate any apparent trend. Thus, while such correla-
tions are frequently observed for simple cracking environments such as
nitrates in distilled water, the complicated nature of the simulated ground-
water solutions may preclude this type of analysis.

3.2.5.5 SSR Experiments in Ferric Chloride Solutions

In the literature survey (Ref. 3.5), several species that may be present in
the repository were identified as potential stress-corrosion cracking (SCC)
agents. Of these, FeCl3 or chloride + ferric oxides or hydroxides are
potentially problematic, since chlorides are present in the groundwater and
overpack corrosion will generate ferrous ions that may be oxidized to ferric
ions by radiolysis or oxygen ingress. Strauss and Bloom (Ref. 3.27) first
reported on the SCC of low-carbon steels by ferric chloride solutions in
1961. They observed transgranular cracking in pressurized capsule tests at
316 C at very low concentrations of ferric chloride, 0.001 M, and in aqueous
slurries of FeOOH or Fe2O3 and NaCl. However, NaCl + Fe3O4 did not produce
cracking (see Table 3.44).

Although the SCC observed by Strauss and Bloom may be relevant to overpack
performance, they did not establish whether SCC of carbon steel would occur
at lower temperatures, more typical of waste repositories, or in more com-
plicated aqueous solutions containing typical groundwater species. More-
over, it was not evident from the original reference whether cracking
occurred in the vapor or liquid phase within the capsules. Accordingly, an
experimental investigation was undertaken to reproduce the SCC observed in
the original reference and to examine the influence of temperature and solu-
tion chemistry on SCC of low-carbon steels in these ferric-chloride
solutions.

Initially, slow strain rate tests were performed on hot-rolled 1020 carbon
steel in 0.001 M ferric chloride at 315 C over a range of strain rates to
attempt to reproduce the SCC data and to establish the optimum strain rate
for subsequent SCC testing. SCC was readily produced in the liquid phase.
The cracking was transgranular, with some branching (see Figure 3.72), and
was similar in morphology to that reported by Strauss and Bloom.
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Table 3.44. Effect of various solutions and slurries containing Fe (III)
and/or chloride on cracking at 316 C (Ref. 3.27).

Capsule Contents Results of Treatment*

(.1) 0.001 M FeCl3

(2) 0.0001 M FeC13

(3)
(4)

(5)
(6)

(7)

0.0005 M Fe2(S04)3
0.001 M Fe(N03)3
0.003 M NaCl

0.001 M NaCl

0.1 M NaCl

(8) 1 M NaCl

(9) Aqueous slurry of y-FeOOH con-
taining 0.6% Cl-

(10) Aqueous slurry of y-FeOOH gen-
erated by corrosion in 0.0005%
Cl-

(11) Aqueous slurry of y-FeOOH gen-
erated by corrosion in high-
purity water

(12) Slurry of y-FeOOH in line 11
and 0.0001 M FeCl3

(13) Aqueous slurry of a-FeOOH con-
taining 0.01% Cl

(14) Supernatant liquid y-FeOOH
slurry in line 9

(15) Slurry of a-FeOOH in line 13
and liquid in line 14

(16) Slurry of a-FeOOH containing
0.001% Cl- and 0.003 M NaCl

(17) Slurry of y-Fe203 containing
0.01% Cl- and 0.003 M NaCl

(18) Slurry of a-Fe 203 containing
0.02% Cl- and 0.003 M NaCl

(19) Slurry of Fe304 contianing
<0.01% Cl- and 0.003 M NaCl

Capsules cracked and leaked within 6
to 15 hours.

Very shallow cracks were produced
within 1 week.
No cracking observed within 1 week.

No cracking observed within 1 week.

No cracking observed within 1 week.

No cracking observed within 1 week.

Slight attack at weld junction within
1 week.

Localized corrosion in martensite
penetrated welds within 20 hours.

Capsules cracked and leaked within
6 hours.
Capsules cracked and leaked within
12 hours.

No cracking observed within 1 week.

Capsules cracked and leaked within 16
to 18 hours.

Shallow cracks were produced within
1 week.

No cracking observed within 1 week.

Capsules cracked and leaked within
3 to 4 hours.
Moderately deep cracks were produced
within 1 week.

Moderately deep cracks were produced
within 1 week.

Very deep cracks were produced within
1 week. One capsule cracked and
leaked within 4 days.

No cracking observed within 1 week.

*At least three and usually more capsules were given each treatment.
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section of hot-rolled
0.001 M FeCl3 at 315 C

Figure 3.72. Optical photograph of metallographic
1020 carbon steel specimen tested in
and a strain rate of I x 10- /s.

Table 3.45. Summary of results of slow strain rate experiments performed
on hot-rolled 1020 carbon steel
and at various strain rates.

in FeCl3 solutions at 315 C

Maximum Time
Strain Solution Crack to Crack
Rate Composition Depth Failure Velocity
(s'1) (M) (mm) (hours) (mm/s)

1 x 10-8 1 x 10-3 0.30 393 2.10 x 10-7
6 x 10-8 1 x 10-3 0.11 146 2.09 x 10-7
6 x 10-7 1 x 10-3 0.20 59.2 9.53 x 10-7
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A summary-of the results of slow strain rate tests performed at various
strain rates is given in Table 3.45. These data show that susceptiblity,
based on maximum depth of cracking, was highest at the lowest strain rate.
This is unfortunate, experimentally, since a slow strain rate test at
1 x 10- 8/sec may last several weeks or more. For all subsequent work, an
intermediate strain rate, 1 x 10-7/sec, was selected.

Significant general attack occurred on the specimens exposed to the
1 x 10-3 M FeCl3 solution at 315 C; acccordingly, it was speculated that
cracking would be at least as severe at lower FeCl3 concentrations. Subse-
quent specimens tested in 5 x 10-4 M FeCl3 solutions exhibited about the
same susceptibility to cracking, but the morphology of the attack was
altered by the change in solution concentration. Whereas the cracks in
specimens tested in 1 x 10-3 M FeCl were generally well defined, with sharp
tips, those tested in 5 x 10-4 M FeCl3 exhibited blunt crack tips (see Fig-
ure 3.73). Lower FeCl3 concentrations were not studied since
5 x 10-4 M FeCl3 corresponds to about 50 ppm chloride, which is well below
the nominal chloride concentration of basalt groundwater.

The effect of temperature on the stress-corrosion cracking of hot-rolled
1020 carbon steel was studied in 5 x 10-4 M FeCl at a strain rate of
1 x 10-7/sec. The results, summarized in Table 3.46 and Figure 3.74, show
that susceptibility to SCC reached a maximum between 150 C and 200 C and
decreased rapidly above or below this temperature range.

The morphology of the cracking was similar over the temperature range stud-
ied with blunt transgranular cracks. However, some temperature effects on
morphology were evident. More corrosion products/oxides appeared to be
present in the cracks at the lower temperatures. In addition, at 175 C,
there was considerable pitting on the gauge section of the specimen and the
cracks appeared to have nucleated at the base of the pits. At 125 C, the
lowest temperature tested, only shallow groove like features were evident in
the gauge length of the specimen (see Figure 3.75).

Studies were also performed on the effect of solution pH on SCC of carbon
steel in 5 x -0-4 M FeCl3. SSR tests were run at a strain rate of
1 x 10-7 sec in FeCl3 solutions in which the pH was adjusted with NaOH;
the pH was about 3 for the 5 x 10-4 M FeCl3 solution in which no NaOH was
added. The tests were performed in static autoclaves at 175 C, and the pH
of the solutions increased 1 to 3 units as a result of contact with carbon
steel, as shown in Table 3.46.

Results of the SSR tests performed in the pH-adjusted solutions are also
given in Table 3.46. These data show that SCC severity decreased with
increasing pH and that negligible SCC occurred at an initial pH of 5.0.

Optical examination of metallographic sections of the specimens following
testing indicated that the specimen tested in the pH-4.6 (initial value)
solution experienced intergranular attack, in addition to transgranular SCC
and pitting, as shown in Figure 3.76. As discussed above, the latter two
forms of corrosion have been observed on specimens tested in the lower
initial-pH solutions.
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Figure 3.73. Optical photograph of metallographic section of hot-rolled1020 carbon steel specimen tested in 0.0005 M FeCl3 at315 C and a strain rate of 1 x 10-7/sec.
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Table 3.46. Summary of results of slow strain rate experiments performed
on hot-rolled 1020 carbon steel in aqueous 5 x 10-4 M FeCl3
at a strain rate of 1 x 10-7 sec-1.

Maximum
Crack Time to Crack

Temperature Depth Failure Velocity Initial Final
(C) (mm) (hours) (mm/sec) pH pH

315 0.28 282 2.75 x 10-7 3.00 3.00

275 0.12 165 2.05 x 10-7 2.75 3.42

250 0.14 148 2.67 x 10-7 2.60 5.60

225 0.52 164 8.80 x 10-7 3.00 5.10

200 0.45 188 6.65 x 10-7 3.30 4.80

175 0.59 211 9.37 x 10-7 3.10 4.50

150 0.33 254 3.61 x 10-7 3.00 5.25

125 0.07 366 5.30 x 10-8 2.90 5;90

175 0.28 272 2.86 x 10-7 4.00* 6.50*

175 0.44 208 5.88 x 10-7 4.60* 5.60*

175 0.046 494 2.59 x 10-8 5.00* 6.10*

*pH adjusted with NaOH prior to testing.
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a. Photomicrograph of gauge section
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b. Low-power photograph of gauge section of specimen.

Figure 3.75. Optical photographs of hot-rolled 1020 carbon steel
specimen following slow strain rate testing at 125 C
in aqueous 5 x 10-4 M FeCl3 at a strain rate of
1 x 10-7 sec1.
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a. Photomicrograph of gauge section.
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b. Photomicrograph of a crack shown in (a).

Figure 3.76. Optical photographs of hot-rolled 1020 carbon
steel specimen following slow strain testing
in aqueous 5 x 10-4 M FeCl3 at a rate of
1 x 10-7 sec-1 with an initial pH of 4.6.
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3.2.5.6 Slow Strain Rate Experiments in Nitrate Solutions

Nitrate is another potent cracking agent identified in the literature sur-
vey. Possible sources of nitrate include intrusion of the repository by
nitrate containing surface waters or radiolysis. Although a considerable
amount of research has been performed on SCC of carbon steels in nitrates,
the effect of concentration on cracking susceptibility has not been studied,
in detail, at low concentrations; nor has the effect of groundwater species
on cracking been studied previously. The latter was addressed in the sta-
tistical experimental matrix, but those studies were performed at relatively
high concentration. However, a strong nitrate effect on cracking was not
apparent. This observation likely was the result of the difficulty encoun-
tered in intepreting the potentiodynamic polarization data for the nitrate
containing solutions. The severity of nitrate cracking also may have been
reduced somewhat by the presence of nitrites, added in equal molar quanti-
ties; nitrites are inhibitors of nitrate cracking. This approach allowed
the effect of the redox potential on the N03-/N02- ratio, and hence crack-
ing, to be studied. Nevertheless, the absence of an indication of a strong
nitrate effect on SCC warranted further study of this species.

Accordingly, SSR experiments were performed on hot-rolled 1018 carbon steel
in N03- solutions in which the effects on SCC of N0Q- concentration, cation,
and species present in basalt groundwater were studied. Prior to performing
the SSR experiments, potentiodynamic-polarization curves were obtained, at a
scan rate of 18 V/hr, to identify the optimum potential range for performing
the SSR experiments.

Potentiodynamic-polarization curves for 1018 carbon steel in 0.1 M, 0.01 M,
0.005 M, and 0.001 M NaNO3, and NH4NO3 solutions are given in Appendix D. A
summary of the parameters relevant to SCC, which were obtained from these
curves, is given in Table 3.47. These curves show that the more concen-
trated NaNO3 and NH4NO3 solutions exhibited passivation behavior; peaks were
evident on several of the curves and the reverse scans were generally at
lower currents than the forward scans. However, at the lowest concentration
tested, 0.001 M, there was little evidence of passivation in either solu-
tion. Based on the polarization behavior, potentials of -300 mV (SCE) and
-200 mV (SCE) were selected for subsequent SSR experiments with the NaNO3
and NH4NO3 solutions, respectively.

A summary of the results of the SSR experiments with NaNO3 and NH4NO4 solu-
tions is given in Table 3.48 and Figure 3.77. These data show that the SCC
severity was similar for the two cations and that SCC occurred in solutions
as dilute as 5 x 10-3 M. Severe general attack of the specimen was evident
in the most dilute nitrate solutions, an effect predicted from the potentio-
dynamic-polarization curves. In both solutions, the cracking was intergran-
ular and branching. A typical metallographic section is given in
Figure 3.78.

Included in Figure 3.77 are data for the cracking velocities predicted from
Faraday's Law and calculated from the measured currents on the fast-scan
polarization curves. Note that these predicted value are about an order of
magnitude lower than actual measured cracking velocities. This discrepancy
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Table 3.47. Summary of results of potentiodynamic-polarization experiments
performed on 1020 carbon steel in deaerated nitrate solutions
at 90 C and a scan rate of 18 V/hr.

Concentration Ecor Icor Epeak 'peak
Cation M V (SCE) A/cm2 V (SCE) A/cm2

Na 0.1 -0.675 4.2 x 10-5 - -

Na 0.01 -0.669 7.0 x 10-6 -0.345 2.0 x 10-2
Na 0.005 -0.695 7.7 x 10-5 - -

Na 0.001 -0.730 4.8 x 10-6 - -

NH4 0.1 -0.580 5.6 x 10-4 -0.20 2.3 x 10-2
NH4 0.01 -0.630 5.7 x 10-5 - -
NH4 0.005 -0.635 2.7 x 10-4 - -
NH4 0.001 -0.690 6.4 x 10-6 - -
Na* 0.1 -0.642 1.4 x 10-5 - -

*In basalt groundwater.

Table 3.48. Summary of results of slow strain experiments performed on
hot-rolled 1020 carbon steel in nitrate solutions at 80 C
and a strain rate of 2 x 10-7 sec-1. Tests in Na solutions
were performed at -0.3 V (SCE) while those in NH4 solutions
were performed at -0.2 V (SCE).

Reduction Cracking
Concentration in Area, Time to Velocity, Initial Final

Cation M percent Failure, h mm/sec pH pH

Na 0.1 1.5 41 4.5 x 10-6 7.2 8.8
Na 0.01 3.2 97 1.7 x 10-6 7.4 9.6
Na 0.005 3.3 69 1.6 x 10-6 6.2 9.0
Na 0.001 16.1 152 - 6.5 9.7
NH4 0.1 2.6 41 7.2 x 10-6 5.6 7.5
NH4 0.01 4.0 63 1.2 x 10-6 6.7 6.2
NH4 0.005 3.7 84 1.3 x 10-6 6.7 7.5
NH4 0.001 22.3 180 - 7.4 9.9
Na* 0.1 7.2 68 2.2 x 10-6 9.5 10.2
Na* 0.05 12.0 103 9.6 x 10-7 8.6 11.4

*In basalt groundwater.
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Figure 3.78. Optical photographs of metallographic section
following testing in 0.1 M NaNO3 at 80 C.

of SSR specimen

probably reflects the fact that the maximum currents on a bare surface are
potentially much higher than those measured by means of the fast-scan polar-
ization technique. Nevertheless, the curve slopes for the actual and
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calculated data were similar and, thus, the electrochemical data are capable
of predicting the effect of NO3 concentration on cracking velocities.

To investigate the effect of groundwater species on SCC In the presence of
N03-, two SSR experiments were performed in basalt groundwater doped with
NaNO3. Results of these experiments, given in Table 3.48 and Figure 3.77,
show that susceptibility to SCC was somewhat lower in the presence of the
species found in the basalt groundwater. This lower susceptibility may have
been a consequence of the higher pHs of the basalt groundwater solutions.

3.2.5.7 Summary

Slow Strain Rate (SSR) experiments were performed on carbon steel in basalt
groundwater, solutions from the statistical design matrix, and selected
established cracking environments. The objectives of these experiments were
(1) to evaluate the influence of environmental variables on SCC of carbon
steel in simulated repository environments and, (2) evaluate the
potentiodynamic-polarization technique in assessing SCC susceptibility. The
experiments were performed under deaerated conditions with potential con-
trol. Potentials selected for testing were based on the potentiodynamic-
polarization behavior.

In the basalt groundwater, no evidence of SCC was found at either 90 or
250 C at the optimum cracking potentials. On the other hand, a number of
cracking environments were identified from the statistical design matrix,
demonstrating the effectiveness of the potentiodynamic-polarization criteria
used to select the cracking environments. Established cracking species were
present in all of the environments that promoted SCC and, thus, no new SCC
species were identified. It was observed that high Cl or F- concentrations
did not completely inhibit SCC in the presence of one established cracking
species; HC03-.

SSR experiments performed in FeCl3 and H05 solutions demonstrated that sig-
nificant SCC could occur at very low concentrations (ppm range). The FeCl3
cracking was found to be most severe at 175 C and pH values less than 5.

The pH and temperature dependency of the NQ1 cracking was not investigated,
but it was found that the cation (Na or NH4) did not greatly affect crack-
ing. It also was shown that the effect of N03 concentrations on SCC behav-
ior could be predicted from simple potentiodynamic-polarization tests.

3.3 Stainless Steel-Tuff System

3.3.1 Introduction

The current reference design for the tuff repository waste package includes
a thin stainless steel overpack. The reference horizon is located above the
water table, and thus the overpack will only intermittently contact with
groundwater. Under these conditions, it is likely that the groundwater will
concentrate at the heated overpack surface. While stainless steels are
resistant to general corrosion, they are susceptible to localized forms of
corrosion, such as SCC, in the presence of halides. Since halide
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concentrations sufficient to cause SCC could conceivably develop from rela-
tively dilute groundwater, scoping experiments were conducted to investigate
the performance of Type 304L stainless steel in the presence of concentrated
tuff groundwater.

3.3.2 Approach and Results

Stress-corrosion cracking experiments were performed on Type 304L stainless
steel in a simulated tuff groundwater. Two specimen geometries were used;
U-bends and cylindrical slow strain rate (SSR) specimens. The U-bend speci-
mens had dimensions of 12.5 cm by 1.91 cm by 0.159 cm, with 0.79-cm holes
drilled 1.9 cm from each end, and they contained longitudinal welds. Prior
to welding, surfaces were abraded through 120-grit silicon carbide. The U-
bend specimens were bent and stressed as described in ASTM-G30; the U-bends
were bent in a jig such that the legs were 25 degrees off parallel. A
0.63 cm-diameter Type 304L stainless steel bolt was then inserted into the
drilled holes, and tightened such that the legs were parallel. The bolt was
electrically isolated from the specimens with PTFE washers. The slow strain
rate specimens were cylindrical and had dimensions of 0.635 cm diameter, by
18.4 cm long, with a centered reduced-gauge section 0.254 cm in diameter by
2.54 cm long. The specimen surfaces were abraded with 120-grit silicon car-
bide finish. Compositions and mechanical properties for the specimen mate-
rials are in Table 3.49. The composition of the test solution is in
Table 3.50.

Three types of SCC experiments were performed with heated stainless steel
specimens: slow strain rate experiments, drip experiments, and wick experi-
ments. In the drip tests, U-bend specimens of Type 304L stainless steel
were hung over a 1,000-watt bayonette type heater; the specimens were elec-
trically isolated from the heater with PTFE sheathing. A thermocouple was
attached to one of the specimens and the specimens were heated to 150 C.
Tuff groundwater was dripped onto the highly stressed region of each speci-
men at a rate of 1 drop/80 seconds. The specimen remained wet for about
50 seconds after each drop.

Two drip tests were performed with duplicate specimens; one under fully aer-
ated conditions and one under partially aerated conditions (two parts nitro-
gen and one part air). The latter test condition was used because austeni-
tic stainless steels may be more susceptible to SCC under partially reducing
conditions than under aerated conditions in some chloride-containing envi-
ronments. Total test durations were 3,000 hours and 1,000 hours respec-
tively, for the fully aerated and partially aerated tests. Although deposit
build-up was evident on the specimens, no evidence of SCC or other forms of
localized corrosion were found following the exposure periods.

A single wick test was performed on two U-bend specimens of Type 304L stain-
less steel in tuff repository groundwater-at boiling temperature. A proce-
dure was used in which the specimens were wrapped around a cylindrical 1000-
watt heater and placed in contact with a glass wool wick, part of which was
immersed in the tuff groundwater. The specimens were electrically isolated
from the heater with PTFE sheathing. In 403 hours of exposure, no SCC or
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Table 3.49. Compositions and mechanical properties for Type 304L stainless steel stock used

in the SCC tests.

Tensile
Specimen Composition, Weight Percent Strength, Yield Reduction Elong.,

Type C Mn P S Si Cr Ni Mo Cu N Co Cb Ti Fe Heat ksi Point in Area %

SSR 0.022 1.55 0.024 0.025 0.63 18.31 9.26 0.36 0.46 0.072 0.16 0.01 0.002 Bal. D343 114.0 97.0 68.3 39.0

U-Bend 0.020 1.39 0.022 0.015 0.54 18.27 9.44 0.10 0.47 0.023 0.18 -- -- Bal. D489 81.9 38.9 -- 59.0

t



Table 3.50. Nominal composition
of simulated tuff
groundwater.

Ion Concentration (ppm)

Na 46

K 5.5

Mg 1.7

Ca 12

Cl 6.4

S04 19.2

HCO3 121

C03 0
Br --

F 1.9

NO3 12.4

SiO2 64.2

pH 7.0

localized corrosion was evident on
sit formation had occurred.

the specimens, although significant depo-

Finally, a single SSR test was performed on a heated Type 304L stainle s
steel specimen in a tuff groundwater at a strain rate of 1 x 10-7 sec- and
at a temperature of 175 C. The tuff groundwater was ultrasonically atomized
under partially aerated conditions (two parts nitrogen and one part air).
The specimen, which was electrically isolated from the heater with PTFE
sheathing, was heated by contacting the gauge section with a small bayonette
heater. No evidence of SCC was found on the specimen. The specimen failed
ductally after 684 hours with 53.6 percent reduction in area.

