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A REVIEW OF DEGRADATION BEHAVIOR OF CONTAINER MATERIALS FOR
DISPOSAL OF HIGH-LEVEL NUCLEAR WASTE IN TUFF AND ALTERNATIVE

REPOSITORY ENVIRONMENTS

by

P. S. Malya

ABSTRACT
Corrosion resistance of materials in aqueous systems Is reviewed from the perspective

of their suitability as container materials for nuclear waste. A discussion of the chemistry
and characterization of repository environments, namely, tuff and alternative environments
(shale, limestone, and carbonate), is followed by a description of corrosion mechanisms. In
this review, emphasis is placed on localized corrosion (e.g., stress corrosion cracking,
crevice corrosion, and pitting) because localized corrosion is difficult to account for in
design of components, but it is the life-limiting factor for many metallic and nonmetallic
systems. The physical metallurgy and microstructure of the potential alloys are briefly
described because they provide insight into both the mechanisms of various localized
corrosion processes and possible solutions to corrosion problems. A survey of localized
corrosion behavior of potential candidate materials as determined by both corrosion and
mechanical tests in a large number of repository-related envlronmt its is presented in
order to determine the most promising materials for a given environment. These studies
include the effects of various environmental factors (such as pH, temperature, and
electrochemical potentials), as well as alloying elements and other microstructural
parameters, on corrosion. The modifications of the environment induced by gamma
radiation and the stability of the microstructure under gamma Irradiation are also
described. Although in the majority of cases the tests and the environments used are
severe, they point out that metallic materials are generally more promising than
nonmetallic materials (ceramic and polymeric materials). Of the metals and alloys, copper
and copper-30 Ni alloys and special austenitic alloys with nickel contents of at least -40
wt.% (viz., Incoloy 825) are most promising. In alternative repository environments that
contain much higher concentrations of chlorides than tuff and sometimes ammonia
compounds, nickel-base alloys (viz., Hastelloys C-276 and C-4) are preferable to Incoloy
825 or copper and copper-base alloys, although Hastelloys have relatively more complex
microstructures. The superior resistance to localized corrosion of austenitic steels
containing Ti, Mo, and higher Ni contents and of Cu and Cu-30 Ni alloys observed by various
investigators in several repository-related industrial and power plant environments is
consistent with that expected from mechanistic considerations.
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1. Introduction

High-level nuclear wastes (HLW) result from the operation of commercial power
reactors and from fuel reprocessing associated with commercial and defense activities.
HLW also results from nonfuel components associated with commercial spent fuel. Disposal
oi this HLW in stable geologic repositories is the most viable method of ensuring the
isolation of radionuclides from the biosphere and the safety of mankind from biological
hazard. * The choice of materials for containing HLW In repository environments
constitutes a challenging technical problem because of the requirement that the
containment should remain effective for a period of 300 to 1000 years or more in the host
repository environment. Preferably, the material should be resistant to localized corrosion
and should have acceptable rates of uniform corrosion in ground water, which is likely to be
present in the worst scenario during the lifetime of the waste package. Even with the
familiar alloys such as austenitic stainless steels, experience is lacking with regard to
performance over periods of time that are several orders of magnitude longer than those
required for currently operating nuclear power plants. There have been few complete
characterizations of repository environments, whose aggressiveness depends upon complex
environmental variables such as pH, impurities, dissolved oxygen, and redox potential. The
problem is further compounded by modifications in the host environments induced by
gamma Irradiation.