In summary, three types of stress-corrosior
Type 304L stainless steel in simulated tuff
deposited onto the specimens. These tests
tions; fully aerated and partially aerated.
any of the tests performed.

i tests were performed on
f groundwater that dried and
were performed under two condi-
I No evidence of SCC was found in
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4. INTERNAL CANISTER CORROSION

The amount of corrosion that will occur in the inside wall of a canister
containing high-level radioactive waste is difficult to predict for two rea-
sons: (1) there are few experimental data applicable to the long-term
intermediate temperature conditions to which the interior of the canister
will be subjected, and (2) a simple extrapolation of high-temperature
results may give misleading information at lower temperatures because dif-
ferent corrosion mechanisms may be involved.

During the filling process, the canister will be in contact for a short time
with the molten glass containing the high-level waste at high temperatures.
To the extent that corrosive agents are present at the metal-glass interface
during the solidification period, attack of the container may be initiated
during filling and cool-down of the canister. The initiation of pits In the
metal surface at the start of exposure could have a significant effect on
the lifetime of a canister, particularly if the material responsible for
initiating the pits is readily available in the waste glass. Thus, the gen-
eral approach to the problem of internal corrosion was to investigate metal
surface attack under accelerated conditions and utilize these data to
develop a model to predict canister life.

In the course of studies focused on the high-level waste storage problem at
DOE sites for several years, Type 304L stainless steel emerged as the prime
candidate material for the canister. This choice resulted from considering
the alloy properties required for the canister and the relative costs of the
candidate materials. Consequently, research was directed toward Investigat-
ing Type 304L stainless steel.

4.1 Background

Some experiments have been conducted with simulated waste glasses to inves-
tigate the performance of various alloys that have been suggested as cani-
ster materials. This research was performed primarily at the Savannah River
Laboratory and the Pacific Northwest Laboratory, where the technology for
radioactive waste storage is being developed. These experiments have
included Type 304L stainless steel, so experimental data on this alloy are
available for a number of exposure conditions.

In addition to this information on waste glass exposures, data are also
available in the literature on high-temperature corrosion of Type 304 stain-
less steel by various compounds. These data can be used to determine which
constituents of a waste form can be particularly corrosive to the canister
interior.

4.1.1 Savannah River Laboratory (SRL) Data

Several alloys, including Type 304L stainless steel, were investigated as
candidate canister materials at the Savannah River Laboratory (SRL)
(Ref. 4.1). Oxidation of Type 304L stainless steel by air entrapped during
the canister-filling process was evaluated from literature data. The auth-
ors at SRL calculated that an oxide layer from 0.25 to 0.64 mm (10 to
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25 mils) in thickness would be formed on the stainless steel during the
filling of a canister by the continuous melting of the waste glass.

Exposure tests in which a waste glass was heated in stainless steel capsules
at 100 C and 350 C for periods up to 10,000 hours resulted only in formation
of a thin corrosion layer, on the order of 13 pm (0.5 mil). However, tests
of the in-can melting approach by heating at 1150 C for 3 hours showed that
wall thinning amounting to 25 to 50 pim (1 to 2 mils) would occur in Type
304L stainless steel during the process.

Follow-on investigations at SRL to determine the long-term effects of both
actual and simulated waste glasses on Type 304L stainless steel and two low-
carbon steels also were conducted (Ref. 4.2). These tests were designed to
provide information pertinent to the continuous melting process.

Short-term tests at high temperature also were performed at SRL to compare
the corrosive effect of pure glass frits with that of a combination of frit
and simulated waste (Ref. 4.3). Four frits, whose compositions are shown in
Table 4.1, were used in the tests. Type 304L stainless steel was exposed to
each of the frits for 24 hours at 1050 C. The depth of penetration of the
steel that resulted from the exposures ranged from 0.33 to 0.67 mm (13.5 to
26.7 mils). The extent of penetration was found to be approximately propor-
tional to the Na2O content of the frit.

Table 4.1. Composition of glass frits used at Savannah River
Laboratory.

Metal Amount in Frit (Weight Percent)
Oxide No. 18 No. 211 No. 21 No. 411

SiO2 52.5 58.3 52.5 58.3
Na2O 22.5 20.6 18.5 12.5

8203 10.0 11.1 10.0 11.1
TiO2 10.0 -- 10.0 --

CaO 5.0 5.6 5.0 5.6

Li20 -- 4.4 4.0 12.5

The effect of exposure time at 1050 C also was observed during this work at
SRL. The penetration of the stainless steel as a function of time is shown
in Figure 4.1. Although there was a good deal of scatter in the data, the
general pattern for the four frits indicates that the slope is about the
same for all of them. Protective oxide layers apparently were not developed
in the 24-hour period because there was no indication that the rate of pene-
tration was decreasing as time progressed.
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Figure 4.1. Penetration of Type 304 stainless steel as a function
of exposure time at 1050 C.

When simulated waste was incorporated into Frit 411 to form a waste glass,
the penetration of the stainless steel was reduced significantly. Whereas
the pure frit caused a 0.33-mm (13.5-mil) penetration in 24 hours at 1050 C,
the combination of 75 weight percent frit and 25 weight percent waste resul-
ted in only a 0.04-mm (1.7-mil) penetration. The reason for this reduction
in corrosiveness was not determined, but because the main components of the
simulated waste were iron, aluminum, manganese, calcium, and nickel, it is
possible that the iron and aluminum combined with the sodium oxide to form
ferrite and aluminate, thereby reducing attack by the alkali.

The Type 304L stainless steel also was exposed to Frit 211 at 1150 C. This
frit has the highest Na2O content of those under consideration and thus is
potentially the most corrosive. After 24 hours, the penetration of the
alloy amounted to 0.44 mm (17.6 mils), as compared to the 0.65 mm
(25.9 mils) found at 1050 C for this frit. Differences such as this illus-
trate the difficulty in obtaining accurate measurements of corrosive attack
where penetration by pitting rather than general surface corrosion is the
mode of attack.
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4.1.2 Pacific Northwest Laboratory Data

The work at Pacific Northwest Laboratory (PNL) has focused on the in-can
melting process, where the container would be subjected to the molten glass
temperature for about 24 hours. Both surface oxidation by air and attack by
the molten glass were considered in their program.

Type 304L stainless steel was found to corrode at rates up to 35 mm/yr
(1400 mils/yr) on exterior surfaces of engineering-scale canisters heated to
1075 C in air (Ref. 4.4). This rate amounts to 0.1 mm (4 mils) of metal
wastage during the 24-hour exposure which would occur during the in-can
melting process.

The effect of 72-68 waste glass on the Type 304L stainless steel at tempera-
tures from 950 to 1150 C was also studied at PNL. As shown in Figure 4.2,
the metal wastage rate increased rapidly with temperature in this range.
Slightly higher rates occurred in areas exposed to the melt than in areas
exposed to the vapor above the glass. The values for the melt exposure,
converted to the amount of wastage in a 24-hour period, are shown in
Table 4.2.

1000

E

100 Melt

a~~~~~~~~~~~~~~ao

U

1000 1050
Melt Temperature, 'C

Figure 4.2. Corrosion rate of Type 304 stainless steel in 72-68
waste glass as a function of temperature.
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Table 4.2. Wastage of Type 304 stainless steel in
72-68 waste glass over a 24-hour period.

Wastage

Temperature (C) mm mils

950 0.003 0.1
1000 0.013 0.5
1050 0.074 2.9
1100 0.30 12.1
1150 3.15 126.0

These data indicate that there would be a significant initiation of attack
on the stainless steel during the melting process, particularly if the melt
temperature was not well controlled. Exposures of the stainless steel to
two other waste glass compositions at 700 C for 1 month resulted in corro-
sion rates of 10 and 15 jim/yr (0.4 and 0.6 mils/yr).

The corrosiveness of cesium-bearing glass also was investigated at PNL. A
melt of zinc-containing frit (1 part) and cesium carbonate (0.95 part) was
held at 900 C for 300 hours in contact with specimens of Type 304L stainless
steel. The melt and vapor phase attack amounted to 0.06 and 0.5 mm/yr (2.4
and 20 mils/yr), respectively. Intergranular penetration was 0.13 mm
(5.2 mils) as well. However, when the temperature of exposure was reduced
to 400 C, the corrosion rate in the melt dropped to <2.5 Um/yr (0.1 mil/yr).
Although the attack by cesium vapor would be less at the canister storage
temperature than was found in these experiments, it could still be important
in very long exposure times.

Other experiments conducted at PNL with additions made to a waste glass to
test the effects of specific components on the stainless steel gave the fol-
lowing results:

(1) One percent NaCl at 1000 C gave a corrosion rate of 0.64 mm/yr
(25.6 mils/yr) as compared to 0.73 mm/yr (29.2 mils/yr) for the
waste glass without additive. There was evidence that a volatile
chloride escaped from the melt, probably as a molybdenum or zirco-
nium compound, thus reducing the effect of the chloride and making
the validity of the test questionable.

(2) One percent NaF at 1000 C gave a corrosion rate of 5.3 mm/yr
(212 mils/yr) and caused intergranular attack.

(3) Silicon (1.5 weight percent) and Zircaloy-4 (20 weight percent)
caused intergranular attack on stainless steel when exposed for
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48 hours at 1050 C. The depth of penetration was 50 to 75 pm
(2 to 3 mils).

The NaF was by far the most aggressive of the added materials which were
tried, and its presence in a waste glass may be a significant cause of cor-
rosion, even at the low temperatures of long-term storage.

4.1.3 Oak Ridge National Laboratory Data

The compatibility of candidate canister metals with several different waste
forms was investigated at the Oak Ridge National Laboratory (Refs. 4.5,4.6).
Experiments were conducted by placing metal specimens in contact with disks
of the waste forms in spring-loaded capsules. The test exposures were made
at temperatures of 100 C and 300 C for 6888 or 8821 hours. A one-half hour
test at 800 C was made to simulate exposure to an accidental fire.

The results of these exposures showed that the effects of a simulated waste
glass on Type 304L stainless steel under such exposure conditions were very
slight. In the test at 100 C, a weight gain of less of 1 mg was attributed
to oxide formation, although it was not enough to change the metallic luster
of the samples. Similar results were obtained in the tests of 300 C, which
had a duration of 6888 hours. Scanning electron microscopy (SEM) and
energy-dispersive analysis by X-ray (EDAX) showed that the appearance of the
specimens and the chemical composition of the surface were the same as
observed for the original material.

In the test at 800 C for 0.5 hour, the glass melted and adhered to the
metal, so the post-test examination was limited to microscopic examination
of a mounted section. No evidence was found of any reaction between the
glass and the stainless steel as a result of this exposure.

4.1.4 Miscellaneous Data

There are data in the literature on the attack of various chemical compounds
on Type 304 or 304L stainless steel under different conditions of time and
temperature. In most cases, the results have been expressed as corrosion
rates of the alloy. These data are presented in Table 4.3. All of the
materials listed showed rates of attack on the stainless steel that would be
significant over long-term exposure.

4.2 Experimental Approach

The experimental investigation of internal canister corrosion was carried
out by exposing metal coupons to a reference waste glass under a 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 analyzing the corrosion products using EDAX-
S EM.
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Table 4.3. Corrosion rates of Type 304 or 304L stainless steel exposed
to various corrosive agents.

Temperature Time
Corrosive Agent (C) (hr) Corrosion Rate Reference

NaCl-KCl-MgC12(eutectic) 450-500 1000 10 pm/yr 4.7,4.8

NaCl 700 10 1.5 pm/hr 4.9

KC1 700 10 1.0 pm/hr 4.9

MgCl2 700 10 3.5 pm/hr 4.9

Sodium hexametaphosphate 700 120 3.8 mg/cm2-hr 4.10

Sodium polyphosphate 700 120 1.5 mg/cm2-day 4.10

NaOH 400 680 78.4 mg/dm2-day 4.11

NaOH 600 170 >1000 mg/dm2-day 4.11

Sodium metal 816 1000 0.05 pm/hr 4.12

Potassium metal 850 -- 2.5-15 pm/hr 4.13,4.14

Fluoride mixture 668-688 10000 38 pm/yr 4.15

Fluoride mixture 668-688 30000 25 pm/yr 4.15

Na2S04 + 1% NaCl 538 250 1.1 mm/yr 4.16

CaO 843 1000 0.8 mm/yr 4.17

4.2.1 Materials

Coupons of Type 304L stainless steel having the nominal dimensions 3.81 cm x
2.54 cm x 0.238 cm were used for the experiments. The specimens were pol-
ished to a 600-grit finish before use. Crucibles of Type 304L stainless
steel were fabricated by welding bases on short lengths of tubing. The cer-
tified analysis for the stainless steel sheet and tubing that were used for
the specimens and the crucibles are shown in Table 4.4.

A few specimens also were prepared from CF8 alloy, which is the cast equiva-
lent 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 4.5. 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 PNL,
was used for the coupon exposures. This glass is composed of two parts Frit
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Table 4.4. Certified analyses of Type 304L stainless steel.

Weight Percent

Component 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
Molybdenum 0.29 --

Table 4.5. Certified analysis of CF8 alloy.

Component Weight Percent

Carbon
Manganese
Phosphorus
Sulfur
Silicon
Chromium
Nickel
Molybdenum

0.052
0.069
0.119
0.017
0.93
20.59
8.48
0.11
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76-101 and one part Waste Type PW-8a. The chemical composition of the par-
ticular lot of glass from which the supply was obtained is shown in
Table 4.6.

4.2.2 Test Planning

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 multiple times.
The maximum test temperature was 900 C. Based on data reported in the lit-
erature, 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.

4.2.3 Laboratory Procedure

The metal coupons were exposed to the waste glass by heating in muffle fur-
naces 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 hrs 620 hrs 974 hrs
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
were taken from different regions of the furnace. When the specimens were
removed from the crucibles, the glass adhered to the surfaces in different
amounts 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 con-
tact with the glass were then examined for pitting attack using an optical
microscope. The measurements were made at a magnification of 200X using a
microscope equipped with a calibrated eyepiece.
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Table 4.6. Composition of PNL 76-68 glass.

Average Analysis Standard
of 3 Bars Deviation

Oxide (percent) (percent)

A1203

B203

BaO

CaO

CdO

Cr2 03

Cs2O

Dy2 03

Eu2O3

Fe 203

Gd2O3

K2 0

La 2 O3

MgO

MnO 2

MoO3

Na2O

Nd2O3

NiO

P205

Sio2

SrO

TiO2

ZnO

ZrO2

Total

0.84

8.65

0.62

2.29

0.05

0.50

1.21

0.01

0.01

9.08

0.03

0.09

4.89

0.18

0.06

2.17

11.60

1.65

0.25

0.56

40.33

0.49

2.86

4.75

2.33

95.50

0.03

0.06

0.01

0.04

0.01

0.02

0.08

0.00

0.00

0.12

0.01

0.03

0.06

0.01

0.00

0.01

0.95

0.01

0.03

0.08

0.81

0.01

0.04

0.08

0.04
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4.3 Results and Discussion

4.3.1 Pit-Depth Measurements

In all specimens, a relatively large number of small pits having depths of
5-10 pm were observed. The numbers of such pits increased with exposure
time at each temperature, as would be expected. The effect of exposure time
on pit development at 900 C is shown in Figure 4.3, where the pit distribu-
tion 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 pm 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 pm) 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 4.4. More small pits were observed
at this temperature than at 900 C, but there were very few pits deeper than
10 pm 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 Fig-
ure 4.4 illustrates, there were very few pits deeper than 20 pm, with a sin-
gle pit that reached a depth of 100 pm.

At 500 C, the number of 5-10 pm pits was approximately proportional to expo-
sure time, as shown in Figure 4.5. 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 pm.

The pit development at 300 C is presented in Figure 4.6. 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 pm depth were observed, and there were relatively few pits in the
15-20 pm range.

When the maximum pit depths for each time-temperature combination are con-
verted to penetration rates in micrometers/year, the resulting data produce
the curves shown in Figure 4.7. The maximum penetration rates plotted as a
function of exposure time at the four temperatures make a family of curves
that illustrate 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 pm/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 4.8.
These data result in a curve which indicates that a penetration rate of
15-20 pm/year would occur at a temperature of 200 C.
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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 pm/yr from this
calculation. This latter value is somewhat lower than that estimated in
Figure 4.7. The result obtained from the curve fitting is probably more
valid than that obtained by estimating the temperature trends shown in Fig-.
ure 4.7.

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

It should be emphasized that the maximum rates used to obtain the plots in
Figures 4.7 and 4.8 occurred for only a few pits at each temperature. Con-
sequently, if such attack rates were achieved at the canister wall for the
long term, there would still only be relatively few points of penetration.

4.3.2 Corrosion-Product Analysis

One of the mounted and polished specimens from each time-temperature combi-
nation was examined in the scanning electron microscope. Typical pits were
selected, and the composition of the corrosion products in these pits was
determined by EDAX analysis.

All specimens were examined by SEM, and the elemental analyses of the corro-
sion products were determined. A typical pit in a specimen exposed for
400 hours at 900 C, as shown in Figure 4.9, 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 likely that other phases exist in the waste glass.
Another pit in the same specimen contained a large amount (21.36 percent) of
zinc in addition to the base metal components. This concentration of zinc
is 5.6 times that present in the waste glass.

Pit growth increased with an 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 resulted in a typical pit having a
greater volume but not greater depth than that at 750 hours. The zinc con-
centration 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 4.10), the pit depth was substantially greater.
Note that the magnification is 200X rather than 100OX. The amounts of
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Figure 4.9. Energy dispersive X-ray analysis of 900 C specimen.
(400-hour exposure)
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Figure 4.10. Energy dispersive X-ray analysis of 900
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C specimen.

silicon, zinc, and
previous analysis.
ferent, however.

titanium in the pit were very close to those found in the
The distribution of base metal elements was quite dif-

Pits developed at 700 C were similar to those developed at 900 C. At
470 hours the pit was small, but there was grain boundary penetration to
7 pm. In addition to the elements found in the pits at 900 C, sodium and
vanadium were detected in small amounts. Pit development was greater after
890 hours at 700 C. The levels of silicon, zinc, titanium, and sulfur all
were higher in this case, with phosphorus and calcium appearing as well.
The analysis for pitting after 2664 hours is the first that did not show the
presence of zinc, although silicon, titanium, and sulfur were present in
small amounts, along with aluminum.
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Pits developed at 500 C 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, the pit depth was slightly greater, and
more elements were detected in the pit. However, the only one not previ-
ously detected in corrosion products was potassium. The pits were still
rather shallow after 2065 hours at 500 C. 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.

Although pits developed on the 300 C specimens during the 974-hour exposure,
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 sili-
con and sodium contents were unusual. A large amount of zinc was found in
the products on the 1826-hour specimen at 300 C. The other elements present
were typical of those found for other specimens that were analyzed. Only a
thin corrosion-product layer was found on the specimen exposed at 300 C for
3273 hours. However, there was grain boundary penetration as deep as 10 pm.
Only small concentrations of silicon and zinc were found in this case.

These analyses demonstrated that silicon, zinc, and titanium were almost
always present in the corrosion products, sometimes in large amounts.
Although 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.

4.3.3 CF8 Alloy Exposure

Enough material was available to prepare six 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 exposure condi-
tions 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 the Type 304L alloy.
Pit-depth measurements for the two worst specimens are shown below with com-
parable data for the corresponding exposure of the Type 304L stainless
steel:

Number of Pits

Pit depth ("m) CF8 304L

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 stain-
less steel. Apparently the inability of the waste glass to bond to the CF8
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alloy resulted in superficial pitting, with little penetration 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 4.11 illustrate this difference. The Type
304L had a typical austenitic structure, with small equiaxed grains and
annealing twins. On the other hand, the CF8 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, and this could account for greater bonding of the glass to the metal.
The small difference in chemical composition of the two alloys (Tables 4.4
and 4.5) 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.

4.4 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:

(1) Pits initiate rapidly on the metal surface at the exposure temper-
atures of 300-900 C, with more pits forming as the temperature is
increased.

(2) 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 pm/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 ele-
ments play a role in the attack on the metal.

(5) The presence of the same elements in the corrosion products at all
temperatures suggests 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 for canister use.

Thus, it appears likely that Type 304L stainless steel will contain high-
level waste glass for the retrieval period and probably the thermal period.
The cast version (CF8) may yield superior behavior. Since these tests uti-
lized simulated waste glass, it is recommended that confirmatory tests with
more prototypic glass be performed if credit for containment is to be taken.
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5. CORROSION MODELING STUDIES

The objective of the corrosion-modeling effort is to develop a set of com-
prehensive mathematical models for use in understanding the corrosion pro-
cesses associated with waste-container materials. Results of this modeling
work are used to relate experimental data to the physical mechanisms of
these processes and to direct further experiment work. Studies in this
effort have focused on pitting-corrosion modeling and general-corrosion
modeling.

5.1 Pitting-Corrosion Modeling

The development of pits on a container surface is considered to be an impor-
tant mechanism for the ultimate loss of container integrity. Modeling stud-
ies of pitting corrosion at Battelle have centered on three different
aspects of the overall process: pit-initiation kinetics, pit-growth kine-
tics, and the evolution of the pit-depth distribution. Actually, as is
described below in more detail, the last aspect is just a combination of the
first two; that is, if both the rate of pit generation on a container sur-
face and the rate of pit growth, once pits are generated, are known, then
the time-dependence of the pit-depth distribution follows directly. Of
course, additional considerations such as the "deactivation" or cessation of
growth of certain pits must also be considered. Nevertheless, it is pos-
sible to make some generalizations regarding the pit-depth distribution
without having full knowledge regarding either pit generation or growth.
Battelle's modeling efforts in these areas are summarized below.

5.1.1 Pit-Generation Kinetics

Battelle's analysis of pit-generation kinetics has been limited to general
observations and a review of some existing work in this area. Effects that
are characteristic of a repository environment, such as the ambient gamma-
radiation field, the transfer of heat across the container surface, and the
presence of chemical species that are unique to this environment, are not
treated and must be the subject of other studies.

5.1.1.1 Literature Review

A number of investigators have considered the problem of pit-generation kin-
etics. For example, Sato et al. (Ref. 5.1), in their studies of chloride
pitting associated with a rotating stainless-steel electrode in acid solu-
tion, found the pit-generation rate to be approximately constant in time.
On the other hand, Janik-Czachor and Ives (Ref. 5.2) have suggested that,
for their pitting-kinetics experiments, the function which describes the
pit-generation rate is of a "peaked" type, which they interpreted as prob-
ably being representative of a statistical distribution of pitting suscepti-
bilities existing on the metal surface, centered at a "mean" susceptibility
which is represented by a characteristic time of incubation. They found no
evidence for a time-independent pit-generation rate. Interestingly, in
their modeling studies of the evolution 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.
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Probably. the most comprehensive physically based model currently available
to describe pit-generation kinetics is one that was recently reported
(Refs. 5.3-5.5), consisting of a deterministic treatment of the statistical
nature of passive-film breakdown on metal surfaces. This model, which is
based on an earlier point-defect model for passive-film breakdown
(Refs. 5.6-5.8), has been used to obtain good (even quantitative) agreement
with existing experimental data.

5.1.1.2 Relationship Between Pit-Generation Rate and
Other Quantities

As pointed out above, the major aspects of pit behavior under consideration
(pit generation and growth and evolution of the pit-depth distribution) are
interrelated. Neglecting other aspects (such as deactivation of growing
pits), this relationship can be expressed quantitatively, as follows: Let
us assume that the rate of growth (or deepening), v, of a given pit is an
explicit function only of its instantaneous depth, h; that is, v = v(h). It
is also assumed that pits grow only by deepening. No account is taken of
growth in a lateral direction, which could eventually result in overlap of
adjacent pits.

Next, let G(t) be the rate per unit area at which pits are generated on the
metal surface at time t and let f(h,t) be the pit-depth frequency distribu-
tion, defined such that f(h,t)dh is the number of pits per unit area of sur-
face, at time t, having depth within the range h to h + dh. (No account is
taken of any dependence that the pit-depth distribution may have on spatial
coordinates.) Individual pits can be regarded as "points" in a one-
dimensional "pit-depth" space. As a given pit deepens, its characteristic
"point" moves along the one-dimensional space in the direction of increasing
h. The "flux", then, of such points crossing a given fixed value of h at
time t must be equal to the rate at which those particular pits were gener-
ated at the time they actually were generated. This statement can be
expressed mathematically as

( dh

v(h)f(ht) = G (- Afm) (5-1)

If pitting is assumed to begin at time t = 0, then Eq. 5-1 is valid only for
those values of h for which the argument of the G function is greater than
zero. For larger h values, f(h,t) = 0 since no pits have yet grown to these
larger sizes. Thus, if v(h) is known (for example, by direct measurement of.
pit-growth kinetics for individual pits) and if f(h,t) is measured at a
given time t, then G(t), for times up to the given value, t, can be esti-
mated by applying Eq. 5-1.

Deducing nucleation (or generation) rates from other measured properties of
a system is actually a common technique. Moreover, the subject has been of
Interest for many years and is still under investigation. For example, more
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than four decades ago Hull et al. (Ref. 5.9) described a method analogous to
Eq. 5-1 for calculating the nucleation rate of pearlite from austenite using
size-distribution data. They considered the special case for which the
growth rate of the pearlite species is independent of size.

These same authors also reviewed another method which involved calculating
the nucleation rate from measurements of the total concentration of pearlite
species as a function of time (Ref. 5.9). Indeed, an approach analogous to
the latter has been suggested by Janik-Czachor and Ives (Ref. 5.2) for
determining pit-generation rates. With this method, the instantaneous pit
concentration on a surface, n(t), is measured experimentally and related to
G(t) through the expression

G(t) = dn(t)/dt (5-2)

Eq. 5-2 would have to be modified as the area fraction of the container sur-
face covered by pits becomes appreciable. An analogous modification that
was included in the treatment of Hull et al. (Ref. 5.9) applied to pearlite.

The general problem of estimating nucleation and species growth rates from
measurements of more "global" properties continues to be a problem of inter-
est. This is shown, for example, in the recent work of Gokhale and DeHoff
(Ref. 5.10). It appears that information relative to pit-generation kine-
tics can be obtained from measurements of related quantities.

Finally, an analysis of crystal-size-distribution kinetics for glass cry-
stallization has been reported by Markworth (Ref. 5.11) using an approach
analogous to that leading to Eq. 5-1. That particular analysis, which can
also be applied to pit generation/growth kinetics, was conducted under this
project and serves to further illustrate the more general applicability of
the relationship summarized in Eq. 5-1.

5.1.2 Pit-Growth Kinetics

Modeling studies of pit-growth kinetics were carried out in successive
stages. First, a rather simple model was constructed in which ionic trans-
port within the solution inside the pit was considered. Then, effects of
electrode kinetics at the pit base were included. Finally, effects of chem-
ically active pit walls were studied. The results are summarized below in
this sequence following a brief review of existing research on pit-growth
kinetics.

5.1.2.1 Background and Review

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. The following gen-
eral relationship describes many types of pit growth:

h = a(t - to)b (5-3)
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where- h is the-depth, at time t, of a pit that had been generated at time
t < t, and where a and b are parameters that characterize the particular
pit-growth process. It has been found experimentally that, in a wide vari-
ety of cases, the parameter b lies within the range 0.3 < b < 1.

A few examples can be cited. A relationship similar to Eq. 5-3 was used
many years ago (Ref. 5.12) to describe the variation with time of the maxi-
mum pit depth for ferrous specimens in a soil environment. Somewhat more
recently (Ref. 5.13), 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 tests in almost 200 fresh waters, a
2,000-foot industrial water-carrying pipeline for an interval of more than
13 years, and the pitting of aluminum in seawater. A time dependence for
pit growth similar to that in Eq. 5-3 has also been discussed by Sato and
coworkers (Ref. 5.1). Finally, in an experimental study of the pitting cor-
rosion of carbon steel, Marsh et al. (Ref. 5.14) reported that the variation
with time t, in years, of the maximum pit depth, hmax, in mm, was as
follows:

hmaX = 8.35 to.46 . (5-4)

Clearly, the value of b in Eq. 5-4 (0.46) 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 pit geometry and the mass-transport processes
that contribute to pit growth. Also, since these factors, as well as the
experimental conditions (for example, temperature), in general vary with
time, the parameters a and b are likely themselves to be time-dependent,
particularly when pitting kinetics is considered as occurring over extended
periods of time.

A few very simple examples serve to illustrate the validity of Eq. 5-3 for
various pit geometries and rate-controlling kinetic processes. Without pre-
senting the details, it can be shown that:

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

h - (t _ to)1/3

* For dissolution-controlled growth of a hemispherical pit, with time-
independent and spatially independent current density across the pit
surface,
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h - (t - t0)
1

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.

o For a cylindrical pit of depth h, again having constant cross-
sectional area perpendicular to the growth direction, but growing by
chemical-diffusion-controlled migration of the metal-containing spe-
cies from the pit bottom to the upper surface,

h - (t - to)1/2

assuming time-independent values for the concentration of that spe-
cies 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 Eq. 5-3, despite the fact that the assumed pit geo-
metries and rate-controlling processes do vary from one case to another.
This may help explain why Eq. 5-3, in some form, is so often found to
describe pit-growth data.

It is, of course, desirable to place our understanding of pit-growth kine-
tics 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 corro-
sion, based essentially on the application of mass-transport kinetics to
simple pit geometries, have been developed over the years. Examples of
these can be found in the literature (Refs. 5.1, 5.15-5.23). In addition,
several detailed mathematical treatments of pitting corrosion have been
reported, for example, References 5.24-5.26. A related area, in which a
considerable amount of modeling has been carried out, is stress-corrosion
cracking of metals. A review of this topic has recently been presented
elsewhere (Ref. 5.27).

5.1.2.2 Binary-Electrolyte Pit-Growth Model for an
Inert-Wall Pit, With No Consideration of Electrode
Kinetics at Pit Base

As an initial step in developing a model for pitting corrosion of a waste-
package container, a simple model was initially developed based on the well-
known transport theory characterizing a "binary electrolyte", which is a
solution containing one type of cation and one type of anion. A detailed
discussion of the general theory of binary electrolytes has been presented
by Newman (Ref. 5.28). For our purposes, the cation represents the
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dissolving metal and the anion represents an "average' of all the anions
that may exist within the solution inside the pit.

The following assumptions are included in this model:

e The pit geometry, as illustrated in Figure 5.1, has two-dimensional,
rectangular symmetry (which could be easily generalized to a cylin-
drical configuration).

'I I I o - X= 0

r Inert Walls

… -_ _ - -X=h

Bare-Metal Base

X

Figure 5.1. Illustration of pit configuration used with binary-
electrolyte model.

* The pit walls are chemically inert, so that growth can occur only
along the pit length, which is taken to be parallel to the x-axis,
with growth occuring as a result of anodic dissolution of the bare
metal that is assumed to exist at the pit base located at x = h.
Current flow within the pit is likewise one-dimensional, since the
walls are chemically inert.
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* No chemical reactions occur within the solution.

* No convective flow of solution takes place.

a Ionic transport occurs under steady-state conditions and according
to dilute-solution theory.

e The mobility of each of the ionic species is given by the Nernst-
Einstein relation (Ref. 5.28).

Given these assumptions, it can be shown (using, for example, Equation 69-1
of Newman (Ref. 5.28)) that the flux, N+(x) and N.(x), of cations and
anions, respectively, within the solution inside the pit is given by

N+(x) = -D+ z c+(x) d * (x) + d c+(x)] (5-5a)

- z(x) = 6Td cdx)]

N (x) = -D O z_c_(x) dx (x) + d0 c_( ) (5-5b)

where D±, z± 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 Eq. 5-5 represents a contribution due to electromigration, whereas the
second term is a contribution due to chemical diffusion. The fact that N_
is zero everywhere follows from the fact that the anions are not generated
or lost, in this model, due to any type of chemical reaction.

Since no chemical reactions occur within the solution, the expression for
cation material balance becomes as follows (see Equation 69-3 of Newman
(Ref. 5.28)).

dx N+(X) = (5-6)

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

z+ c+(x) + z_ c_(x) = 0 . (5-7)

Eqs. 5-5, 5-6, and 5-7 can be solved simultaneously (see Reference 5.29 for
details) to yield the following major results:
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c+(x) = c+(O) + c+(h) - c+(O) (x/h) (5-8)

4(x = ON() - RT In c(x)
-F c_ (77 (5-9)

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 Eqs. 5-8 and 5-9 in conjunction with
Eq. 5-5a, from which we obtain

N+ D+ (Z - 1) [c+(h) - c+(O)] h

Clearly, the rate of pit growth is given by

dh =_ - N
dt+

(5-10)

(5-11)

where m is the molar mass of the c
The minus sign on the right-hand s
(cation flux in the direction of t
(crevice growth). Combining Eqs.
and z_ < 0, we obtain, taking h =

dissolving metal and p is its mass density.
side of Eq. 5-11 is included because N+ < 0
;he crevice mouth) implies that dh/dt > 0
5-10 and 5-11, and recalling that z+ > 0
0 at t = 0,

h2 mD( z + 1) [c+(h) - c+(O] t (5-12)

Hence, for this model the parameter b is exactly 0.5. Again, the first term
inside parentheses on the right-hand side of Eq. 5-12 is a contribution to
pit growth due to electromigration, whereas the second term is a contribu-
tion due to chemical diffusion. Thus, for example, for z+ = +2 and z_ = -1,
electromigration contributes twice as much to pit growth as does chemical
diffusion.

Current-Density Calculation. One can also calculate the current density,
flowing along the pit length, based on the present model. Clearly, this
current density is due entirely to the flow of cations, since N-(x) = 0.
has been shown (Ref. 5.30) that this current density is equal to z+FN+
which, in turn, can be expressed as

It
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i = Fz+ (IzJ I)
c~C (0)
h Ii1- exp (RT [I(O)-¢(h)])}

(5-13)

Clearly, Eq. 5-13 constitutes a relationship between the pitting current and
the potential difference across the pit length. One limiting case of par-
ticular interest is that for which c+(h) >> c+(O). This corresponds to the
assumption that the concentration of dissolved metal in the solution immedi-
ately adjacent to the base of the pit far exceeds that at the pit mouth,
which is adjacent to the bulk solution. For this special case, Eq. 5-13
becomes (see Reference 5.30 for details)

1 = -Fz D Jz+J+ + Z_

3 c(0)
+ h --ep

(zF

RT
[¢(O) - ¢(h)]) (5-14)

Eq. 5-14 can be equivalently expressed in the alternative and somewhat more
familiar form

4(O) = o(h)
1 z IF (n -0 )

(5-15)

where the minus sign on the right-hand side of Eq. 5-14 has been dropped,
and where

i = jFz'0D+ lZi
c+ (0)

h
(5-16)

It is clear from either Eq. 5-14 or 5-15 that the pitting current is indeed
sensitive to a number of parameters. For instance, assuming the h- factor
on the right-hand side of Eq. 5-14 is the only factor therein that actually
varies with h, it follows that i varies as h- and that the pitting current
therefore decreases as the pit becomes deeper. Likewise, if experimental
conditions cause a variation of the potential at the crevice mouth, +(O),
the relative effect on i would be substantially greater because of the expo-
nential dependence of i upon ¢(O).

Spatial Variation of Electrostatic Potential. It is also of interest to
make some observations regarding the spatial dependence of the electrostatic
potential within the pit. This potential, as described by Eqs. 5-8 and 5-9,
is plotted in Figure 5.2 for selected values of the ratio ch+/co+. In this
figure, the potential ¢(O) is arbitrarily set equal to zero, and the
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0
0 0.2 0.4 0.6 0.8 1.0

Normalized Distance

Figure 5.2. Variation of potential with distance for inert-wall
pit-growth model for selected values of ch+/co+, where
ch+ = c+(h) and co+ = c+(O).

"normalized potential" and "normalized distance" are dimensionless quanti-
ties defined as follows:

Normalized Potential E

Iz IF
RT f (

Normalized Distance x
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An important feature in Figure 5.2 is the behavior of the potential in the
vicinity of the pit mouth (that is, around x = 0). Clearly, as the ratio
ch+/co+ is increased, the potential rises more quickly with increasing x
around the position x = 0. Indeed, for the larger values of this ratio
illustrated in the figure, most of the change in potential down the entire
pit length takes place within the region near the pit mouth. This behavior
is readily seen to follow from the general form of Eqs. 5-8 and 5-9.

The reason that the potential does not vary linearly with x is that the
model includes both chemical diffusion and electromigration of the cation
and anion species. For the limiting case in which electromigration contri-
butes to the net flux of cations and anions to a much greater extent than
chemical diffusion, the electrostatic potential satisfies the Laplace equa-
tion to a good approximation, in which case the potential would vary in an
approximately linear fashion with x.

Comparison with Data of Marsh et al. (Ref. 5.14). While being careful not
to claim detailed physical validity of the pit-growth model just derived, it
is interesting nevertheless to compare predictions obtained using the model
with results reported by Marsh et al. (Ref. 5.14), as presented above in
Eq. 5-4. This is a particularly attractive comparison to make in view of
the fact that Marsh reported a b-value of 0.46, which is very close to the
value of 0.5 obtained in our analysis.

Toward this end, let us take z+ = +2, z- = -1, m = 55.847 g/mol (for iron),
p = 7.86 gm/cm3 (also for iron), and D+ = 1 x 10-5 cm2/sec. Then, taking
Marsh's b-value to be 0.5, one can directly compare Equations 3.21 and 3.27
to obtain a value for the difference in cation concentration along the crev-
ice length. One thus obtains

c+(h) - c+(O) = 0.05 mol/L

This value is indeed within "reasonable" limits. For example, Ateya and
Pickering (Ref. 5.31) estimated the concentration of Fe2+ ions at the base
of a crack-like slot to be < 0.1 M.

5.1.2.3 Inclusion of Electrode Kinetics at Pit Base

One extension of the model discussed in Section 5.1.2.2 involved considera-
tion of the kinetics of metal-atom transport across the metal/solution
interface at the pit base. This transport process was coupled with the
ionic-transport process in solution that was described above in order to
obtain a more general description of pit-growth kinetics.

The general type of pit under consideration here has the form illustrated in
Figure 5.3, which is the same as that used above. Electrode-reaction kine-
tics at the pit base was included in the model during the past quarter using
the general approach summarized by Smyrl (Ref. 5.32). This approach is
characterized by a dissolution (anodic) reaction of the metal together with
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Figure 5.3. Schematic illustration of pit configuration used with binary-
electrolyte model, showing the current densities associated
with cation transport.

a backward (cathodic) reaction for the dissolved metal cation, the current
density associated with each being designated as ia and ic, respectively, as
also illustrated in Figure 5.3. Following Smyrl (Ref. 5.32), these currents
are expressed (using notation specific to the present problem) as

1a = - Fka exp (RT ah) (5-17)

ic = Fkc+c h
(ac F Ph) (5-18)

where ka and kc are heterogeneous-reaction-rate constants (which are inde-
pendent of potential but which do depend upon which reference potential is
arbitrarily selected). Also, oa and ac are intrinsic kinetic parameters, Oh
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is the electrostatic.-potential at the pit base measured on the metal sur-
face, and the other symbols are as defined above, with cj% = c+(h). The
minus sign used on the right-hand side of Eq. 5-17, together with the plus
sign implied for the right-hand side of Eq. 5-18, is selected to conform
with the sign convention illustrated in Figure 5.3, that is, the positive
x-direction being directed from the pit opening toward the pit base.

It is important to note that Oh is not the same as fh, the latter being
equal to *(h) as would be given by setting x = h in Eq. 5-9. Both quan-
tities are measured at the pit base; however, the former is measured on the
metal surface whereas the latter is measured in the solution.

The total current density, i, flowing in the solution (see Figure 5.3) must,
by conservation of charge, be equal to that crossing the pit base, that is,

= ia + ic (5-19)

Combining Eqs. 5-17 to 5-19,

=k exp 4D + kc exp ( RT h (5-20)

As shown by Smyrl Ref. 5.32), Eq. 5-20 can be expressed in the form of the
familiar Butler-Volmer relationship.

As has been shown elsewhere (Ref. 5.30), one can use a procedure similar to
that used by Hine (Ref. 5.34) to obtain the following relationship:

l. =_ka exp (RT oh) kcC 0exp ( RT Ih)

F i~~~kchex (lF, (5-21)

X ( T h)

where c+ E c+(O). Eq. 5-21 represents a general expression for the current
density, i, that involves the anodic and cathodic reactions undergone by the
cation at the electrode (that is, the pit base) as well as ionic transport
in the solution via electromigration and chemical diffusion. Moreover, one
can also show (Ref. 5.33) that
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C+h
Ch
c+

k h
1 + 'a'

c+OCxc

1 IC
X

exp (RT @h)

exp R')

(5-22)

Clearly, Eq. 5-22 represents a general relationship between the cation con-
centration at the pit base and that at the pit opening including both
electrode-reaction and solution-transport effects. Of course, the quanti-
ties ch+, c+, and *h - 40 are also interrelated such that Eq. 5-9 is satis-
fied at x = h; this consideration is not pursued further here.

Again, following the general approach of Hine (Ref. 5.34), we shall examine
some characteristics of two important limiting cases: solution-transport-
limited kinetics and electrode-reaction-limited kinetics.

Solution-Transport-Limited Kinetics. For this limiting case, ionic trans-
port within the solution occurs very slowly compared to the electrode-
reaction kinetics at the pit base. From Eq. 5-21, we see that this corres-
ponds to the condition

k h
c exp

acF )
(5-23)

in which case, Eq. 5-21 becomes

i
F

x
- h I-Ika\\kC exp

[ a RTc) h
+ C 0 I

I
(5-24)

and Eq. 5-22 becomes

+
ch

c+
0

A
kch

exp (cT oh) +
1

+0
exp (5-25)

As expected,
iting case.

the current density, i, depends upon both X and h for this lim-

If, in addition, the first term on the right-hand
compared to the second, that is, if

side of Eq. 5-25 is small
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kah

c+\
0

exp (" ah) »' 1 (5-26)

then Eq. 5-25 becomes

Ch j ) exp RT h] (5-27)

As seen from Eqs. 5-17 and 5-18, Eq. 5-27 corresponds to the anodic and
cathodic cation current densities at the pit base being approximately equal
in magnitude. This is an expected result if the rates at which the cathodic
and anodic reactions occur are large compared to the rate at which ions can
be transported away up the length of the pit.

Electrode-Reaction-Limited Kinetics. For this limiting case, ionic trans-
port within the solution occurs very rapidly compared to the electrode-
reaction kinetics at the pit base. Again, using Eq. 5-21, we see that this
corresponds to the condition

kch
X exp << 1 (5-28)

in which case Eq. 5-21 becomes

I -k a exp + kcC+ exp -
accF

RT .h) (5-29)

with i now being independent of X and h. Also, Eq. 5-22 becomes

Ch
+ kah

= 0+X exp a Ah) (5-30)

As noted previously, a relationship also
obtained by setting x = h in Eq. 5-9.

exists between ct, cS, and *h - +o

If, in addition,
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+ exp h <) (5-31)

C0

then Eq. 5-30 becomes

C+ - c+ (5-32)

As a result, the gradient of cation concentration along the pit length is
relatively small for this case. Correspondingly, the difference in electro-
static potential between the pit opening and base is relatively small (as
seen by combining Eqs. 5-9 and 5-32).