This review is concerned with the results of a literature survey on container materials
for waste packaging applicable to a tuff repository located in Yucca Mountain of Nevada (a
current focus in the United States) and alternative geologic settings (with no site
specificity), namely, shale, limestone, and sandstone. The purpose of this review is to
evaluate the containment materials for disposal of HLW In host repository environments.
More specifically, the review will address (a) identification and assessment of the suitability
of potential container materials for the waste package and (b) Identification of the operative
material degradation mechanisms and their relations to the variables that characterize the
repository environments (pH. impurities, dissolved oxygen, water conductivity,
electrochemical potential, temperature, radiation, etc.). The technical papers and reports
required to accomplish these objectives were procured by using the Compendex Data Base
(Engineering Index) and the Dialog Information Retrieval Service, which cover a broad
spectrum of Information In this field. However, manual searching was found to be more
effective in obtaining specific and relevant information. We have drawn heavily on several
review or detailed articles on this topic2 5 to facilitate our review and to address the critical
materials problems. Because corrosion problem areas are vast and abundant information Is
available in the corrosion literature, we used a selective approach to focus on the most
promising materials and the most significant problems to be considered for more detailed
Investigations In the future.

2. Characterization of Repository Environments

The choice of materials for the waste package and their degradation behavior are
dictated by the aggressiveness of the environment, which can be characterized In terms of
geochemistry, physical state (aqueous versus vapor), temperature, redox potential,
dissolved oxygen, and impurities.2-5 In addition, the chemistry of the water and steam
environment can be altered by gamma radiation so that the environment becomes more



aggressive.6-10 The general characteristics of several repository environments and the key
parameters that must be considered in the corrosion behavior of materials are described in
this section.11"20

2.1. Tuff

Tuff is the host rock for HLW at Yucca Mountain In Nevada. The site characterization,
geochemistry, and geology have been described in detail.21 The proposed repository is
located in the Topopah Spring member of the Paintbrush tuff, which Is a welded,
devitrified, ash flow layer. The major phases in the rock are a fine-grained assemblage of
alkali feldspar, quartz, and crystabollite; several minor phases are present. The detailed
geochemistry of the host rock is outside the scope of this report, but the rock composition
is dominated by alkali and alkaline earth elements that tend to produce a basic solution
upon reaction with water. Significant efforts are being made by other investigators in this
field to understand the aggressiveness of repository environments.

The reference horizon for the repository lies some 350 m below the ground surface
and at least 200 m above the static water table. Therefore the waste containers will not be
submerged in water. However, they will be subjected to constant contact with a mixture of
vapor and air and to intermittent contact with a limited amount of water. Because of
climatic conditions, only small amounts of water (0.2 mm/yr) will percolate through the
ground. Since there will be no hydrostatic pressure because of the location above the water
table, the external pressure on the containers will be close to 1 atm. Th? temperature Is
governed by the heat generated by radioactive decay of the waste.5 The estimated
temperature distribution as a function of time for a tuff repository is illustrated in Fig. 1.
These calculations indicate that the container surface temperature will not cool to 95°C
(the boiling point of water) for almost 200 years. Therefore, the waste package will be
exposed predominantly to a mixture of water vapor and air at ~1 atm.

The actual composition of ground water or steam that will be present in the proposed
unsaturated zone of the tuff repository is unknown, but the ground water chemistry is
considered to be similar to that of reference water from well J-13 (hereafter denoted J-13
water), given in Tables 1 and 2. The relative concentrations of cations and anions in J-13
water are shown in Figs. 2 and 3, respectively. These ternary diagrams illustrate that Na+

and K+ cations and HCO3- anions are relatively abundant. Other anions such as sulfate and
nitrate are present in smaller quantities. In general, the material degradation behavior Is
dictated more by the anions than by the cations, as will be shown later; however, hydrolysis
of metal cations at elevated temperatures can decrease the pH of the water. Sulfate and
chloride anions are considered especially aggressive because they promote localized
corrosion. J-13 water is mildly alkaline (pH = 7-8) and is saturated with oxygen (5.5 ppm)
because the interconnecting porosity and rock fractures ensure aeration. Thus the
environment Is oxidizing. The redox potentials (Eh) of ground water in the potential
repository horizon are unknown. However, analyses of integral samples from drill holes at
Nevada Test Site (NTS) suggest that the potentials are positive (200-300 mV (SHE)).