5.1.2.4 Inclusion of Chemically Active Pit Walls

Experimental results obtained under this program, including some which have
recently been reported in the literature (Ref. 5.35), have indicated that
chemically active pit walls may play a major role in affecting electrochemi-
cal characteristics of a pit. Because of these results, the decision was
made to extend the pit-growth modeling studies to include chemically active
walls.

Of the various pitting-corrosion models and models of related phenomena that
have been reported, some (for example, Pickering and Frankenthal
(Ref. 5.17), and Galvele (Ref. 5.20)) are based on chemically inert walls.
However, others (for example, Alkire and Siitari (Ref. 5.22), and Markworth
and Kahn (Refs. 5.27, 5.36)) are based on chemically active walls.

The approach that we used to describe active-wall effects was to generalize
the binary-electrolyte pit-growth model summarized in Section 5.1.2.2. It
was assumed that only cations can react chemically with the pit walls.
Moreover, no effects of electrode kinetics at the pit base were included in
this analysis.

Although active walls result in ionic flow in a direction perpendicular to
the pit length as well as parallel to its length, we have used an approxima-
tion that essentially reduces the problem to one involving only one dimen-
sion (that being along the pit length). This approximation, which applies
best to long, narrow, crevice-like pits, is equivalent to the lowest-order
contribution in the "hierarchical ionic-transport" model developed by
Markworth and Kahn (Refs. 5.27, 5.36). Within this approximation, the
active walls can be regarded as being essentially position-dependent (that
is, x-dependent) "sources" or "sinks" for ionic species in the pertinent
mass-balance equations. This fact has been pointed out by Turnbull and
Thomas (Ref. 5.37) in their related modeling study of crack
electrochemistry.
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Applying Eq. 36 of Reference 5.36 (or Eq. 3-36 of Reference 5.27) to the
present case, we obtain the following mass-balance equation, in which varia-
tion of the flux N+ in a direction perpendicular to x is not included:

dx N,(x) = 2 n+(x) (5-33)

This expression is a generalization of Eq. 5-6. Here, N+ is given by
Eq. 5-5a, w is the width of the rectangular crevice, and n+ is the
x-dependent flux of cations at, and normal to, a crevice wall. The flux n+
is positive for anodic currents at a wall and negative for cathodic cur-
rents. Eq. 5-33 could also be easily derived by applying a simple
conservation-of-charge argument to a small segment (of incremental length
dx) of the pit.

Clearly, the right-hand side of Eq. 5-33 does act effectively as a source
term for cations if n+ is positive and as a sink term if n+ is negative. Of
course, N-(x) (given by Eq. 5-5b) is still zero since the anion does not
undergo any type of chemical reaction. One can easily show that Eq. 5-9 is
still valid. However, Eq. 5-8 is not valid for this case.

To carry the problem further, we must make some assumption regarding n+(x).
Toward this end, we note that the current density, j(x), associated with the
flux n+(x), is given by

j(x) = z+Fn+(x) . (5-34)

In turn, we assume that j(x) can be described using a type of Butler-Volmer
kinetics (see, for example, Bockris and Reddy (Ref. 5.38)), that is,

j(x) = 2J sinh{T [F c (x (5-35)

where J is a constant (having units of current density) and cc, taken to be
independent of x, is the value of * for which j(x) is zero. It must be
emphasized that X, as defined here, is the electrostatic potential measured
in the solution adjacent to the crevice wall at position x (which is consis-
tent with our previous usage of 0 being a potential measured within the
solution). The quantity 4c - +(x) is an overpotential that exists at posi-
tion x.

The problem is now sufficiently defined such that only some elementary man-
ipulation, involving Eqs. 5-5a, 5-5b, 5-7, 5-9, and 5-33 to 5-35, is
required to obtain the following expression in which all quantities are
dimensionless:
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d2e -1 -n nT2 = el 0 - a cdy

a E C+(X)/C8+

(5-36)

where

(5-37)

zFD+ (
z -1 1~q/2Li-

+0
x (5-38)

ai = exp{ F f~ _ - )

fl =E (2z _

(5-39)

(5-40)

Thus, Eq. 5-36 is a nonlinear differential equation, the integration of
which yields the explicit dependence of c+(x) upon x. The boundary condi-
tions are (recalling that we are now neglecting electrode kinetics at the
pit base) the same as those used in Section 5.1.2.2, namely, that c+(O) = C+
and c+(h) E c~j have arbitrarily specified values.

Of course, once c+(x) is known, then the electrostatic-potential distribu-
tion can be calculated using Eq. 5-9. Also, j(x) can be determined using
its relationship to the electrostatic potential as expressed in Eq. 5-35.

Application to Special Case. As an example, we consider the following spe-
cial case: a = 10, n = -0.5 (that is, z2 = -1), 0(x = h) = 100, y(x = h) =
80. One can readily show that, for this case, j(h) is exactly zero. In
addition, for T = 300 K, the overpotential, fc - 4(0), is equal to 0.119 V
for this value of a.

To determine whether the value of y(h) that was selected is physically rea-
sonable, we calculate the value that co would have using the following
numerical values: h = 0.5 cm, w = 0.1 cm, z+ = +2, z- = -1, D+ =
1 x 10-5 cm /sec, and J = 1 mA/cm2. Then, for y(h) = 80, we obtain c+ -
1 x 10-4 mol/L, which is a reasonable value given the order-of-magnitude
estimates made for some of these parameters.

Equation 5-36 was integrated
order Runge-Kutta procedure,
function of x and from which

numerically, for this example, using a fourth-
from which c+(x) was obtained as an explicit
+(x) and j(x) were also determined. The
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results are plotted in Figures 5.4 to 5.6 and compared with corresponding
results for an inert-wall pit having the same value of cj/c+ (= 100).
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Figure 5.4. Variation of cation concentration
length for example of active-wall
cussed in text.

with distance along pit
and inert-wall pits dis-
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cussed in text.
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Figure 5.6. Variation of current density at and normal to pit wall with
distance along pit length for example of active-wall pit
discussed in text.

As seen in Figure 5.4, a large difference exists between the two cases as
far as the variation of c+(x) with x is concerned. For the inert-wall pit,
this variation is linear (after Eq. 5-8), whereas for the active-wall pit,
most of the change of c+ toward its final value of 100 c+ takes place at
positions along the pit length that are relatively close to the mouth. This
also has a large effect on the rate of metal dissolution at the pit base,
which, for both cases, is proportional to dc+/dx measured at x = h.
Clearly, this quantity is much larger for the inert-wall pit than for the
active-wall pit.

Figure 5.5 shows that, for both cases, the electrostatic potential increases
most quickly, toward its final value at x = h, at positions near the pit
mouth. However, this initially rapid rate of increase is much more pro-
nounced for the active-wall pit than for the inert-wall pit.

Finally, the current density, j(x), is plotted in Figure 5.6 for the active-
wall pit. Of course, this quantity is identically zero for the inert-wall
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pit. Clearly, this current density is substantially non-zero only at posi-
tions near the pit mouth.

In summary, this example demonstrates that active pit walls can have pro-
nounced effects on electrochemical conditions within the pit. The results
are consistent, at least in a qualitative sense, with experimental measure-
ments of pit behavior obtained under this program and described elsewhere in
this report (Chapter 3) and in the literature (Ref. 5.35). Another discus-
sion of experimental and modeling studies of this type is presented in Ref-
erence 5.39.

5.1.3 Evolution of the Pit-Depth Distribution

Knowledge of the pit-depth distribution at any given time provides a des-
cription of the overall extent of pitting damage at that time. This is the
main reason for focusing attention on this distribution.

Some comments have already been made, in Section 5.1.1.2, of the relation-
ship between the frequency distribution for pit depths, f(h,t), the rate of
pit generation, G(t), and the rate of pit growth, v(h); these are summarized
in Eq. 5-1.

Examples of pit-depth distributions calculated at various times, for various
assumed functional forms for G(t) and v(h), have been presented in other
reports on this project (Refs. 5.40-5.42) and are not repeated here. In
addition, and as already pointed out, a similar approach has been used under
this project to describe the evolution in time of the crystal-size distribu-
tion in a crystallizing glass (Ref. 5.11).

It would be a relatively straightforward matter to apply this approach
using, say, a more deterministic model for G(t) (for example, as described
in References 5.3-5.5) and an experimentally determined function for v(h)
(for example, as in Reference 5.14). In addition, other aspects of pit
growth, such as deactivation of growing pits, could be included as well.
Another extension that could be treated would be that for which v exhibits
more complex behavior than that considered here, such as depending expli-
citly upon both h and t (that is, v = v(h,t)) or involving effects on v of
electrode kinetics at the pit base or of chemically active pit walls.

5.1.4 Conclusions

The pitting-kinetics modeling studies presented here have concentrated on a
number of important aspects of the overall pitting process. Moreover, the
frequent reference to related experimental work that was made throughout
these modeling studies indicates the importance of maintaining a close rela-
tionship between experiment and theory.

Extensions of the modeling effort could be useful in a number of areas.
These would include inclusion of effects of radiolytically produced chemical
species on pit-growth kinetics, coupling of realistic models of pit genera-
tion and pit growth, and prediction of pitting behavior over very long time
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intervals. Application of the models to specific repository conditions
would also be very important.

5.2 General Corrosion Modeling

The general subject of effects of irradiation on metallic corrosion has long
been of interest (Refs. 5.43, 5.44). Additional activity in this area has
recently been spurred by concern regarding the long-term performance of con-
tainer materials for high-level nuclear waste buried in an underground
repository. Both general and localized corrosion can potentially occur and
can ultimately lead to a breached container, thus exposing to the environ-
ment either the next level of containment or finally the waste form itself.
Along these lines, a number of experimental studies of irradiation effects
on corrosion, relating specifically to waste-package containment materials,
have been reported (Refs. 5.45-5.47). Another approach to evaluating
effects of irradiation on corrosion is through the application of predictive
models. Indeed, several models for the corrosion of waste-package container
materials have been developed with varying degrees of complexity
(Refs. 5.49-5.52).

The following sections describe a model for the general corrosion of a metal
surface in contact with an aqueous environment. The model is physically
based in the sense that it includes the major kinetic processes contributing
to such corrosion: transport of molecular species through the surrounding
water by chemical diffusion and film-growth kinetics on the metal surface.
The model is applied to three simple hypothetical examples illustrating how
variation of certain input parameters and assumptions ultimately affects the
overall time-dependent extent of general corrosion.

Attention is on effects of gamma-radiation-induced production of chemical
species on the overall corrosion kinetics, although chemical-reaction-
induced annihilation of species is considered as well. Finally, the appli-
cation of this formalism to predicting the behavior of actual materials is
discussed, including approaches to some of the problems associated with the
description of complex systems.

5.2.1. General Description of Model

5.2.1.1 Assumptions

The major assumptions inherent in the corrosion model developed in this sec-
tion are the following:

e The chemical species that contribute to general corrosion are elec-
trically neutral. This assumption is introduced purely for the sake
of simplicity. It precludes the possibility of describing electro-
migration of charged species along a gradient of electrostatic
potential within the water, but eliminates the need to impose the
point-by-point constraint of charge neutrality or to calculate the
ambient potential distribution.

* No convective flow of the aqueous environment takes place.
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* Film-growth kinetics at the metal surface is described using the
point-defect model of Chao, Lin, and Macdonald (Ref. 5.53).

* The spatial geometry has radial cylindrical symmetry.

a The aqueous environment is isothermal, an assumption which could
easily be relaxed, but which is imposed here for the sake of simpli-
city.

5.2.1.2 Mass-Transport Formalism

Since we are considering radial cylindrical symmetry, we take the metal sur-
face to be defined by r = ro, where r is the radial position coordinate.
The aqueous environment exists within the region r > ro, and the gamma-
radiation field is assumed to emanate from the region r < ro.

Under the present assumptions, a mass-balance expression for the ith chemi-
cal species within the region r > ro has the following form:

ati =v * i vC ) + Gi - Ai (5-41)

where Ci(r,t) is the concentration of the species at radial position r and
time t; Di(rt) is its diffusivity within the aqueous medium; &(r,t) is a
tortuosity factor (which, for a high-level waste-package container, would
account for the porous nature of the backfill or host rock); Gi(r,t)
accounts for the generation of the ith species (for example, by radiolysis
or chemical reaction); and AI(r,t) accounts for the annihilation (for exam-
ple, by chemical reaction). Of course, the V operator is that appropriate
to radial cylindrical symmetry. Clearly, the first term on the right-hand
side of Eq. 5-41 accounts for chemical diffusion, which, under present
assumptions, is the only means by which the ith species can be transported
through the solution to the metal surface.

5.2.1.3 Generation and Annihilation of Chemical Species

Of the variety of possibilities by which chemical species can be generated
and annihilated, we consider just two. These are used in the examples pre-
sented below.

Species production by gamma radiolysis is described as follows:

Gi = gil(t) (ro/f) exp [-E(r-ro)] . (5-42)

Here gj is a "g-factor" characteristic of the ith species and, as used in
Eq. 5-42, a measure of the volumetric rate of generation of the species per
unit intensity of the radiation field. I(t) is the gamma-radiation
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intensity at r = ro; the factor ro/r represents geometric "spreading" of the
radiation at distances beyond ro; and e is the linear absorption coefficient
for the radiation in the surrounding medium.

In our calculations, the tortuosity factor is equated to unity, which is
equivalent to ignoring effects of backfill or host rock outside the metal
surface. Also, I(t) is treated as exhibiting simple exponential decay, that
is,

I(t) = 10 exp (-Xt) (5-43)

where X is an effective radioactive decay constant for the source of the
gamma radiation. Finally, the quantity e is treated as a constant.

We treat the annihilation rate, Ai, as resulting from a homogeneous, second-
order chemical reaction within the water; its form is

A. = CI n*j c . (5-44)

In Eq. 5-44, fi is the rate constant for the reaction between species i and
species j, and She summation is taken over all the species that can react
with species i. In general, nij # flji, unless species i and j are annihi-
lated in equal amounts when the reaction occurs.

5.2.1.4 Film-Growth Kinetics

The model for film-growth kinetics used in this analysis was developed by
Chao, Lin, and Macdonald (Ref. 5.53) based on concepts of point-defect
migration within a passive film resulting from the presence of an electro-
static field. This model is summarized as follows (Eq. 49 of
Reference 5.52):

dL A (B-i1 5-5
dt exp (2KL) -1 (545)

Here

A EA exp (2F Vext) (5-46)

B E Bo exp (RVt) (54
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K FE. (5-48)

In these expressions, L is the film thickness at time t; AO and Bo are par-
ameters that are treated here as constants (although, in reality, they vary
with the pH of the aqueous medium [Ref. 5.521); a is a dimensionless param-
eter that typically is less than but on the order of unity; F, R, and T are
the Faraday constant, the gas constant, and the absolute temperature,
respectively, with T regarded as being constant; Vext is an "external poten-
tial"; and E is the electric field strength within the film (assumed
constant).

Application of the film-growth model is complicated by the fact that Vext
generally is a function of the solution composition at the film/solution
interface. For example, if the solution contains only one oxidizing species
and one reducing species, whose concentrations are denoted C1 and C2,
respectively, then this functional dependence is taken to be of the general
form

ex + RT (InC1 (r0) (-9
ext ext + F lnC 2 (r) (5-49)

where V~xt is a constant. Equation 5-49 is based on the assumption that the
Nernst equation can be applied, which is valid only for a single process
(one oxidizing species and one reducing species). For more general cases,
which are not considered here, the concept of a "mixed potential" must be
used (as discussed, for example, by Macdonald et al. [Ref. 5.54]).

5.2.1.5 Initial Conditions and Boundary Conditions

A number of initial and boundary conditions must be imposed in order to com-
pletely define a given corrosion problem. The conditions used here are
defined in this section.

At large distances from the metal surface, we take all Ci values to be
fixed, that is,

Ci(r - a, t > 0) = C9 (5-50)

where C9 is a constant and the corrosion process is assumed to begin at time
t = 0. This is the "far-field" boundary condition. For computational pur-
poses, it is convenient to express Eq. 5-50 in the somewhat different form

Ci (N _= r/ro +a t > 0) = C9° (5-51)
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If one selects a finite value for the ratio N, then Eqs. 5-50 and 5-51 are
not exactly equivalent, although they become more so as N is increased. For
the examples presented below, the value N = 5 is selected, which is adequate
for present illustrative purposes.

The film/solution interface is taken to be r = ro for all times in our cal-
culations. In other words, the slight time-dependent shift of this inter-
face, which takes place as metal oxidation occurs, is ignored. The boundary
condition for a reducing chemical species in the solution at the metal sur-
face is

aC.
ar (ro0 t) = 0 (5-52)

which constitutes an expression of the fact that a reducing species does not
undergo any chemical reaction at the metal surface.

For oxidizing species in the solution at the metal surface, the boundary
condition is generally determined by requiring that the rate of supply of
these species is exactly accounted for by a commensurate rate of film
growth, that is,

dL = I k Di (r ,t) (5-53)
Rt B r o

where ki is a constant that is characteristic of both the metal and the ith
oxidizing species, and the summation is carried out over all the oxidizing
species. The actual boundary condition is obtained by equating the right-
hand side of Eq. 5-45 to the right-hand side of Eq. 5-53, where we take
L (t = 0) = 0.

An interesting limiting case is that in which film-growth kinetics occurs
very rapidly in comparison with the rate at whichoxidizing species can be
transported through the solution to the metal surface. For this case,
denoted as "maximum-rate kinetics", the appropriate boundary condition for
the ith oxidizing species (indeed, for all such species) is

Ci(ro,t) > 0) = 0 . (5-54)

The initial condition is just an extension of Eq. 5-50, that is,

Ci(ro < r < ,t = 0) = C9I . (5-55)
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In other words, it is assumed that, initially, the concentration of the ith
species is spatially uniform and equal to its "far-field" value. In terms
of the notation of Eq. 5-51, Eq. 5-55 is re-expressed as

Ci(ro < r < Nro,t = 0) = C9 (5-56)

where, as noted above, N is taken to be equal to 5 in the calculations dis-
cussed here.

5.2.2 Numerical-Integration Technique

The approach used to numerically integrate the coupled partial differential
equations that describe the diffusion process in the aqueous medium,
although clearly an important part of the problem's overall treatment, is
merely summarized here. In particular, three aspects of this approach are
discussed: integration of the mass-transport equations; coupling of mass
transport in solution at the film/solution boundary with the model used for
film-growth kinetics; and calculation of concentration gradients in solution
at the container surface.

The coupled mass-transport equations for the region r > ro are solved by
reducing the partial differential equation for Ci(r,t) to a system of ordi-
nary differential equations for Ci(t) using a finite-difference method.
These ordinary differential equations are then integrated using a third-
order Runge-Kutta method.

Imposition of boundary conditions is relatively straightforward except for
that at r = ro for the case in which film-growth kinetics is included, as
outlined in Sections 2.4 and 2.5 Clearly, this boundary condition consists
of a complex relationship between concentration gradients and concentrations
measured at r = ro. In general, its imposition can be accomplished only
through the application of a numerical, iterative procedure. Briefly, this
was accomplished by taking the difference between the right-hand side of
Eq. 5-45 and that of Eq. 5-53, at each time step of the calculation, and
applying a secant method to determine conditions for which that difference
is equal to zero.

Calculation of concentration gradients in solution must be treated differ-
ently at the container surface than at positions further away from the sur-
face. For r > ro, a central-difference approximation is used to calculate
gradients. However, this approach cannot be used at r = ro because concen-
trations are not defined. Therefore, a one-sided difference approximation
is used at r = ro, resulting in about twice the error associated with the
usual central-difference approximation.

5.2.3 Application to Specific Examples

In this section, the corrosion model is applied to three specific examples
and the behavior of a highly simplified physical system is described for
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each. From a computational standpoint, the first example is the simplest,
and the last is the most complex. The primary reason for examining simpli-
fied physical systems such as these is that one can generally make an unam-
biguous assessment of gross features of the corrosion process in terms of
the various contributing phenomena. This would likely be more difficult for
complex physical models due to coupling between the various factors that
contribute to the overall corrosion process; such coupling can complicate
and obscure the features of interest. In addition, simplified 'examples are
useful for checking the accuracy of the numerical procedure and for deter-
mining if boundary conditions are being appropriately imposed.

The calculations described below were carried out with the value of unity
assigned to certain parameters8 namely, ro, Io, X, Di, and certain others as
indicated below. Values for Cj (the species concentration at r - - or, in
this case, N = 5) were selected as either zero or unity, as appropriate in
each example. Moreover, radial distance was normalized with respect to ro;
species concentration i8 solution wastaken in units of (that is, was normal-
ized with respect to) Cj, and time was measured in units of (again, normal-
ized with respect to) ro2/Di, with Di being taken as unity for all species
that may be present. Also, E was normalized with respect to ro-1. Wherever
specific values for these quantities are used and reported as being dimen-
sionless, this normalization is understood to exist.

5.2.3.1 One Chemical Species (Oxidizing) With Maximum-Rate
Kinetics

The first example provides a simple yet effective means for demonstrating
possible effects of gamma radiation on the kinetics of general corrosion.
Just one chemical species is considered; an oxidizing species which is radi-
olytically produced in the solution outside the container and having a con-
centration of unity everywhere within the solution at t = 0. In addition,
maximum-rate kinetics is assumed for the interface at r = 1 (at the con-
tainer surface), as described by Eq. 5-54.

Shown in Figures 5.7 to 5.10 are concentration profiles calculated for this
one-species model for selected times and for the following four different
sets of values for g and E:

g 9=0
g g 1, E 1

a g = 10, E = 1
* 9 = 10, E = 2

the case g = 0 clearly corresponding to a radiation-free environment. In
all these figures, the maximum-rate-kinetics boundary condition is illus-
trated by the species concentration being maintained at zero at the con-
tainer surface. In addition, the far-field boundary condition, in which the
concentration is maintained at unity at r = 5, also applies in all cases.

The tendency of the slope of the concentration profile at r = 1 to decrease
with increasing time results from continuing loss of the chemical species
from the solution, which is due to the heterogeneous reaction the species
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undergoes at this position. Moreover, radiolytic production of the species
causes a maximum to occur in the concentration profile at a given time.
This maximum results from the decreasing intensity of the radiation field
(and hence the species' rate of production) with increasing distance from
the container surface, coupled with the existence of maximum-rate kinetics
at the container surface. Effects of varying the values of g and C on the
concentration profiles are clearly illustrated in Figures 5.7 to 5.10 and
require no additional discussion.

The rates of corrosion and the corrosion depth are shown, for these four
cases, in Figures 5.11 and 5.12, respectively. The corrosion rate is pro-
portional to the concentration gradient of the oxidizing species at r = 1
and, indeed, in Figure 5.11 is presented in normalized fashion as being
equal to this gradient using units for concentration and distance consistent
with those in Figures 5.7 to 5.10. The overall corrosion depth is equal to
the integral over time of the corrosion rate and is presented in normalized
form in Figure 5.12 in terms of units consistent with those in Figure 5.12.

As expected, the effect of increasing g at fixed t is to increase the cor-
rosion rate and depth, and the effect of increasing £, at fixed g, is to
reduce these quantities. Clearly, the net effect of irradiation is to
enhance the corrosion rate and depth. This enhancement can be considerable,
depending upon values used for g and E. Other than that, the general manner
in which corrosion rate and depth vary with time is similar for radiation
and radiation-free environments (except that the case g = 10, e = 1 exhibits
a slight minimum followed by a slight maximum in corrosion rate). This
observation is consistent with that made by Byalobzheskii (Ref. 5.55) for
the corrosion of steel in NaCl and H2S04 solutions in a gamma-environment;
he reported no change in the general form of the corrosion-time relation-
ships due to irradiation, but a marked increase in the corrosion rate.

5.2.3.2 Two Chemical Species (One Oxidizing and One
Reducing) With Maximum-Rate Kinetics

The second example is identical to the first except for the added feature of
a reducing chemical species that can undergo homogeneous chemical reaction
with the oxidizing species within the solution. The oxidizing species is
taken to be subject to the same initial and boundary conditions as in the
previous example. The reducing species, on the other hand, must satisfy
Eq. 5-52 at r = 1; in addition, its concentration is assumed to the zero for
r > 1, t = 0, and for r = 5, t > 0. The value g = 10 was assigned to each
species and, as indicated above, the diffusivity for each was taken as
unity. In addition, the homogeneous chemical reaction kinetics in solution
was taken to be of the second-order type shown in Eq. 5-44 (obviously with
no summation sign required for this example), with the rate constant being
the same for both species and equal to unity in units of (normalized concen-
tration x normalized time)-1. Finally, the value E = 2 was selected for the
linear absorption coefficient.

From the statement of the problem presented above, it is clear that the
reducing species- exists purely as a result of radiolytic production. Conse-
quently, if one were to set g = 0 just for the reducingspecies, the
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resultant system would be equivalent to the one-species model discussed
previously.

Selected concentration profiles, calculated for the oxidizing and reducing
species, are shown in Figures 5.13 and 5.14, respectively. The radiolytic-
ally induced generation of the reducing species is seen, in Figure 5.14, to
be most pronounced in the vicinity of the container surface, due to the
higher intensity of the radiation field within this region.

Figure 5.15 illustrates the effect of the reducing species on the concentra-
tion profiles, and several observations can be made. First, the overall
effect of the reducing species in the solution is to lower the concentration
of the oxidizing species, at a given position and time. This is due to the
fact that the two species annihilate each other when they interact via the
second-order chemical reaction in solution. Second, this lowering of
oxidizing-species concentration is most pronounced at positions nearer to
the container surface, where the intensity of the radiation field, and hence
the rate of radiolytic production of the reducing species, is highest.
Third, the difference between oxidizing-species concentration profiles for
the one-species and two-species models becomes greater as time progresses.
This results from the fact that, initially, none of the reducing species is
present in the solution; its concentration, thus also its rate of reaction,
increases with time until effects of radiation field decay finally would
begin to predominate (such effects are not shown in these figures).

The corrosion rate and corrosion depth are shown as functions of time in
Figures 5.16 and 5.17, respectively. These were calculated in the same man-
ner as the corresponding quantities for the first example (Figures 5.11 and
5.12). As expected, the presence of the reducing species results in a low-
ering of the corrosion rate (and consequently the corrosion depth) at a
given time. Again, this results from loss of the oxidizing species, via
chemical reaction in solution, which leaves less of this species available
for the corrosion reaction at r = 1. The radiolytic-production-free case
(g = 0) for both species is shown for purpose of comparison. As discussed
above, this is the same as the g = 0 case for the one-species model.

5.2.3.3 One Chemical Species (Oxidizing) With Film-Growth
Kinetics

The final example considered here is identical to the first in every respect
except one: Instead of maximum-rate kinetics at r = 1, the film-growth
model discussed in Section 2.4 is used. Imposition of this boundary condi-
tion is carried out as described In Section 3.

One might question how Eq. 5-49 in Section 3 can be applied if no reducing
species is included in the analysis. This problem can be avoided by simply
assuming that a reducing species actually is present, but that C2(r = 1) is
a constant, and that its contribution to Vext is "absorbed" into Vgxt.

The magnitude selected for parameters AO, a, and kj (with no summation over
i needed in Eq. 5-53) was unity in terms of t ~e normalized units used here.
In addition, values of Bo = 10, T = 300'K, FVeXt/R = 1K, and 2FE/R = 105
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were selected, the units of the last quantity being @K per unit of length
being used. A g-value of 10 was used to describe radlolytic production of
the oxidizing species, and e was taken as 2.

The singularity in dL/dt at L = 0, predicted by Eq. 5-45, was avoided by
selecting an initial value of L = 10-4. One can show that, at this non-zero
initial value for L, and for the numerical values selected for FE/R and T,
the exponential function in Eq. 5-45 still has a value close to unity (about
1.03).

Some concentration profiles calculated for the oxidizing species are shown
in Figure 5.18 for the radiation-free case (g = 0). At very early times,
the oxidizing species concentration drops to very low values near the con-
tainer surface. This results from the fact that the oxide-layer thickness
is quite small at these times, so that film-growth kinetics has not yet
become an important factor; hence, the kinetics of mass transport in the
solution at the film surface still resembles that for maximum-rate kinetics
(see Figure 5.7). However, as time progresses and the film becomes thicker,
film-growth kinetics becomes more important as the oxidizing species cannot
be transported across the interface as quickly as for maximum-rate kinetics.
Hence, its concentration at the interface increases and the magnitude of the
concentration gradient at that position decreases.
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Similar-concentration profiles are shown in Figure 5.19, except that the
oxidizing species is now being radiolytically produced, with g = 10, E = 2.
(Otherwise, the two examples are identical). In this case, the concentra-
tion increases rapidly near the interface because the species is being gen-
erated within the solution, but its transport across to the film is being
inhibited by slower film-growth kinetics. Figure 5.19 can be compared with
Figure 5.20, the latter representing the same problem except with maximum-
rate kinetics. Clearly, far less radiation-induced buildup of the concen-
tration field occurs within the solution in the vicinity of the metal sur-
face when maximum-rate kinetics is imposed at the interface.

In Figure 5.20 the corrosion rate is plotted as a function of time for the
two cases illustrated in Figures 5.18 and 5.19. It can be seen that,
despite the fact that the concentration profiles of the oxidizing species
near the metal surface are quite different for the two cases, the time
dependent corrosion rates are virtually the same. Several characteristics
of the overall kinetics result in this behavior. The kinetics tends toward
film-growth control, as opposed to solution transport control, as evidenced
by the concentration profiles in Figures 5.18 and 5.19. For film-growth-
controlled kinetics, the overall corrosion rate is governed by Eq. 5-45.
However, from Eqs. 5-45 to 5-47 and Eq. 5-49i the instantaneous corrosion
rate does depend upon the concentration of the oxidizing species in the
solution at the film surface. This dependence does become small, as seen
from Eqs. 5-45 to 5-47, for B >> 1. As an example, we find that for the set
of numerical parameters used here, and for the special case V8xt = Vext
(that is, C1(r = 1) = 1 in our normalized units, where C1, as defined for
Eq. 5-49, is the concentration of the oxidizing species), we obtain B
10.1, so that the dependence of dL/dt on Vext is not expected to be large.

The time-dependent corrosion depth is plotted for these same two examples in
Figure 5.21. Again, these were obtained simply by integrating the corrosion
rates as in the previous examples. Clearly, the radiation field causes only
a very slight enhancement of the corrosion depth; in contrast, the results
based on maximum-rate kinetics (Figure 5.12) indicate a corrosion depth
strongly enhanced by radiation-field effects.

Thus, when film-growth kinetics, instead of solution-transport kinetics,
dominates the corrosion process, the effect of the radiation field on the
overall rate and extent of metal corrosion can be substantially suppressed,
as has been illustrated with this example. Other cases, such as those
involving film-growth-controlled kinetics in which the right-hand side of
Eq. 5-45 has stronger dependence on Cl(r = 1), would exhibit a greater rel-
ative enhancement of corrosion as a result of the radiation field.

Moreover, as can be seen by comparing Figure 5.20 with corresponding curves
for maximum-rate kinetics in Figure 5.11, as well as comparing Figure 5.21
again with corresponding curves for maximum-rate kinetics in Figure 5.12,
inclusion of film-growth kinetics has resulted in an extremely large reduc-
tion in the overall extent of general corrosion at a given time. This is
not altogther surprising in view of the large changes brought about in the
concentration profiles due to inclusion of film-growth kinetics, as seen by
comparing Figure 5.7 with Figure 5.18 and Figure 5.10 with Figure 5.19.
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5.2.4 Conclusions

In summary, it is clear that the kinetics of aqueous general corrosion in a
gamma-radiation environment can be extremely complex. In addition to the
coupled kinetic processes of mass transport in solution and film growth on
the metal surface, there are also the radiolytic production of chemical spe-
cies (which itself varies with both time andposition) and the loss or pro-
duction of species in solution due to homogeneous chemical reactions. The
hypothetical examples presented above have served to illustrate the general
manner in which such effects can influence the overall time-dependent extent
of corrosion.

Some additional problems would have to be addressed in applying this proced-
ure to "real" systems. These are associated with establishment of an ade-
quate physical description and then the numerical integration of the resul-
tant model.

The former problem results from the fact that many chemical species are gen-
erally present in actual aqueous systems. These include the naturally
occurring groundwater species and, for a package that contains nuclear
waste, species characteristic of the repository. Moreover, radiolytic pro-
duction can involve literally dozens of chemical reactions, although many of
the pertinent rate constants have been measured (Refs. 5.56-5.58). Some
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substantial reduction in complexity, relative to the overall composition of
the aqueous solution, would likely have to be made. Despite this fact, the
physical reasonableness of the model can be preserved if such reductions are
made with care. For example, as far as radiolysis is concerned, one simpli-
fied set of reactions, associated with radiolytically produced H and OH, is
the following:

OH + H - H20
H + H H2
OH + OH - H202
H202 - H20 + 1/2 02-

The last of these reactions is clearly not elementary, and would have to be
represented using an effective rate constant.

In addition, as pointed out in the discussion associated with Eq. 5-49, the
presence of multiple chemical species alters the manner in which the film-
growth model is applied. Moreover, if some of the chemical species are
charged, then one must include an electromigration contribution in the mass-
transport expressions for the solution as well as impose a charge-neutrality
condition (Ref. 5.59).

Effects of heat flux could be included in the formalism by regarding the
region r < 1 as a heat source and treating the region r > 1 as consequently
having a temperature field that varies both spatially and temporally. The
heat-conduction equation would then have to be solved simultaneously with
the mass-transport equations which, in general, contain some temperature-
dependent factors. (We have seen, for example, in Eqs. 5-45 to 5-49, that
even the boundary conditions may include some temperature dependence.)
Another temperature-dependent effect that may be important is related to the
fact that a certain characteristic potential of some electrolytes is
temperature-dependent (Ref. 5.60)., so that a temperature gradient in solu-
tion could, in this manner, contribute to a gradient in electrostatic
potential.

The problem associated with numerical integration results largely from the
fact that rates of simultaneously occurring chemical reactions may cover a
wide range of values, resulting in what is known as a set of "stiff" partial
differential equations. However, systems of equations of this type are not
uncommon; their treatment has received considerable attention in the
literature.
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6. CONCLUSIONS

This chapter presents a discussion of conclusions for the experimental and
modeling studies conducted in the container materials task. Experimental
studies focused on hydrogen embrittlement, overpack corrosion, and internal
canister corrosion. Modeling studies focused on pitting corrosion and gen-
eral corrosion.

6.1 Hydrogen Embrittlement

The objective of the hydrogen embrittlement studies was to obtain an
improved understanding of potential degradation mechanisms associated with
hydrogen entry into cast waste container steels. Because hydrogen will
likely be generated in a repository, arising either from radiolytic reac-
tions or from corrosion reactions, the possibility that hydrogen-induced
damage could compromise the structural integrity of waste containers is an
important concern. The scenario under consideration was rather complex,
with the initial temperature in the repository set at approximately 260 C
(500 F) and gradually reducing to room temperature over a very long time
period. Under such conditions, the two major mechanisms of failure antici-
pated were hydrogen embrittlement and hydrogen attack. Accordingly, studies
were undertaken to obtain initial estimates of hydrogen-induced damage.

Additional complexities were included by the requirement to assess micro-
structural influence on hydrogen effects. To determine whether commercial
levels of purity would be adequate for the cast steel containers, effects of
metal purity level on hydrogen embrittlement needed to be determined. The
use of pure iron or wrought welded plates as alternate materials needed to
be assessed. Also, since container integrity is required over a very long
time period, there was a need to assess both short-term and long-term
effects of hydrogen on strength and fracture resistance of the material.

To investigate these effects, the approach used was to subdivide the effort
into three subtasks. These are illustrated in Figure 2.2. In the first two
subtasks, hydrogen embrittlement was evaluated by testing tensile and frac-
ture toughness specimens in 6.9 MPa (1000 psi) hydrogen or inert (nitrogen
or helium) environments at room temperature. The primary consideration was
to evaluate the roles of composition, processing, and heat treatment on
hydrogen-induced degradation. Emphasis was on evaluating fracture param-
eters, namely JIc and dJ/da, for two important reasons. First, these param-
eters provide design data to evaluate container integrity under a worst-case
scenario--one in which the structure is assumed to contain a crack that
could rapidly propagate under imposed mechanical-thermal-environmental con-
ditions. Second, data analyses showed that fracture parameters were much
more sensitive to the influence of hydrogen than were tensile properties.

In the third subtask, both short-term and long-term effects of hydrogen were
determined for a clean cast steel in elevated-temperature, high-pressure
hydrogen. In the short-term the temperature in the repository would be
close to 260 C (500 F). Accordingly, fracture properties were evaluated at
260 C (500 F) in hydrogen and compared with those in helium. Long-term
effects were determined under the scenario that long periods of exposure in
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the vicinity of 260 C (500 F) would degrade~the material. Since the temper-
ature in the repository would decrease with time, the residual fracture
resistance at room temperature could provide realistic estimates of long-
term damage. Accelerated tests were conducted by pre-exposing specimens at
temperatures above 260 C (500 F), the rationale being that short-term expo-
sure at higher temperatures could simulate long-term service damage at tem-
peratures of 260 C (500 F) and below.

The results indicate that over a long time period hydrogen could-signifi-
cantly reduce fracture resistance. Room-temperature tests on unexposed
specimens indicate that hydrogen embrittlement was the primary mode of fail-
ure. While this result was expected, a result of greater concern is the
fact that there was continued decrease in room-temperature fracture tough-
ness properties with increased times of pre-exposure at 260 C (500 F).
Selection of steels for structural members to be used in high-pressure,
elevated-temperature hydrogen environments are usually based on Nelson
curves. These curves are plots of temperature versus hydrogen partial pres-
sure, and the curves separate regions of failure and no-failure. The curves
are based on service experience and are generally relied on in the petro-
chemical industry for selecting materials for components used in hydrogen
service. The curves indicate that at 260 C (500 F) and 6.9 MPa (1000 psi),
no hydrogen-attack failures have been reported for service exposures as long
as 10,000 hours. On the other hand, the present investigation indicated
significant reductions in JIc and dJ/da over a period as short as 250 hours.
Consequently, a significant conclusion is that the use of Nelson curves to
select hydrogen-resistant materials may not be adequate to assure integrity
of cast steel containers over a period as long as 1000 years.

As previously mentioned, accelerated tests using pre-exposure temperatures
of up to 593 C (1100 F) were conducted to predict degradation over very long
time periods. Based on the limited number of tests on a rather inhomoge-
neous cast microstructure, it is premature to provide quantitative and reli-
able estimates of long-term damage. Competing mechanisms, such as hydrogen
embrittlement and hydrogen attack, made determination of damage rates at
long times difficult. For example, pre-exposures at various temperatures
indicated that damage, measured in terms of loss in fracture properties at
room temperature, was a maximum for temperatures ranging from 399 to 454 C
(750 to 850 F). Thus, further tests involving temperatures closer to 260 C
(500 F) and longer times of pre-exposures are necessary to quantitatively
predict damage over a long time period. Alternately, threshold experiments
could be conducted to estimate the threshold J, below which crack propaga-
tion would not occur at 260 C (500 F) in hydrogen. These experiments are
recommended for future research.

Qualitatively, the J-integral results, fracture surfaces, and estimates of
activation energy indicated that hydrogen embrittlement and possibly incipi-
ent hydrogen attack accompanied pre-exposure or testing at 260 C (500 F).
Even though no voids were optically resolvable, tests on unexposed specimens
at 260 C (500 F) showed large reductions in dJ/da. The corresponding frac-
ture mode was microvoid coalescence, so that the primary effect of hydrogen
was to enhance void initiation and/or growth at lower stresses and strains.
These results are consistent with the hydrogen-embrittlement mechanism,
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where as suggested by Beachem, hydrogen enhances whatever mode of fracture
is dominant under a particular set of temperature and pressure conditions.
In the case of the long-term tests, the continued decrease of room tempera-
ture fracture properties with time of pre-exposure at 260 C (500 F), toge-
ther with the measured activation energy, indicate that damage was caused by
a combination of hydrogen embrittlement and incipient attack. Further
microstructural analyses, involving transmission electron microscopy, are
necessary to pinpoint the mechanism of incipient attack. This work may pro-
vide valuable insight regarding the rate controlling process for degradation
in the neighborhood of 260 C (500 F), and thus provide better means of pre-
dicting rate of damage at long times.

The other important conclusions of the work are as follows:

(1) Room-temperature tests of unexposed specimens show that fracture
toughness properties were much more sensitive to the presence of
hydrogen than were tensile properties. For the different micro-
structures, JIc values were lowest for the higher tensile strength
levels. This result is consistent with the well-known behavior
that hydrogen damage increases with increased strength levels. On
the other hand, the tensile test results indicate a much weaker
relationship between elongation or reduction in area and tensile
strengths.

(2) Annealed cast steels were much more sensitive to hydrogen degrada-
tion than as-cast steel. Redistribution of impurities could be a
reason for this behavior in the doped steels. The results indi-
cate that thermal history and heat treatment of cast steels and
weld heat-affected zones are important parameters and need to be
carefully considered in assessing container integrity.

(3) For the as-cast steels, hydrogen embrittlement is not signifi-
cantly influenced by commercial steel impurity levels. This
result would suggest that commercial-purity steel might be used
for the containers. However, considering that only few room-
temperature tests of unexposed specimens were conducted, further
tests are essential to check whether the initial findings are
valid for long-term exposures to high-pressure, elevated-
temperature hydrogen.

(4) Tests conducted in hydrogen at 260 C (500 F) with specimens that
were not pre-exposed to hydrogen indicate that hydrogen primarily
reduced dJ/da, leaving JIc relatively less affected. These
results were in contrast to the room-temperature results, which
indicate that the major effect of hydrogen was on JIc. The behav-
ior was consistent with a hydrogen-embrittlement mechanism, since
quasi-cleavage occurred in hydrogen at room temperature, while at
260 C (500 F) the failure mode was microvoid coalescence. Since
JIc is primarily stress driven, while dJ/da is largely controlled
by the total strain to failure, the relative extents by which JIc
and dJ/da were affected at the two temperatures can be rational-
ized. Additionally, the composite parameter, JG, indicated that
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the steel was much more sensitive to hydrogen at 260 C (500 F)
than it was at room temperature.

6.2 Overpack Corrosion

Overpack corrosion studies were performed on three candidate alloy-
repository environment systems; Titanium Grade 12 - salt, carbon steel -
basalt, and stainless steel - tuff. Significant findings for these three
systems are described below.

6.2.1 Titanium Grade 12-Salt System

Autoclave exposures were performed on Titanium Grade 12 in a high-magnesium
brine (Brine A) at 250 C. The objectives of this work were to selectively
reproduce the data found in the literature and evaluate the influence of
crevices, surface condition, heat transfer, and temperature gradients on
corrosion behavior.

The most significant finding of the research was the observation of acidifi-
cation within the autoclave--a result of hydrolysis of the magnesium chlor-
ide found in the brine. While the Titanium Grade 12 performed well in this
acidified brine environment, the Hastelloy alloy C-276 autoclave underwent
severe general and pitting attack in the vapor phase. Considering the
aggressive nature of the environment generated, it is considered unlikely
that Titanium Grade 12 could survive 1000 years. Thus, the issue of hydrol-
ysis of magnesium chloride within a salt repository appears to be important
with regard to performance of any material. The rate of HCl generation by
hydrolysis needs to be established for credible repository conditions.