Possibilities exist for concentrating ionic species in the aqueous environment at levels
above those in the J-13 water.5 One process by which this can occur is re-solution of
species that were initially deposited in the rock formation when downward-percolating
water evaporated. Another process for concentrating ionic species is deposition of salts by
repeated dripping of water onto a hot container surface, evaporation of the water, and
subsequent re-solution of the salt deposits after the container has cooled to a temperature
below the boiling point.

The effects of the repository environment on containment materials are complicated by
the presence of gamma radiation from the waste. Numerous studies performed on the
interaction of gamma radiation with chemical environments6-11-22 have shown that the
interaction of gamma radiation with aqueous solutions produces a host of transient radicals,
ions, and stable molecular species including H', OH. e^ , H3O+. OH-, H2 , H2O2 , O2. o .
Cl~, and HO2. Species such as e ^ , H' and H2 can act as reducing agents, while others such
as H2O2 and O2 can act as oxidizing agents. The result of production of such species under
gamma irradiation may be alterations in the rates or mechanisms of container degradation.
Glass6 has examined the fundamental chemical and physical processes involved in radiation
effects on aqueous solutions relevant to a tuff repository. From a corrosion viewpoint, the
largest yields of products from radiolysis come from anions. (Cations such as Na+, K+, and
Mg2+ have no direct effect on corrosion.) Although Glass6 examined the formation of
oxides of nitrogen and ammonia, their role may be minor simply because the smaller yields
result in low concentrations. Glass concluded that the radiation-induced chemical
environment in the worst case repository is not well defined and that there is a general
need to identify and quantify the radiolysis products produced in a tuff repository,
particularly the oxidizing agents.
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Fig. 1. Representative Time-Temperature Projections for Vitrified Vaste Package in a
Tuff Repository (Adapted from Ref. 5).



Table 1. Chemical Analysis of Water
Samples (Ref. 22) from Well
J-13. pH-7.1

Species mg/L

Na+

K+

HCO3-
SO42-
Cl-
NO3-
F-

S1O2
Fe2+

A13+

51
4.9

14
2.1
0.003
0.05

120
22
7.5
5.6
2.2
0.12

66.4
OM
0.002
0.05
0.03

Table 2. Major Cation and Anion Species in Water from
Well J-13

Cation

Na+ + K+
Ca2+

Mg2+

mg/L

55.9
14.0
2.1

m mole/L

2.34
0.35
0.09

Anion

HCO3-
SC-42-

ci-

mg/L

120.0
22.0
7.5

m mole/L

1.97
0.23
0.21

2.2. Alternative Geologic Settings (Shale, Carbonate, and Sandstone)

The alternative geologic repositories considered in this report are sedimentary rocks,
namely shale,23-27 limestone,27 and sandstone. 2*.25.27 Thc available data suggest that shale
has the best overall characteristics for hosting an HLW repository. The concentrations of
anions and cations in these alternative settings are strong functions of depth, are site-
specific, and are not well characterized. However, the solutions are apparently more
concentrated in ionic species than J-13 water, as described later In more detail. In
general, less communication with the atmosphere occurs In these repositories than In tuff;
hence, the environment Is reducing.
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Fig. 2. Ternary Plots for the Relative Distribution of Major Cations in Tuff. Shale,
Carbonate, and Sandstone Waters. Data are described in Tables 2-5.
Compositions of cations are in mole fraction.
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Fig. c. Ternary Plots for the Relative Distribution of Major Anions for Tuff. Shale.
Carbonate, and Sandstone Waters. Data are described in Tables 2-5.
Compositions of anions are in mole fraction.