In other work, evidence of accelerated attack also was observed, in the
absence of heat transfer, beneath crevices in the brine at 250 C. This
observation is consistent with findings elsewhere. Similarly, moderate
acceleration of attack of the Titanium Grade 12 was observed as a result of
embedding iron in the surface of the specimens.

6.2.2 Carbon Steel-Basalt System

In the carbon steel basalt system, four types of overpack corrosion experi-
ments were performed: potentiodynamic polarization, pit propagation, auto-
clave exposures, and slow strain rate tests.

6.2.2.1 Potentiodynamic Polarization

The objective of the potentiodyanmic polarization task was to evaluate the
influence of metallurgical and environmental variables on the general corro-
sion, pitting, and SCC behavior of carbon steel in basalt repository envi-
ronments. This was accomplished by using potentiodynamic polarization
experiments to determine the effect of metallurgical and environmental vari-
ables on a number of polarization parameters. The results of this task also
were used in many of the other overpack corrosion tasks in this program to
identify appropriate environments and steels for study.
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Carbon steel was found to exhibit active-passive behavior in the simulated
basalt groundwater, and the values for the polarization parameters indicated
a high probability for pitting corrosion. On the other hand, the values for
the parameters associated with SCC did not indicate a potent cracking
environment.

The results of the metallurgical studies indicate that variation in steel
composition (from high-purity Ferrovac E to 1018 carbon steel) or thermo-
mechanical treatments (cast versus wrought) did not have a marked effect on
the electrochemical parameters associated with pit initiation or general
corrosion in the simulated basalt repository environment. Thus, it appears
that the use of high-purity iron for fabrication of the overpack would not
greatly enhance general or localized corrosion performance.

In the metallurgical studies, the electrochemical parameters associated with
SCC also were not greatly affected by steel composition or microstructure.
Thus, from an electrochemical standpoint, variation in the metallurgy of the
steels over the range examined would not be expected to affect SCC. How-
ever, it must be cautioned that the influence of metallurgy on SCC suscepti-
bility cannot be fully assessed by means of bulk electrochemical techniques
since mechanical factors and grain-boundary phenomena must also be
considered.

Several tests were performed to study the effect of environmental variables
on electrochemical behavior. In preliminary studies, it was found that
equilibration of the simulated groundwater with basalt rock, or concentra-
tion of the groundwater by a factor of ten, did not have a marked effect on
the polarization parameters. Similarly, increasing the temperature from 90
to 250 C did not markedly affect behavior, although a careful analysis of
the data indicated a slightly higher likelihood of SCC at 250 C than at
90 C.

A statistical experimental approach was used to evaluate the influence of
15 environmental variables on the electrochemical behavior of carbon steel.
The species and ranges in concentration were selected to study based on a
survey of the literature. Species considered included those present in the
groundwater as well as those that may intrude the repository or be generated
by radiolysis. A screening matrix of experiments was performed to reduce
the number of variables from 15 to 11 for analysis in the main matrix.
Twenty-one two-factor interactions were also considered in the main matrix.

Statistical analyses showed that many of the environmental variables had
important effects on the electrochemical parameters; this behavior was
expected. Somewhat more surprising was the fact that many of the two-factor
interactions also significantly affected the polarization parameters. These
two-factor interactions are not normally considered in most corrosion
studies.

The results of the statistical analyses were used to develop regression mod-
els describing the influence of the main effects and two-factor interactions
on the electrochemical parameters. These models were tested for selected
two-factor interactions. The quantitative agreement between the
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experimentally measured values and the predictions of the models were gener-
ally poor, but the trends in the data were fairly well predicted. The mod-
els' poor predictive capability was attributed to correlation of the terms,
which occurred because the design concentrations for the solutions could not
be achieved in all instances due to precipitation in the solutions. Never-
theless, the studies were extremely useful in understanding the ranges of
expected behavior for carbon steel in a repository environment. In addi-
tion, these data were used to select solution chemistries for the pit propa-
gation and SCC studies.

A few species in the statistical matrix are thermodynamically unstable and
the standard test procedure was not effective in studying their influence on
corrosion behavior. Accordingly, the test procedure was modified to include
continuous injection of these species. Two species, peroxide and perchlor-
ate, were studied in greater detail. It was found that both species greatly
increased the corrosion rate of carbon steel when present at reasonably high
concentrations. Once estimates are made of the amounts of these species
likely at an overpack surface, and of their rates of production, similar
experiments can be repeated to establish the likely effect on corrosion.
For peroxide, it was clearly shown that both the anodic and cathodic elec-
trode kinetics were affected since, for carbon steel in simulated basalt
solutions, the lower concentration of peroxide had the higher corrosion
rate.

6.2.2.2 Pit Propagation

As previously described in this chapter, the results of the potentiodynamic
polarization and autoclave studies suggest that pit initiation in low-carbon
steels is likely in basalt groundwater. Accordingly, rates of pit-
propagation must be estimated to assess the performance of the overpack.
With this in mind, the overall objective of the pit-propagation task was to
characterize the pit-propagation behavior of carbon steel and to develop a
better understanding of the mechanism of attack.

Two types of pit-propagation experiments were performed; long-term exposures
and electrochemical experiments with simulated pits. The electrochemical
experiments were performed with simulated pits having electrically isolated
pit bottoms (bases) and either reactive or nonreactive (inert) walls. With
this design, a gun-drilled rod of carbon steel was used to contain the pit.
The pit cavity was packed with an acidified paste whose composition was
based on analyses of pits found in long-term exposures. A variety of mea-
surements were performed on the pits, including coupled currents between the
pit base and the bold exposed surfaces (BES), corrosion potentials for the
pit base and BES, "nd--potential profiles-down the pits.

For the long-term exposures, two types of simulated pit geometries were
used; one similar to that used in the above electrochemical experiments, and
mechanically drilled pits in thick plates of carbon steel.

A major focus of the pit-propagation work was a comparison of the behavior
of reactive and nonreactive wall pits. This work has considerable signifi-
cance since most models use nonreactive walls to simplify the mathematics,
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while actual pits have reactive walls. Both the long-term exposures and the
electrochemical studies demonstrated that reactive and nonreactive wall pits
behave quite differently. In general, propagation rates for nonreactive
wall pits are several orders of magnitude higher than those for reactive
wall pits. The implication of these findings is that prediction of overpack
performance, based on nonreactive wall pits, may be highly conservative.
While it is desirable to obtain conservative estimates of overpack perform-
ance, predictions based on models utilizing nonreactive walls may lead to
rejection of carbon steel as a viable overpack material when, on the basis
of pitting performance, it may perform adequately. Accordingly, it is
recommended that any predictive models for pit propagation incorporate
active walls.

6.2.2.3 Autoclave Studies

Autoclave exposures were performed on carbon steel specimens at 250 C in
simulated basalt groundwater under stagnant deaerated conditions. The
objectives of the exposures were to selectively reproduce corrosion data for
carbon steel in basalt groundwater at elevated temperatures, and to evaluate
the influence of steel composition and microstructure, as well as concentra-
tion of the groundwater, on the corrosion behavior.

The most significant finding of these experiments was evidence for pitting
of carbon steel in basalt groundwater. Shallow pits (less than 20 pm) were
found on most of the specimens in the exposures. These pits were associated
with breakdown of magnatite films found on the specimen surfaces. This
observation is consistent with the results of the potentiodynamic polariza-
tion studies. Thus, the protection potential was found to be close to the
free-corrosion potential, even under deaerated conditions, indicating a high
probability of pit initiation.

On the other hand, general corrosion rates were found to be low in the
basalt groundwater under the test conditions (less than 25 gm/year), and
were not measurably affected by the composition or microstructure of the
steel. Surprisingly, concentration of the groundwater by a factor of ten
actually decreased corrosion rates by about a factor of two.

Optical examination of three-point bend specimens, which were included in
the autoclaves, indicated no evidence of SCC. This observation is consis-
tent with the low-temperature, slow strain rate results.

Polarization resistance and corrosion potential measurements were performed
on specimens in the unconcentrated groundwater exposures. Reasonable agree-
ment was found between corrosion rates predicted from the polarization
resistance measurements and those obtained from weight loss. Polarization
resistance values increased over most of the exposure period, indicating a
decreasing corrosion rate with time. Thus, the corrosion rates obtained
from weight loss are probably conservative.
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6.2.2.4 Slow Strain Rate Studies

Slow strain rate (SSR) experiments were performed on carbon steel in basalt
groundwater solutions from the statistical design matrix and selected estab-
lished cracking environments. The objectives of these experiments were to
(1) evaluate the influence of environmental variables on SCC of carbon steel
in simulated repository environments, and (2) evaluate the predictive capa-
bility of the potentiodynamic polarization technique in assessing SCC
susceptibility.

Prior to performing these SSR experiments, a survey of the literature was
performed to identify potential cracking species for carbon steel in the
basalt repository. The survey results indicated that a number of potential
cracking agents are present at low concentrations in the repository environ-
ment. However, SCC of carbon steel is relatively unlikely in the bulk
repository environment because of low concentration of the cracking species.
The most serious threat to the integrity of a carbon steel overpack with
respect to SCC is through concentration of the cracking species. Potential
concentrating mechanisms include heat transfer, pitting, crevice corrosion,
and thermogalvanic corrosion.

The influence of radiation fields on SCC is not fully understood, but lim-
ited experimental data suggest that one likely influence is in moving the
free-corrosion potential in the noble direction, which may increase the
likelihood of SCC. Another effect of radiation fields may be to generate
cracking agents such as ferric ions or nitrates.

The SSR experiments were performed under deaerated conditions with potentio-
static control; potentials were selected for testing based on the results of
the potentiodynamic polarization studies. In the basalt groundwater, no
evidence of SCC was found at either 90 or 250 C, which is consistent with
the conclusions from the literature survey. On the other hand, a number of
cracking environments were identified from the statistical design matrix,
demonstrating the effectiveness of the potentiodynamic polarization criteria
used to select the cracking environments. Established cracking species were
present in all of the environments that promoted SCC; thus, no new cracking
species were identified. It was also found that high chloride or fluoride
concentrations did not completely inhibit SCC in the presence of one estab-
lished cracking species, bicarbonate.

Slow strain rate experiments performed in ferric chloride solutions and
nitrate solutions demonstrated that significant SCC could occur at very low
concentrations. The ferric chloride cracking was found to be most severe at
175 C and pH values of less than 5.

The pH and temperature dependence of the nitrate cracking were not investi-
gated, but it was found that the cation (Na+ or NH4+) did not greatly effect
cracking. It also was shown that the effect of nitrate concentration on SCC
behavior could be predicted from the potentiodynamic polarization
experiments.
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These SSR studies demonstrated the usefulness of this technique, in combina-
tion with the potentiodynamic polarization technique, in evaluating possible
cracking environments. While no new cracking species were identified in the
study, it is somewhat disconcerting that very low levels of some species,
such as nitrates or ferric chloride, can promote cracking. The finding of
significant cracking in bicarbonate, containing high concentrations of
chlorides or fluorides, also is significant since it suggests that cracking
is a potential problem even in brine repositories. The most severe limita-
tion in applying the SCC data to the actual repository is in identifying the
ranges of possible environmental variables.

6.2.3 Stainless Steel-Tuff System

A limited number of SCC experiments was performed on Type 304L stainless
steel in simulated tuff groundwater. The objective of these experiments was
to evaluate the influence of concentration of the groundwater on SCC behav-
ior. Three types of experiments were performed with heated Type 304L stain-
less steel specimens: slow strain rate experiments with a groundwater mist
condensing on the specimens; welded U-bend exposures with groundwater drip-
ping on the specimens; and welded U-bend exposures with the specimens in
contact with a wick submerged in the groundwater. Experiments were per-
formed under fully aerated and partially aerated conditions at metal temper-
atures above boiling.

No cracking was observed under any of the above exposure conditions. While
the nominal C1 content of the groundwater is low, less than 10 ppm, concen-
tration of the water to dryness should have produced chloride concentrations
sufficient to cause SCC. Thus, other species in the groundwater must have
inhibited the cracking. Future studies should focus on the identification
of those species and their role in cracking behavior.

6.3 Internal Canister Corrosion

Long-term exposure experiments were performed to evaluate the kinetics of
pit propagation on the referenced canister material, Type 304L stainless
steel, in the presence of a simulated reference waste glass. Specimens of
Type 304L stainless steel and the cast equivalent (CF8) were exposed to
PNL 76-68 reference simulated glass at temperatures between 300 and 900 C
for periods up to 3270 hours. Following exposure, the specimens were
metallographically examined, and the number and depths of pits were
measured.

It was found that, over the temperature range studied, pits initiated rap-
idly on the metal surfaces, but the propagation rates decreased with time.
The propagation rates also decreased with temperature; the maximum penetra-
tion rates for the longest exposure time followed a rate law of the form

Rate (11m/yr) = 879 (1000/T)-2.54

6-9



This rate law predicts a maximum penetration rate of about 10 to 20 pm/yr at
temperatures of 150 and 200 C, respectively. Thus, a 3-inch-thick canister
would be penetrated in about 500 years at the higher temperature and about
1000 years at the lower temperature.

Silicon, zinc, and titanium from the waste glass were found in the corrosion
products in the pits at all temperatures, suggesting that these elements
played a role in the attack on the metal. The fact that similar corrosion
products were present at all test temperatures also suggests that the mech-
anism of attack does not change over this temperature range. Nevertheless,
it is conceivable that at lower temperatures a corrosion mechanism change
does occur, thus invalidating the data extrapolation. Comparison of the
data for the two steels suggests that the cast stainless steel (CF8) is
somewhat more resistant to pitting than the wrought Type 304L stainless
steel.

Based on the above findings, it appears likely that the Type 304L stainless
steel or its cast equivalent will contain high-level wastes for the
retrieval period and probably the thermal period. Since these predictions
were based on tests with simulated glass and involved data extrapolation, it
is recommended that confirmatory, long-term tests with more prototypic glass
and lower temperatures be performed if credit for containment is to be
given.

6.4 Corrosion Modeling Studies

6.4.1 Pitting Corrosion

Pitting of the container surface is considered to be an important mechanism
for the ultimate loss of container integrity. Modeling studies of pitting
centered on three aspects of the overall process: pit-initiation kinetics,
pit-growth kinetics, and evolution of pit-depth distribution, with emphasis
placed upon pit-growth kinetics.

These modeling studies were conducted primarily to support experimental work
on pitting in this program-. Useful extensions to the model, to characterize
actual repository conditions, would include accounting for the effects of
radiolytically produced species on pit-growth kinetics and coupling of pit
generation and pit growth models. Finally, the model should be extended to
predict pitting behavior over long time intervals.

6.4.2 General Corrosion

Both general and localized corrosion can lead to breach of containment.
Studies were conducted on the effects of irradiation on the general corro-
sion of waste-package materials, and a model describing the general corro-
sion of a metal surface in an aqueous environment was developed. These
studies show that the kinetics of aqueous general corrosion in a gamma-
radiation environment can be very complex. The model was applied to some
simplified, hypothetical examples to demonstrate relative effects of radio-
lytic production and chemical-reaction-induced annihilation of chemical spe-
cies, as well as effects of film-growth kinetics, on the overall rate at
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which corrosion proceeds. It was found, for example, that the relative
extent to which radiolytic production of chemical species enhances the rate
of corrosion can depend strongly on the nature of the chemical kinetics at
the interface between the solution and the metal surface.
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APPENDIX A

POTENTIODYNAMIC POLARIZATION DATA AND ANALYSES

This appendix provides a detailed listing of data from the potentiodynamic
polarization studies described in Section 3.2.1.

Table A.1 gives the concentrations used in the experimental matrix, which
was designed to determine the effects of varying chemical variables on the
polarization parameters.

Table A.2 gives the results of statistical analyses for the main-effect
terms, and Table A.3 gives the results of statistical analyses for the
interaction terms. As explained in Section 3.2.1, the data used in these
tables were normalized.
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Table A.1. Concentrations for the solutions used in the final statistical model.

Experiment Concentration, mg/L
No. pH Cl F Fe CO3 HCO3 N03 B03 SiO3 H202 02 CO C03/HC03

IN)

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

6.0
9.3
8.4
8.7
6.2
9.3
6.0
9.2
6.0
9.3
6.0
9.2
6.0
9.0
6.4
9.2
9.3
6.3
9.3
6.0
9.3
5.3
9.7
6.2
9.0
7.5
9.3
6.3
9.3
5.9
9.6
8.0
7.6
7.6

100
100

100,000
114,465

100
100

100,000
100,000

100
100

103,968
100,000

100
100

100,000
79,975
107,967
104,468

100
100

112,465
107,467

100
100

110,466
108,966

100
100

113,465
107,967

100
100

55,483
55,483

10
10
10
10

2,950
3,450
3,000
3,000

10
10
10
10

3,000
3,575
3,000
1,420
3,000
1,750
5,150
5,100

10
10
10
10

2,275
1,875
4,125
4,200

10
10
10
10

2,020
2,020

3.0
0.1
3.0
2.1
1.8

11.4
2.4
3.0
1.5
1.2

10.9
3.0
3.0
2.4
3.0
8.6
2.0
2.5
8.5
5.4

23.4
2.0

10.7
5.7
2.0
2.2
0.5
6.0

17.8
1.1
6.6
0.7
9.0
9.0

0
5,800

0
0
0

60,000
0

52,000
0

1,100
0

1,940
0

25,000
0

73,000
240
0

1,000
0

60,000
0

168,000
0

4,000
0

320
0

73,000
0

53,000
0
0
0

1,600
0

5,690
600

4,980
44,000

2,460
18,100

900
1,100

19,000
4,275
1,630

29,000
1,630

21,500
1,510
1,800
8,500
1,460

24,000
200

21,000
480

7,000
3,260
6,680
1,740

29,500
60

37,500
80

26,500
26,500

2,000.0
0.2

2,000.0
0.2

2,000.0
0.2

2,000.0
0.2
0.2

2,000.0
0.2

2,000.0
0.2

2,000.0
0.2

2,000.0
0.2

2,000.0
0.2

2,000.0
0.2

2,000.0
0.2

2,000.0
2,000.0

0.02
2,000.0

0.2
2,000.0

0.2
2,000.0

0.2
1,000.0
1,000.0

2,000
2,008

50
41

2,000
1,843

140
50
46
30

1,848
2,000

50
80

2,000
2,079

157
63

2,038
1,984

52
30

1,943
1,949
1,951
1,872

187
88

2,000
1,698

26
1

861
861

90
55
90
15

112
325
100

50
15
70
35
50
60

960
90

160
425

70
70

165
60
55
15
15

105
30

110
290

65
15
35
70
50
50

0
100
100
0

100
0
0

100
0

100
100
0

100
0
0

100
100

0
0

100
0

100
100
0

100
0
0

100
0

100
100
0
50
50

0.0
0.0
1.0
1.0
1.0
1.0
0.0
0.0
1.0
1.0
0.0
0.0
0.0
0.0
1.0
1.0
1.0
1.0
0.0
0.0
0.0
0.0
1.0
1.0
0.0
0.0
1.0
1.0
1.0
1.0
0.0
0.0
0.5
0.5

1,600
5,800
5,690

600
4,980

104,000
2,460

70,100
900

2,200
19,000
6,215
1,630

54,000
1,630

94,500
1,750
1,800
9,500
1,460

84,000
200

189,000
480

11,000
3,260
7,000
1,740

102,500
60

90,500
80

26,500
26,500



Table A.1. Continued

Experiment Concentration, mg/L
No. pH Cl F Fe C03 HCO3 N03 B03 SiO3 H202 02 CO C03/HC03

35 8.7 55,483 2,020 9.0 8,000 18,500 1,000.0 861 50 50 1 0.5 26,500
36 8.8 55,483 2,020 9.0 8,000 18,500 1,000.0 861 50 50 1 0.5 26,500
37 11.5 95,970 10 4.0 182,000 0 2,000.0 83 45 0 0 1.0 182,000
38 12.0 100 5,750 1.0 156,330 0 2,000.0 120 174 100 0 0.0 156,330
39 10.3 106,967 10 1.2 2,520 2,480 2,000.0 19 50 100 2 0.0 5,000
41 11.2 100 10 1.3 11,000 3,000 2,000.0 1,861 90 100 2 1.0 14,000
42 9.1 100 10 0.8 618 522 2,000.0 22 26 0 0 1.0 1,140
43 7.7 104,967 10 4.4 0 3,550 2,000.0 1,635 30 100 0 1.0 3,550
44 11.1 100 3,000 0.4 18,335 6,365 2,000.0 2,000 162 0 0 1.0 24,600
45 6.0 102,968 10 0.9 0 200 0.2 1,674 35 100 2 1.0 200
46 11.7 100 10 1.3 196,860 14,140 2,000.0 2,000 162 0 0 1.0 211,000
47 11.7 100 10 3.0 3,755 0 2,000.0 50 50 0 2 0.0 3,755
48 11.2 100,000 5,100 1.7 2,826 0 2,000.0 127 88 100 0 1.0 2,826
49 11.2 100 70 1.5 2,000 0 0.2 21 25 0 2 0.0 2,000
50 11.1 100 5,350 0.7 1,500 500 0.2 252 300 100 2 1.0 2,000
51 11.9 100 10 2.2 142,000 97,000 2,000.0 1,669 50 0 2 1.0 239,000
52 11.0 100 10 8.2 795 0 0.2 20 14 100 0 0.0 795
53 11.2 105,967 10 1.8 10,000 3,000 0.2 1,883 890 0 2 1.0 13,000
54 13.0 100,000 10 1.3 449 0 0.2 35 132 0 0 0.0 419
55 12.1 95,970 2,025 3.3 200,000 0 0.2 1,716 105 100 2 0.0 200,000
56 11.3 100 10 1.4 3,464 0 0.2 2,000 140 100 0 0.0 3,464
57 7.2 100 5,425 2.8 0 4,540 2,000.0 1,920 340 100 0 0.0 4,540
58 11.2 100 10 3.4 20,600 191,300 0.2 79 348 0 0 1.0 211,900
59 9.4 100 8,250 13.0 200 1,250 2,000.0 127 435 100 2 1.0 1,450
60 11.0 100,000 10 2.7 103,800 0 2,000.0 2,000 284 0 0 0.0 103,800
61 6.2 100 10 5.5 0 80 0.2 1,677 65 0 2 1.0 80
62 11.5 105,967 2,175 4.4 146,000 68,000 0.2 1,614 165 0 0 0.0 214,000
63 11.0 100,000 3,850 2.5 193,400 0 0.2 2,000 112 100 0 1.0 193,400
64 10.5 108,966 3,550 2.1 16,000 0 2,000.0 1,761 120 100 2 0.0 16,000
65 11.3 99,970 10 3.8 210,000 1,000 2,000.0 115 1,360 0 2 1.0 211,000
66 11.3 100 10 2.7 208,000 7,000 0.2 99 900 100 2 1.0 215,000



Table A.2. Results of statistical analyses for main-effect terms showing coefficients,
intercept, significance level, and explained variability for each
polarization parameter in final model.