Table 3. Maximum (Major) Cation and Anion Species
in Shale Ground Water (Ref. 23)

Cation mg/L m mole/L Anion mg/L in mole/L

N a + +
Ca 2 +

M g 2 +

K+ 73348
2004

559

3184
50
23

H C O 3 -
SO42"
ci-

18550
5380

120022

304
56

3385

Table 4. Maximum (Major) Cation and Anion
Species in Carbonate Water (Ref. 1)

Cation mg/L m mole/L Anion mg/L m mole/L

Na+ + K+

Ca2+
M g 2 +

NH4+

74490
38900
7820
245

3186
993
322

13.6

HCO3-
SO42-
ci-

1250
4016

194000

20.5
41.8

5471.4

Table 5. Maximum (Major) Cation and Anion
Species in Sandstone Water (Ref. 1)

Cation mg/L m mole/L Anion mg/L m mole/L

Na+ + K+
Ca 2 +

Mg2+

NH4+

69450
53876
7774

45

2992
1344
320
2.5

HCO3-
SO42-
ci-

2650
1560

204603

43.4
16.2

5770.5



The results of a literature search performed at Oak Ridge National Laboratory25-26 show
that shale ground waters exhibit wide ranges in composition. For this report, we consider
only "worst case" scenarios. I.e., ground waters containing the maximum levels of ionic
species. (The variations in the concentrations of species in these ground waters induced by
gamma radiation are not considered.) These "worst case" conditions are summarized in
Tables 3-5. The relative concentrations of cations are shown in the ternary diagrams. Figs.
2 and 3; the distribution is similar to that in tuff. However, Figs. 4 and 5 clearly show that
the solutions are more concentrated than in tuff. The pH of shale ground water can vary
from 5.9 to 10.9 in some Gulf Coast formations, but the dissolved oxygen concentration and
redox potentials are not well defined.

The range of ground water compositions in limestone and sandstone has been
described In a previous report on this program.27 The relative concentrations of the
cations and anions for these two environments are shown in Figs. 2 and 3. The maximum
concentrations of the catlcns and anions that can be present are compared in Figs. 4 and 5
to those for shale and tuff. Groundwater repositories with sedimentary rock types (derived
from sea water) are more concentrated in chloride anion Impurities. This has important
repercussions on the selection of materials, as will be seen in the following sections.
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Fig. 4. Concentration of the Major Cation Species in Various Repository Water
Environments. Data are described In Tables 2-5.



TUFF SHALE CARBONATE SANOSTONE

Fig. 5. Concentration of the Major Anion Species and Ammonium In Various Repository
Water Environments. Data are described in Tables 2-5.

It Is difficult to adequately characterize repository environments whose aggressiveness
depends upon complex Interactions of environmental variables such as pH, Impurities,
dissolved oxygen, and redox potential. This problem is further compounded by possible
modifications In the host environments induced by gamma Irradiation. Nonetheless, the
container material must be resistant to localized corrosion and must have acceptably low
rates of uniform corrosion in the ground water that Is likely to exist In the worst scenario
during the lifetime of the waste package.

3. Container Materials

Although properties such as microstructural stability, mechanical strength, weldability,
and fracture toughness must be considered in the choice of canister materials for a given
geologic environment, the most difficult property to assess is the long-term corrosion
resistance, In particular the resistance to localized corrosion processes sr.ch as pitting,
crevice corrosion, stress corrosion cracking, and hydrogen embrlttlement. The current
emphasis Is on the use of metal canisters or overpacks, although other materials have been
considered in much less detail. Ceramic materials can have high uniform corrosion
resistance and mechanical strength, but engineering metals and alloys generally have
greater fracture toughness, better fabricabillty, and much more overall design experience.

The terms -anister. container, or overpack are used here In a general sense to refer to
any barrier ô  the waste package that contains HLW or that separates the host environment
from HLW in a multibarrier concept. This barrier Is assumed to be in contact with the
repository environment at some time during the period of performance of the waste



package. Since localized corrosion is the most critical mode of material degradation, this
review focuses primarily on two main groups of materials: (a) those austenitlc stainless
steels that have a high threshold for localized cracking in ground water containing
impurities such as chloride and sulfate and (b) copper and copper-base alloys. The criteria
for the selection of specific container materials will be (a; resistance to localized corrosion
in the repository environments, (b) simplicity of material microstructure, and (c)
experience with fabricability. Other considerations, such as cost of the materials and
fabrication of the waste package, are not addressed In this review.

3.1. Container Material Degradation Modes and Mechanisms

Although both wet (aqueous) and dry conditions exist in repositories, the corrosion of
metals and ceramics in wet conditions (or mixed wet and dry conditions) is more severe
than that in dry atmospheres. Hence this discussion focuses on aqueous corrosion.
Although many types of corrosion have been discussed In the literature,28 the corrosion
conditions In the repositories suggest that uniform corrosion and localized corrosion (I.e.,
pitting, crevice corrosion, and stress corrosion cracking) are the two modes of interest.
Because localized corrosion in general proceeds at a much higher rate than uniform
corrosion (often greater by orders of magnitude) and often is less predictable than uniform
corrosion, localized corrosion will be the determining factor in the selection of materials.
Materials (e.g.. austenitic stainless steels) that are extremely resistant to uriform corrosion
because of protection by a passive oxide film are more sensitive to stress corrosion and
other forms of localized corrosion. In this section, the theory and principles of uniform and
localized corrosion are briefly reviewed because they are basic to an understanding of the
principal modes of material degradation in the repository environments.

3.1.1. Fundamental Principles of Aqueous Corrosion of Metals

Aqueous corrosion of metals occurs by electrochemical processes and is controlled by
oxidation (anodic) and reduction (cathodic) processes occurring on the metal surfaces.
This viewpoint leads to a fundamental description of corrosion In terms of a few generalized
reactions as follows.3-5

The anode reaction in every corrosion reaction is expressed by the oxidation of a metal
to its ion,

M =* M+n + ne , (1)

where n is the number of electrons produced and is equal to the valence of the ion. In
metallic corrosion, several cathodic reactions are possible, depending on the metal and
environmental conditions. The most commonly occurring cathodic reactions are the
following:

Hydrogen evolution: 2H+ + 2e => H2 (2)

Oxygen reduction: O2 + 4H+ + 4e =* 2H2O (3)
(acid solution)
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Oxygen reduction: O2 + 2H2O + 4e => 4OH~ (4)
(neutral or basic
solutions)

Metal ion reduction: M 3 + + e => M2 + (5)

Metal deposition: M+ + e => M (6)

In all cathodic reactions, electrons are consumed at cathodic sites. The most common
cathodic reactions in aerated solutions are those indicated by reactions (3) and (4).
However, if an oxidizer such as M3+ is present in the solution, reaction (5) provides an
additional cathodic reaction. Similarly, oxyanion (e.g., SO4) reduction can provide
alternative cathodic reduction reactions, especially in deareated solutions. Electrical
neutrality demands that anodic and cathodic reactions must balance; hence, corrosion rates
can be altered by altering the rate of either reaction. In general terms, the relative
aggressiveness of different repository environments is characterized by the acidity (or pH)
and the level of the dissolved oxygen or other oxidizing species in the environment.
However, these general guidelines can be masked by the influence of impurities. The rate
of an electrochemical reaction is limited by other considerations as well. For example, in a
neutral solution containing various ionic species at room temperature, hydrolysis occurs as
the temperature is increased and the pH of water can either increase or decrease enough
to make the solution basic or acidic.

Activation polarization refers to an electrochemical process that is controlled by the
reaction sequence at the metal-solution interface and is predominant in acid solutions.
Concentration polarization refers to electrochemical reactions that are controlled by
diffusion in the solution and are predominant in media where the concentrations of
reducing species are small (e.g., dilute acids). Thus, changes in environment-related
variables such as oxygen, oxides, concentration of the corrosive species, pH. and
temperature produce different corrosion kinetics by altering the type of polarization
controlling the reduction reaction.