Ecor Log icor Log imax Log ipas Epit Eprot
Main V (SCE) (A/cm2) (A/cm2) g/cm2) V (SCE) V (SCE)
Effect RC (OSL)(a) RC (OSL) RC (OSL) Rt (OSL?) RC (OSL) RC (OSL)

pH - -1.456 (0.000) -2.149 (0.000) -1.436 (0.000) -0.659 (0.004)

Cl -0.072 (0.000) - -0.306 (0.002) - - -0.418 (0.000)

F - +0.402 (0.037) +0.298 (0.029) +0.272 (0.032)

Fe -0.112 (0.010) - +0.605 (0.008) -

C03 -- +1.044 (0.000) _ +0.923 (0.000) +0.234 (0.001)

N03 +0.060 (0.000) -0.637 (0.005) -

B03 - -

SiO3 - -

H202 -0

02 - -- +0.065 (0.090)

Co - - _ _ _ _

Intercept -0.664 -5.329 -2.605 -4.844 +0.736 -0.094

R2 (b) 54% 62% 72% 73% 78% 71%

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

(b)R2: coefficient of determination for the final model. Th "R2" term is the percentage of total variability
explained by the model.



Table A.3. Results of statistical analyses for interaction terms showing coefficients
and significance level for each polarization parameter in final model.

c-1I

Ecor Log icor Log imax Log 'pas Epit Eprot
Interaction V (SCE) (A/cm2) (A/cm2) (A/cm2) V (SCE) V (SCE)

Term RC (OSL)* RC (OSL) RC (OSL) RC (OSL) RC (OSL) RC (OSL)

pH x Cl - - +0.422 (0.005) - -0.279 (0.002) -0.315 (0.002)

pH x C03 - - -1.460 (0.002) - -0.852 (0.000) -0.227 (0.033)

pH x N03 -0.059 (0.040) - - -0.191 (0.111) - -

pH xB03 - -

pH xSiO3 - - - -0.610 (0.088) - -

pH x H202 - - -

pH x 02 - -- +0.232 (0.054) -0.165 (0.027) -0.173 (0.048)

pH x CO - -0.275 (0.115) - -0.157 (0.039) -0.147 (0.098)

pH x C03 - - -0.196 (0.111) -0.208 (0.019) +0.416 (0.000) -

pH x N03 - +0.219 (0.037) - +0.221 (0.003) - +0.092 (0.067)

pH x B03 - - - -0.122 (0.120) -0.113 (0.020) -0.138 (0.017)

pH x H202 -0.026 (0.139) - -0.128 (0.058) -0.249 (0.001) - -

C03 x H202 -0.032 (0.088) - - - - -

C03 x 02 - -

N03 x B03 - - - - - -

N03 x SiO3 - -0.647 (0.013) - -0.148 (0.062) -0.104 (0.027) -

N03 x 02 - -0.201 (0.038) - +0.216 (0.001) - -

B03 x SiO3 -0.030 (0.146) - -- -0.119 (0.023) -0.186 (0.003)

B03 x H202 -

SiO3 x 02 -0.043 (0.023) - - - - -

H202 x 02 -0.37 (0.022) - - - -0.058 (0.122) -

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

POTENTIAL AND CURRENT DATA FOR ELECTROCHEMICAL PIT-PROPAGATION EXPERIMENTS

Potential and current data for electrochemical pit-propagation experiments
are summarized in Tables 3.26 and 3.29.

Appendix B contains graphs detailing results of the potential and current
data for electrochemical pit-propagation Experiments 20, 21, 22, 23, 24, 27,
28, 29, and 30.

The experiments were conducted in aerated basalt groundwater, except for
Experiment 27, which was conducted in aerated Brine A, and Experiment 28,
which was conducted in aerated Brine B. Temperature was 25 C for all
experiments.

B-1



U

.4
F 8
W

Figure 8.1.
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Coupled current density as a function of exposure time and
pit-wall reactivity for pit-propagation Experiment 21 per-
formed at a diameter-to-depth ratio of 1:0.5 in aerated
basalt groundwater at 25 C.
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Figure B.2.
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Coupled potential as a function of exposure time for pit-
propagation Experiment 21 performed at a diameter-to-depth
ratio of 1:0.5 in aerated basalt groundwater at 25 C.
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Figure B.3. Potential for pit specimen as a function of microcapillary
probe position down the pit where the pit specimen and BES
specimen were coupled (open symbols). Closed symbols indi-
cate potentials when pit and BES specimens were uncoupled;
Experiment 21 in aerated basalt groundwater at 25 C.
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Figure B.4. Coupled current density as a function of exposure time and
pit-wall reactivity for pit-propagation Experiment 30 per-
formed at a diameter-to-depth ratio of 1:1 in aerated basalt
groundwater at 25 C.
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Figure B.5. Coupled potential as a function of exposure time for pit-
propagation Experiment 30 performed at a diameter-to-depth
ratio of 1:1 in aerated basalt groundwater at 25 C.
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Figure B.6. Potential for pit specimen as a function of microcapillary
probe position down the pit where the pit specimen and BES
specimen were coupled (open symbols). Closed symbols indi-
cate potentials when pit and BES specimens were uncoupled;
Experiment 30 in aerated basalt groundwater at 25 C.
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Figure B.7. Coupled current density as a function of exposure time and
pit-wall reactivity for pit-propagation Experiment 29 per-
formed at a diameter-to-depth ratio of 1:2 in aerated basalt
groundwater at 25 C.
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Figure B.8. Coupled potential as a function of exposure time for pit-
propagation Experiment 29 performed at a diameter-to-depth
ratio of 1:2 in aerated basalt groundwater at 25 C.
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Figure 8.9. Potential for pit specimen as a function of microcapillary
probe position down the pit where the pit specimen and BES
specimen were coupled (open symbols). Closed symbols indi-
cate potentials when pit and BES specimens were uncoupled;
Experiment 29 in aerated basalt groundwater at 25 C.
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Figure B.10. Coupled current density as a function of exposure time and
pit-wall reactivity for pit-propagation Experiment 24 per-
formed at a diameter-to-depth ratio of 1:2.5 in aerated
basalt groundwater at 25 C.
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Figure B.11. Coupled potential as a function of exposure time for pit-
propagation Experiment 24 performed at a diameter-to-depth
ratio of 1:2.5 in aerated basalt groundwater at 25 C.
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Figure 8.12. Potential for pit specimen as a function of microcapillary
probe position down the pit where the pit specimen and BES
specimen were coupled (open symbols). Closed symbols indi-
cate potential when pit and BES specimens were uncoupled;
Experiment 24 in aerated basalt groundwater at 25 C.
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Coupled current density as a function of exposure time and
pit-wall reactivity for pit-propagation Experiments 22 and
23 performed at a diameter-to-depth ratio of 1:10 in aer-
ated basalt groundwater at 25 C.
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Figure B.14. Coupled potential as a function of exposure time for pit-
propagation Experiments 22 and 23 performed at a diameter-
to-depth ratio of 1:10 in aerated basalt groundwater at
25 C.
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Figure B.15. Potential for pit specimen as a function of microcapillary
probe position down the pit where the pit specimen and BES
specimen were coupled (open symbols). Closed symbols indi-
cate potential when pit and BES specimens were uncoupled;
Experiments 22 and 23 in aerated basalt groundwater at
25 C.
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Figure B.16. Coupled current density as a function of exposure time and
pit-wall reactivity for pit-propagation Experiment 20 per-
formed at a diameter-to-depth ratio of 1:5 in aerated
basalt groundwater at 25 C.
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Figure B.17. Coupled potential as a function of exposure time for pit-
propagation Experiment 20 performed at a diameter-to-depth
ratio of 1:5 in aerated basalt groundwater at 25 C.
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Figure B.18. Potential for pit specimen as a function of microcapillary
probe position down the pit where the pit specimen and BES
specimen were coupled (open symbols). Closed symbols indi-
cate potentials when pit and BES specimens were uncoupled;
Experiment 20 in aerated basalt groundwater at 25 C.
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Coupled potential as a function of exposure time for pit-
propagation Experiment 27 performed at a diameter-to-depth
ratio of 1:5 in aerated Brine A at 25 C.
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Potential for pit specimen as a function of microcapillary
probe position down the pit where the pit specimen and BES
specimen were coupled (open symbols). Closed symbols indi-
cate potential when pit and BES specimens were uncoupled;
Experiment 27 in aerated Brine A at 25 C.
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pit-wall reactivity for pit-propagation Experiment 28 per-
formed at a diameter-to-depth ratio of 1:5 in aerated
Brine B at 25 C.
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Coupled potential as a function of exposure time for pit-
propagation Experiment 28 performed at a diameter-to-depth
ratio of 1:5 in aerated Brine B at 25 C.
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probe position down the pit where the pit specimen and BES
specimen were coupled (open symbols). Closed symbols indi-
cate potential when the pit and BES specimens were
uncoupled; Experiment 28 in aerated Brine B at 25 C.

*The large noble shifts observed for the uncoupled potentials were probably
the result of the microcapillary scraping the surface of the pit specimen.
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APPENDIX C

POTENTIODYNAMIC POLARIZATION CURVES FOR SELECTED SOLUTIONS FROM
STATISTICAL MATRIX

This appendix presents the potentiodynamic polarization curves for hot-
rolled 1020 carbon steel in solutions (from statistical experimental matrix)
that were used in SSR studies.
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Figure C.2. Fast scan (18 V/hour) and slow scan (0.6 V/hour)
potentiodynamic polarization curves for hot-rolled
1020 carbon steel in deaerated solution 8 from sta-
tistical experimental matrix.
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APPENDIX D

POTENTIODYNAMIC POLARIZATION CURVES FOR NITRATE SOLUTIONS

The eight graphs in Appendix D show the potentiodynamic polarization curves
for hot-rolled 1020 carbon steel in various solutions of sodium and ammonium
nitrate at 90 C and a scan rate of 18 V/hr.
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APPENDIX E

CORROSION MODEL CODE DOCUMENTATION

E.1 Mathematical Models and Numerical Methods

In this report, we document four models of general corrosion, named
corrodel, corrode2, corrode3, and corrode4. The mathematical models and
numerical methods underlying the general corrosion models are documented in
previous reports. corrodel is a one-species maximum-rate model, described
in Reference E.1. corrode2 is a two-species maximum-rate model, described
in Reference E.2. corrode3 is a one-species film-growth model, described in
Reference E.3. cor__de4 is a five-species film-growth model, described in
Reference E.4.

E.2. User's Manual

E.2.1 Program Considerations

E.2.1.1 Overview

The attached 5.25-in floppy disk contains programs and sample data for four
models of general corrosion developed at Battelle. The disk is written in
the standard 360-kilobyte format used by IBM personal computers.

The disk is organized into six directories: /corrodel, /corrode2,
/corrode3, /corrode4, /corrlib, and /mathlib. The directories /corrlib and
/mathlib contain functions used by several programs. The directories
/corrodel, /corrode2, /corrode3, and /corrode4 contain the source code,
object, and executable files for the four corrosion models. In the discus-
sion below, the name of a corrosion model will be taken to be the same as
the name of the directory in which it appears, minus the backslash.

E.2.1.2 Program Paths

The programs are composed of several functions. Source code for functions
/newln and /scanrqn is found in directory /corrlib, that for /vadd, /vcpy,
/vscl, /nonlin, and /rkstep is found in directory /mathlib, and all other
functions appear in the /corrode# directories for the model to which they
pertain. The purposes of the functions are as follows.

corrode: This is the main program. It invokes a function to ini-
tialize parameters and a function to initialize the state
of the system. It prints the initial state. It loops once
per time step, invoking the differential equation solver to
calculate the new state, incrementing the time, and print-
ing the new state.

initpar: This function reads the input data except for the initial
state of the system. It is involved by corrode.
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initstate: This function reads the initial state of the system. It is
invoked by corrode.

statediff: This function calculates the time derivative of the state
of the system. It is invoked by rkstep.

rkstep: This function is the differential equation solver. It uses
a fourth-order Runge-Kutta method. It is invoked by cor-
rode. Two versions exist. In one, the user is required to
provide a work area; this version is used for models cor-
rodel, corrode2, and corrode3. In the other version, the
work area is obtained by invoking the memory allocator;
this version is used for model corrode4. The second ver-
sion will print an error message and abort the program if
memory allocation fails.

tcan: In models corrodel, corrode2, and corrode3, this function
returns the current temperature of the surface of the con-
tainer. It is invoked by statediff. In model corrode4,
this boundary condition is handled directly by statediff.

concO: In models corrode3 and corrode4, this function is used to
determine the concentration of oxidizing species at the
surface of the container according to the point defect
model of general corrosion. It returns a value of zero
when the concentration is correct. It is invoked by
nonlin. In models corrodel and corrode2, the concentration
of oxidizing species at the surface of the container is
assumed to be zero, so concO is unnecessary.

bound: In model corrode4, this function is used before printing to
ensure that the state of the system is consistent with the
point defect model of general corrosion. It is invoked by
corrode.

nonlin: This function returns the value of a root to a nonlinear
equation. It uses a modified secant method. This function
is not used in models corrodel and corrode2, as it is
unnecessary. nonlin accepts two tolerances. A root is
considered to be found if two successive approximants to
the root differ by less than tolx, or if the absolute value
of function value at the current approximant is less than
toly. If both tolx and toly are negative, nonlin will
print an error message and abort the program. If the two
initial approximants differ by less than tolx, nonlin will
print an error message and return the second approximant.

scanrqn: This function reads data from standard input and initial-
izes an array. It reads a pair of numbers, first one of
type int, then one of type double. The int specifies the
number of locations in the array that are to be initialized
to the double value. The function continues to read until
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the array is full. If the int specifies more locations
than remain in the array, the excess is ignored. If either
the int or the double is Illegal in form scanrqn prints an
error message and aborts the program. Number pairs with
non-positive ints are silently ignored.

newin: This function discards all data from standard input up to a
new line character, ASCII character code 012 octal.

vadd: This function adds the elements of two arrays.

vcPy: This function copies all elements of an array into a second
array.

vscl: This function multiplies all elements of an array by a
scalar.

E.2.1.3 Data Structures

The three primary data structures in corrode are state, kpar, and time. The
structures kpar and time contain kinetic parameters and time parameters,
respectively. kpar is of type struct kpars, while time is of type struct
times. The contents of these two types of structures are described in the
file structs.

In contrast, state is a simple array. It contains the entire state of the
system and may be thought of as a series of vectors: one vector for each
concentration profile, followed by a vector for the temperature profile,
followed by a single element containing the corrosion wastage. The number
of elements in each vector in state is equal to the number of nodes at which
the partial differential equations are to be solved. corrode also contains
a structure, statenew, which is identical to state, except it describes the
state of the system at the end of a time step rather than at the beginning.
A similar structure, stateder, also appears in statediff; it contains the
time derivatives of the state of the system.

Dimensioning of state is controlled through the contents of file defs. defs
defines a manifest constant, MAXSTEP, which is the maximum number of radius
steps which may be used. This is one less than the maximum number of nodes.
In the case of corrode4, defs also defines NSPEC, the number of species
under consideration. MAXSPEC may be changed as desired; NSPEC must not be
changed.

E.2.2 Data Files

All models read their standard input and write to their standard output. No
other files are used.

E.2.3 Input Data

All quantities, both for input and output, are assumed to be in a consistent
set of units. These may be different from standard engineering units.
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Since we have no way of knowing what units will be used with the program, we
will treat all quantities as dimensionless.

Following the usual C practice, data are read by scanf. No field width
specifications are used. In the discussions below, we will use the term
1'scanrgn format" to refer to a series of pairs of int values followed by a
double value, as described in the description of scanrqn above. Unless
specified as type int below, all data are type double and are read under
"%lf" control. ints are read under "%d" control.

For easier editing of data files, we provide for annotations at the end of
groups of data. The annotation must be on the same line as the last datum
of the group and separated from the datum by at least one space or hori-
zontal tab character. Annotations are terminated by a newline character,
ASCII character code 012 octal.

In model corrode4, the rate constants for the four homogeneous reactions
involving the radiolytic species are specified in the code for statediff.

E.2.3.1 Data for corrodel

The first three values read are the initial model time, the time step, and
the maximum (ending) model time. These are read into time.mdl, time.step,
and time.max, respectively. This group may be followed by an annotation.

The next three values read are the container radius, the radial step length,
and the (int) number of steps. These are read into kpar.radius.can,
kpar.radius.step, and kpar.radius.steps, respectively. This group may be
followed by an annotation.

The next three values read are the initial container temperature, the far-
field temperature, and the time constant for decay of the temperature of the
container. These are read into kpar.therm.canO, kpar.therm.bkqd, and
kpar.therm.decay, respectively. This group may be followed by an
annotation.

The next group contains the profile of the thermal diffusivity the matrix in
scanrqn format. This is read into kpar.therm.th-diff. kpar.radius.steps +
1 values must be specified. This group may be followed by an annotation.

The next two values read are the initial y-field intensity at the container
surface, and the time constant for decay of the y intensity. These are read
into kpar.radio.intensO, and kpar.radio.decay, respectively. This group may
be followed by an annotation.

The next group contains the profile of the total linear absorption coeffi-
cient of the matrix in scanrqn format. This is read into a temporary array
in initpar and used to initialize kpar.radio.intens. kpar.radius.steps + 1
values must be specified. This group may be followed by an annotation.

The next two values read are the g-value at infinite temperature for the
oxidizing species and the activation temperature for the g-value of the
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oxidizing species. These are read into kpar.radio.ginf, and
kpar.radio.gactv, respectively. This group may be followed by an
annotation.

The next value read is the total linear absorption coefficient of water.
This is read into kpar.radio.absh2O. This group may be followed by an
annotation.

The next two values read are the diffusivity at infinite temperature for the
oxidizing species and the activation temperature for the diffusivity of the
oxidizing species. These are read into kpar.diff.inf, and kpar.diff.actv,
respectively. This group may be followed by an annotation.

The next group contains the profile of the porosity of the matrix in scanrqn
format. This is read into kpar.diff.porosity. rpar.radius.steps + 1 values
must be specified. This group may be followed by an annotation.

The next group contains the profile of tortuosity of the matrix in scanrgn
format. This is read into kpar.diff.tortuosity. kpar.radius.steps + 1 val-
ues must be specified. This group may be followed by an annotation.

The next value read is the rate constant for decay of the oxidizing species.
This is read into kpar.recom.mult. This group may be followed by an
annotation.

The next group contains the profile of the concentration of the oxidizing
species in scanrqn format. This is read into a portion of state.
kpar.radius.steps + 1 values must be specified. This group may be followed
by an annotation.

The next group contains the profile of the temperature of the matrix in
scanrqn format. This is read into a portion of state. kpar.radius.steps +
1 values must be specified. This group may be followed by an annotation.

The last group contains the initial corrosion wastage. This is read into a
portion of state. This group may be followed by an annotation.

E.2.3.2 Data for corrode2

The first three values read are the initial model time, the time step, and
the maximum (ending) model time. These are read into time.mdl, time.step,
and time.max, respectively. This group may be followed by an annotation.

The next three values read are the container radius, the radial step length,
and the (int) number of steps. These are read into kpar.radius.can,
kpar.radius.step, and kpar.radius.steps, respectively. This group may be
followed by an annotation.

The next three values read are the initial container temperature, the far-
field temperature, and the time constant for decay of the temperature of the
container. These are read into kpar.therm.canO, kpar.therm.bkgd, and
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kpar.therm.decay, respectively. This group may be followed by an
annotation.

The next group contains the profile of the thermal diffusivity the matrix in
scanrqn format. This is read into kpar.therm.th-diff. kpar.radius.steps +
1 values must be specified. This group may be followed by an annotation.

The next two values read are the initial y-field intensity at the container
surface, and the time constant for decay of the y intensity. These are read
into kpar.radio.intensO, and kpar.radio.decay, respectively. This group may
be followed by an annotation.

The next group contains the profile of the total linear absorption coeffi-
cient of the matrix in scanrgn format. This is read into a temporary array
in lnitpar and used to initialize kpar.radio.intens. kpar.radius.steps + 1
values must be specified. This group may be followed by an annotation.

The next two values read are the g-value at infinite temperature for the
oxidizing species and the activation temperature for the g-value of the oxi-
dizing species. These are read into kpar.radio.ginf[OJ, and
kpar.radio.gactv[O0, respectively. This group may be followed by an
annotation.

The next two values read are the g-value at infinite temperature for the
reducing species and the activation temperature for the g-value of the
reducing species. These are read into kpar.radio.ginf[l], and
kpar.radio.gactv[11, respectively. This group may be followed by an
annotation.

The next value read is the total linear absorption coefficient of water.
This is read into kpar.radio.absh2O. This group may be followed by an
annotation.

The next two values read are the diffusivity at infinite temperature for the
oxidizing species and the activation temperature for the diffusivity of the
oxidizing species. These are read into kpar.diff.inf[O], and
kpar.diff.actvlO], respectively. This group may be followed by an
annotation.

The next two values read are the diffusivity at infinite temperature for the
reducing species and the activation temperature for the diffusivity of the
reducing species. These are read into kpar.diff.infl]1, and
kpar.diff.actvill, respectively. This group may be followed by an
annotation.

The next group contains the profile of the porosity of the matrix in scanrqn
format. This is read into kpar.diff.porosity. kpar.radius.steps + 1 values
must be specified. This group may be followed by an annotation.

The next group contains the profile of tortuosity of the matrix in scanrqn
format. This is read into kpar.diff.tortuosity. kpar.radius.steps +1
values must be specified. This group may be followed by an annotation.
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The next two values read are the rate constant for decay of the oxidizing
species and the rate constant for reaction of the oxidizing species with the
reducing species. These are read into kpar.recom.monolOV, and
kpar.recom.mono[O], respectively. This group may be followed by an
annotation.

The next two values read are the rate constant for decay of the reducing
species and the rate constant for reaction of the reducing species with the
oxidizing species. These are read into kpar.recom.mono[l], and
kpar.recom.mono[1l, respectively. This group may be following by an
annotation.

The next group contains the profile of the concentration of the oxidizing
species in scanrqn format. This is read Into a portion of state.
kpar.radius.steps + 1 values must be specified. This group may be followed
by an annotation.

The next group contains the profile of the concentration of the reducing
species in scanrqn format. This is read into a portion of state.
kpar.radius.steps + 1 values must be specified. This group may be followed
by an annotation.

The next group contains the profile of the temperature of the matrix in
scanrqn format. This is read into a portion of state. kpar.radius.steps +
1 values must be specified. This group may be followed by an annotation.

The last group contains the initial corrosion wastage. This is read into a
portion of state. This group may be followed by an annotation.

E.2.3.3 Data for corrode3

The first three values read are the initial model time, the time step, and
the maximum (ending) model time. These are read into time.mdl, time.step,
and time.max, respectively. This group may be followed by an annotation.

The next three values read are the container radius, the radial step length,
and the (int) number of steps. These are read into kpar.radius.can,
kpar.radius.step, and kpar.radius.steps, respectively. This group may be
followed by an annotation.

The next three values read are the initial container temperature, the far-
field temperature, and the time constant for decay of the temperature of the
container. These are read into kpar.therm.canO, kpar.therm.bkgd, and
kpar.therm.decay, respectively. This group may be followed by an
annotation.

The next group contains the profile of the thermal diffusivity the matrix in
scanrqn format. This is read into kpar.therm.th-diff. kpar.radius.steps +
v values must be specified. This group may be followed by an annotation.

The next two values read are the initial y-field intensity at the container
surface, and the time constant for decay of the y intensity. These are read
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into kpar.radio.intensO, and kpar.radio.decay, respectively. This group may
be followed by an annotation.

The next group contains the profile of the total linear absorption coeffi-
cient of the matrix in scanrqn format. This is read into a temporary array
in initpar and used to initialize kpar.radio.intens. kpar.radius.steps + 1
values must be specified. This group may be followed by an annotation.

The next two values read are the g-value at infinite temperature for the
oxidizing species and the activation temperature for the g-value of the oxi-
dizing species. These are read into kpar.radio.ginf, and kpar.raddo.qactv,
respectively. This group may be followed by an annotation.

The next value read is the total linear absorption coefficient of water.
This is read into kpar.radio.absh2O. This group may be followed by an
annotation.

The next two values read are the diffusivity at infinite temperature for the
oxidizing species and the activation temperature for the diffusivity of the
oxidizing species. These are read into kpar.diff.inf, and kpar.diff.actv,
respectively. This group may be followed by an annotation.

The next group contains the profile of the porosity of the matrix in scanrqn
format. This is read into kpar.diff.porosity. kpar.radius.steps + 1 values
must be specified. This group may be followed by an annotation.

The next group contains the profile of tortuosity of the matrix in scanrqn
format. This is read into kpar.diff.tortuosity. kpar.radius.steps +1 val-
ues must be specified. This group may be followed by an annotation.

The next value read is the rate constant for decay of the oxidizing species.
This is read into kpar.recom.mult. This group may be followed by an
annotation.

The next six values read are Al, B1, a, FVext/R, FE/R, and the volume of
a unit of corrosion product. These quantities are all defined in Refer-
ence E.1. These are read into kpar.corr.al, kpar.corr.bl, kpar.corr.alpha,
kpar.corr.potl, kpar.corr.field, and kpar.corr.volume, respectively. This
group may be followed by an annotation.

The next group contains the profile of the concentration of the oxidizing
species in scanrqn format. This is read into a portion of state.
kpar.radius.steps + 1 values must be specified. This group may be followed
by an annotation.

The next group contains the profile of the temperature of the matrix in
scanrqn format. This is read into a portion of state. kpar.radius.steps +
1 values must be specified. This group may be followed by an annotation.

The last group contains the initial corrosion wastage. This is read into a
portion of state. This group may be followed by an annotation.
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E.2.3.4 Data for corrode4

The first three values read are the initial model time, the time step, and
the maximum (ending) model time. These are read into time.mdl, time.step,
and time.max, respectively. This group may be followed by an annotation.

The next three values read are the container radius, the radial step length,
and the (int) number of steps. These are read into kpar.radius.can,
kpar.radius.step, and kpar.radius.steps, respectively. This group may be
followed by an annotation.

The next four values read are the far-field temperature, initial heat output
of the container, the time constant for decay of the heat output of the con-
tainer, and the thermal conductivity at the surface of the container. These
are read into kpar.therm.canO, kpar.therm.bkgd, and kpar.therm.decay,
respectively. This.group may be followed by an annotation.

The next group contains the profile of the thermal diffusivity the matrix in
scanrgn format. This is read into kpar.therm.th-diff. kpar.radius.steps +
1 values must be specified. This group may be followed by an annotation.

The next two values read are the initial y-field intensity at the container
surface, and the time constant for decay of the y intensity. These are read
into kpar.radio.intensO, and kpar.radio.decay, respectively. This group may
be followed by an annotation.

The next group contains the profile of the total linear absorption coeffi-
cient of the matrix in scanrgn format. This is read into a temporary array
in initpar and used to initialize kpar.radio.intens. kpar.radius.steps + 1
values must be specified. This group may be followed by an annotation.

The next five groups are composed of two values each, the g-value at infi-
nite temperature for the oxidizing species and the activation temperature
for the g-value of the oxidizing species. These are read into
kpar.radio.ginfJO, and kpar.radio.gactvlO], through kpar.radio.ginfl41, and
kpar.radjo.qactjj41, respectively. Each group may be followed by an
annotation.

The next value read is the total linear absorption coefficient of water.
This is read into kpar.radio.absh20. This group may be followed by an
annotation.

The next five groups are composed of two values each, the diffusivity at
infinite temperature for the oxidizing species and the activation tempera-
ture for the diffusivity of the oxidizing species. These are read into
kpar.diff.inf[O, and kpar.diff.actv[O0, through kpar.diff.inf[4], and
kpar.diff.actv[4i, respectively. Each group may be followed by an
annotation.

The next group contains the profile of the-porosity of the matrix in scanrqn
format. This is read into kpar.diff.porosity. kpar.radius.steps + 1 values
must be specified. This group may be followed by an annotation.
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The next group contains the profile of tortuosity of the matrix in scanrqn
format. This is read into kpar.diff.tortuosity. kpar.radius.steps +1 val-
ues must be specified. This group may be followed by an annotation.

The next six values read are Al, B1, a, FVext/R, FE/R, and the volume of a
unit of corrosion product, and the concentration of OH ions in the ground-
water. These quantities are all defined in Reference E.1. These are read
into kpar.corr.al, kpar.corr.bl, kpar.corr.alpha, kpar.corr.potl,
kpar.corr.field, and kpar.corr.volume, respectively. This group may be fol-
lowed by an annotation.

The next group contains the profile of the concentration of the oxidizing
species in scanrgn format. This is read into a portion of state.
kpar.radius.steps + 1 values must be specified. This group may be followed
by an annotation.

The next group contains the profile of the temperature of the matrix in
scanrgn format. This is read into a portion of state. kpar.radius.steps +
I values must be specified. This group may be followed by an annotation.

The last group contains the initial corrosion wastage. This is read into a
portion of state. This group may be followed by an annotation.

E.2.4 System Interface

E.2.4.1 System-Dependent Features

It is expected that this C code will be readily portable. The only system
call used by the programs is exit, which terminates a process. All other
invocations are of functions in the standard C input/output and mathematical
libraries.

E.2.4.2 Compiler Requirements

The programs as delivered have been successfully compiled by the Masscomp
"cc" C compiler on an MC-5500 running Real-Time UNIX version 2.2A and by the
Microsoft C compiler version 4.0 on an IBM personal computer running MS-DOS
version 3.11. On the personal computer, a stack space of 10,000 bytes was
found to be sufficient for all four models. It was not assumed that an 8087
co-processor was present.

E.2.4.3 Invocation of Programs

The directories /corrodel, /corrode2, /corrode3, and /corrode4 each contain
an executable program for a corrosion model named corrode.exe. As an exam-
ple, with the disk in the B drive, type

b:
cd /corrode2
corrode < dfile

to run the second corrosion model with data from file dfile.
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E.3 Output

The output will be of the form

time = O.QOOOOOe+OOO wastage = 1.000000e-004
0.OOOOOOe+OO0 3.000000e+002
1.000000e+000 3.000000e+002
1.OOOOOOe+O00 3.000000e+002

The model time and corrosion wastage are given in the first line. This line
is followed by a series of lines with one or more concentrations and, in the
last field, a temperature. There will be one line of this type for each
node at which the temperature and concentration are determined. Finally,
there will be a blank line. The pattern above will be repeated for each
time step.

E.3.1 Sample Problems

In each of the directories /corrodel, /corrode2, /corrode3, and /corrode4,
we have included files zdata and zoutput. zdata is a sample input file, and
zoutput is the output resulting from the command

corrode < zdata > zoutput.

Presentation of the results in graphic form logically belongs outside the
program. Since the available software and hardware will vary from environ-
ment to environment, we have left the details of postprocessing and plotting
to the user.

E.4 Directory Listings

Volume in drive B has no label
Directory of B:/

CORRLIB
MATHLIB
CORRODE2
CORRODE3
CORRODE4
CORRODE1

<DIR>
<DIR>
<DIR>
<DIR>
<DIR>
<DIR>

6 File(s)

11-14-86 11:27a
11-14-86 11:29a
11-14-86 12:11p
11-14-86 12:11p
11-14-86 12:11p
3-20-87 5:20p

82944 bytes free

Volume in drive B has no label
Directory of B:/CORRODE1

<DIR>
<DIR>

CORRODE
INITPAR
INITSTAT

C
C
C

1710
1815
842

3-20-87
3-20-87
12-04-86
12-04-86
12-04-86

5:20p
5:20p

12:30p
11:42a
11:43a
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STATEDIF
TCAN
STRUCTS
DEFS
ZDATA
README
CORRODE
STATEDIF
INITPAR
TCAN
INITSTAT
LD
CORRODE
LINKEM

C
C

OBJ
OBJ
OBJ
OBJ
OBJ

EXE
BAT
. File(s)

2843
266
1768
20

404
154

1124
1872
1350
467
547
166

26800
20

11-14-86 2:59p
11-14-86 2:59p
11-14-86 2:59p
11-14-86 2:54p
11-14-86 2:59p
11-14-86 2:59p
12-04-86 3:41p
12-03-86 4:36p
12-04-86 11:46a
12-03-86 4:40p
12-04-86 11:44a
12-04-86 3:39p
12-04-86 3:43p
12-04-86 2:55p

82944 bytes free

Volume in drive B has no
Directory of B:/CORRODE2

label

README
CORRODE
DEFS
INITPAR
INITSTAT
STATEDIF
STRUCTS
TACN
ZDATA
LD
CORRODE
INITPAR
INITSTAT
TCAN
STATEDIF
LINKEM
CORRODE

<DIR>
<DIR>

C

C
C
C

C

OBJ
OBJ

OBJOBJ
0BJ
BAT
EXE

) File(s)

154
1527
20

2093
1071
3820
1817
266
610
166

1090
1499
498
467

2516
20

27354

11-14-85 12:11p
11-14-86 12:11p
11-14-86 3:02p
11-14-86 3:01p
11-14-86 3:01p
12-04-85 3:52p
12-04-86 3:53p
12-04-86 4:13p
11-14-86 3:02p
11-14-86 3:02p
11-14-86 3:18p
12-04-86 3:39p
12-04-86 3:54p
12-04-86 4:00p
12-04-86 4:01p
12-04-86 4:04p
12-04-86 4:15p
12-04-86 2:55p
12-04-86 4:18p

82944 bytes free

Volume in drive B has no label
Directory of B:/CORRODE3

<DIR>
<DIR>

README
CONCO
CORRODE
DEFS
INITPAR
INITSTAT
STATEDIF

C
C

156
1477
1794
76

2058
1094
3126

11-14-86
11-14-86
11-14-86
11-14-86
11-14-86
11-14-86
12-04-86
12-04-86
11-14-86

12: lip
12: lp
3:05p
3:04p
3:04p
3:04p
4:35p
4:35p
3: 20p

C
C
C
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STRUCTS
TCAN C
LD
ZDATA
ZDATA2
LINKEM BAT
CONCO OBJ
CORRODE OBJ
INITPAR OBJ
INITSTAT OBJ
STATEDIF OBJ
TCAN OBJ
CORRODE EXE

22 File(s)

2142
266
190
467
958
20

1208
1257
1525
725

2052
467

28490

11-14-86
11-14-86
12-04-86
11-14-86
11-14-86
12-04-86
12-04-86
12-04-86
12-04-86
12-04-86
12-04-86
12-04-86
12-04-86

82944 bytes

3:06p
3:06p
4:59p
3:06p
3:07p
2 :55p
4: 30 p
4:31p
4:37p
4: 38p
4:39p
4: 40p
5:OOp
free

Volume in drive B has no
Directory of B:/CORRODE4

label

<DIR>
<DIR>

README
BOUND
CONCO
DEFS
CORRODE
INITPAR
INITSTAT
STATEDIF
STRUCTS
BOUND
LINKEM
LD
CONCO
CORRODE
INITPAR
INITSTAT
STATEDIF
CORRODE
ZDATA

C
C

C
C
C
C

OBJ
BAT

OBJ
OBJ
OBJ
OBJ
OBJ
EXE

1 File(s)

158
573

1794
106

1702
2164
934

4256
2116

593
20
189

1410
1186
1595
816

3118
29806

594

11-14-86
11-14-86
11-14-86
12-09-86
12-09-86
11-14-86
12-09-86
12-09-86
12-09-86
12-09-86
11-14-85
12-09-86
12-04-86
12-09-86
12-09-86
12-09-86
12-09-86
12-09-86
12-09-85
12-09-86
12-09-86

12:11p
12: 11p
3:09p

12:36p
12:37p
3:322p
12:37p
12:37p
12:37p
12:37p
3:09p
12:38p
2:55p
12:47p
12:39p
12:40p
12:41p
12:42p
12:46p
12:48p
12:51p

82944 bytes free

Volume in drive B has no label
Directory of B:/CORRLIB

<DIR>
<DIR>

NEWLN
SCANRGN
NEWLN
SCABRGN

C
I C

OBJ
I OBJ
6 File(s)

11-14-86 11:27a
11-14-75 11:27a

96 12-03-85 5:49p
497 12-04-86 11:41a
351 12-03-86 5:50p
581 12-04-86 11:48a

82944 bytes free
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Volume in drive B has no
Directory of B:/MATHLIB

label

OLDRKSTP
VADD
VCPY
VDOT
VEXCH
VMUL
VSCL
VSET
VSUB
XPRINTF
NONLIN
RKSTEP
VADD
VCPY
VDOT
VEXCH
VMUL
VSCL
VSET
VSUB
XPRINTF
NONLIN
OLDRKSTP
RKSTEP
VI

<DIR>
<DIR>

C
C
C
C
C
C
C
C
C
C
C
C
OBJ
OBJ
OBJ
OBJ
OBJ
OBJ
OBJ
OBJ
OBJ
OBJ
OBJ
OBJ
BAT
7 File(s)

1873
208
164
232
220
208
200
149
208
148
1621
1982
389
367
458
393
389
383
361
389
358
1467
1176
1294
51

11-14-86 11:29a
11-14-86 11:29a
12-03-86 5:05p
11-14-86 3:12p
11-14-86 3:12p
11-14-86 3:12p
11-14-86 3:12p
11-14-86 3:13p
11-14-86 3:13p
11-14-86 3:13p
11-14-86 3:13p
11-14-86 3:13p
12-08-86 1:40p
12-03-86 5:04p
12-03-86 4:42p
12-03-86 4:44p
12-03-86 4:45p
12-03-86 4:45p
12-03-86 4:46p
12-03-86 4:47p
12-03-86 4:47p
12-03-86 4:48p
12-03-86 4:51p
12-08-86 1:41p
12-03-86 5:06p
12-03-86 5:07p
12-04-86 11:09a

82944 bytes free
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APPENDIX F

QUALITY ASSURANCE PROCEDURES

Quality assurance (QA) procedures were established for all experimental
activities. Procedures were revised and new ones prepared as necessary to
meet program requirements. Thirty-one approved procedures are applicable to
this task.

A summary of these QA procedures is given in Table F.1, which
procedure number, the current revision number, the title, and
status.

lists each
the procedure
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Table F.1. NRC waste package program QA procedures.

-

N)

Procedure No.

WF-PP-20
Revision 0

WF-PP-25
Revision 0

WF-PP-26
Revision 0

WF-PP-26.1
Revision 1

WF-PP-27
Revision 4

WF-PP-27.1
Revision 0

WF-PP-28
Revision 1

WF-PP-29
Revision 0

WF-PP-30
Revision 0

Procedure for Determining the Corrosion Rates of Alloys
at High Temperatures

Procedure for Preparation of Carbon-Steel Casting

Procedure for Preparation of Steel Hydrogen-Embrittlement
Test Specimens

Procedure for Preparation of Hydrogen-Embrittlement
Test Specimens from Steel or Iron Samples

Procedure for J-Testing Compact Tension Specimens

Procedures for Performing Subcritical-Crack-Growth Tests
with Compact Tension Specimens

Procedure for Performing Tension Tests of Steel Specimens

Procedure for Conducting Hydrogen-Absorption Experiments

Laboratory Procedure for Preparation, Cleaning, and
Evaluation of Titanium Grade-12 Specimens for Corrosion
Studies of the Overpack Performance for the NRC Waste
Packaging Program

Title Status

Approved

Approved

Approved

Approved

Approved

Approved

Approved

Approved

Approved



Table F.1. Continued.

-1

Procedure No. Title Status

WF-PP-31 Laboratory Procedure for Preparation, Cleaning, and Approved
Revision 0 Evaluation of Cast and Wrought Carbon Steel Specimens

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

WF-PP-32 Laboratory Procedure for Preparation of Simulated WIPP Approved
Revision 1 Brine A

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 Laboratory Procedure for Preparation of Simulated Tuff Approved
Revision 0 Groundwater Solutions

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

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

WF-PP-36 Procedure for Performing Stagnant Autoclave 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



Table F.1. Continued.

Procedure No. Title Status

-I

WF-PP-37.1
Revision 0

WF-PP-37.2
Revision 0

WF-PP-38
Revision 0

WF-PP-38. 1
Revision 0

WF-PP-39
Revision 0

WF-PP-40
Revision 0

WF-PP-41
Revision 0

WF-PP-42
Revision 0

WF-PP-43
Revision 0

Laboratory Procedure for Performing Eh and Corrosion
Potential Measurements in Autoclave Exposures in
Simulated Basalt and Tuff Groundwater

Laboratory Procedure for Determination of the Polarization
Behavior of Metal Specimens at Ambient Pressure

Procedure for Preparing and Evaluation of U-Bend Specimens
for Stress Corrosion Studies of Overpack Materials for the
NRC Waste Packaging Project

Procedure for Performing and Evaluating 3 Point Bend Beam
Specimens for Stress Corrosion Studies of Overpack Materials
for NRC Waste Package Program

Procedure for Preparing, Testing and Evaluating Crevice
Corrosion Specimens of Titanium Grade-12 and Cast Steel

Laboratory Procedures for Preparation, Cleaning, and
Evaluation of Thermogalvanic and Heat-Transfer Specimens

Laboratory Procedures for Determination of Corrosion Rates
Under Heat-Transfer Conditions

Laboratory Procedure for Determination of Thermogalvanic
Corrosion Rates

Procedure for Welding Titanium Grade-12 Plate for Use in
Corrosion Studies of Overpack Materials for NRC Waste
Isolation Project

Approved

Approved

Approved

Approved

Approved

Approved

Approved

Approved

Approved



Table F.1. Continued.

Procedure No. Title Status

WF-PP-45 Laboratory Procedure for Preparing and Evaluating Slow Approved
Revision 0 Strain-Rate Specimens and for Performing Slow Strain-

Rate Tests

WF-PP-45.1 Laboratory Procedures for Performing Slow Strain-Rate Approved
Revision 0 Tests Under Potentiostated Conditions

WF-PP-46 Procedure for Preparation of Titanium Grade-12 Corrosion Approved
Revision 0 Specimens with Metallic Iron Embedded in the Surface

WF-PP-47 Procedure for Preparing Specimens and Performing Electro- Approved
Revision 0 chemical Pit Propogation Experiments on Carbon Steel

-n
0-1I
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