The above description is applicable to so-called active metals and alloys that in general
are not protected by oxides. Other metals and alloys exhibit the phenomenon of passivity.
Passivity refers to loss of chemical activity under certain environmental conditions: this is
usually associated with the formation of protective oxide. The typical behavior of such
active-passive metals is vividly illustrated by the results of Nuttal and Urbanic.2 Figure 6
illustrates the relation of current density (a measure of the corrosion rate) to the electrode
potential (a measure of the solution's oxidizing power). In the active region (see Fig. 6),
normal metal behavior is observed. Slight increases in the oxidizing power of the solution
cause a corresponding increase in the corrosion rate. The peak corrosion rate occurs at a
potential defined as the passivation potential (Ep). If the solution Is made more oxidizing,
the corrosion rate decreases suddenly and reaches a minimum at the activation potential
(EΑ). With a further increase in the oxidizing power of the solution, no change in corrosion
occurs until the solution potential is increased by strong oxidizers. The point at which this
occurs is defined as the transpassive region. The active-passlve-transpassive transition
depends on the environmental variables as well as the Intrinsic properties of the protective
film. In environments containing a high concentration of chlorides (such as some
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Fig. 6. Schematic Illustration of Anodic Current Density Versus Electrode Potential
Curve for Stainless Steels (Adapted from Ref. 2).

alternative settings considered in this review), the protective film can locally break down at
potentials less positive than the transpassive potential, and pits are initiated when this
pitting potential (Epit) is exceeded. Thus the pitting potential can be used as a measure of
the resistance of metals and alloys to pitting.

Higher temperatures generally increase the corrosion rates because corrosion is a
thermally activated process. The pH has a large effect on the thermodynamic stability of
corrosion products and the corrosion kinetics. Pourbiax29 has calculated the phases at
equilibrium for many metal/water systems at 25"C from the chemical potentials of the
species Involved as a function of pH and equilibrium potential. These diagrams are useful in
predicting spontaneous corrosion reactions, estimating the composition of the corrosion
products, and predicting the Influence of environmental changes in simple metal/water
systems. In practice, aqueous systems involving water with several anions and alloys are
more complex. They should be approached with some caution, since they represent
equilibrium conditions only and provide no kinetic information.

3.1.2. Types of Corrosion

Many corrosion mechanisms are applicable to aqueous systems.28 However, as noted
previously, for the repository environments of Interest, the most Important types of
corrosion are uniform corrosion, crevice corrosion, pitting corrosion, stress corrosion
cracking (including delayed failure, which is regarded as the most prevalent type of stress
corrosion cracking in ceramics), and hydrogen embrittlement.
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3.1.2.1. Uniform Corrosion

Uniform corrosion or uniform attack Is the most common form of corrosion. It is
characterized by a chemical or electrochemical reaction that proceeds uniformly over the
entire exposed surface or over a large area. The metal becomes thinner and eventually fails.
Although uniform corrosion represents the most significant degradation of a material on a
tonnage basis, it Is of less concern from a technical standpoint, because relatively simple
tests can be used to reliably estimate the rates of corrosion for the materials.

3.1.2.2. Crevice Corrosion

Crevice corrosion is a form of localized corrosion tiiat occurs within crevices and other
shielded areas (for example, areas under surface deposits, under bolt heads, and at the tips
of deep cracks). For crevice corrosion to occur, the metal surface must be in a passive
condition. Therefore, oxygen must be present in the solution. The corrosion is localized in
regions where small quantities of liquid are entrapped (in a stagnant solution) near the
metal surface. It is generally accepted that the fundamental processes controlling crevice
corrosion depend on the action of a macrocell mechanism.30-35 The basic mechanism can
be illustrated t y considering a riveted plate section in aerated sea water (Fig.7a). Corrosion
occurs by the dissolution of metal and the reduction of oxygen to hydroxide ions according
to reactions (1) and (4). Initially, both of these reactions proceed uniformly over the entire
surface including the creviced area, as Illustrated in Fig. 7a. Because the volume of solution,
in the crevice Is small, the oxygen within the crevice is depleted after a short period, and
the reduction reaction (4) stops. However, reduction continues on the overall surface.
Because the area within a crevice Is usually very small compared with the external area, the
overall rate of oxygen reduction remains almost unchanged. Although the cathodlc
reduction within the crevice stops, the oxidation reaction (the dissolution of metal) can
continue within the crevice (Fig.7b), where electron transport now occurs in the metal
itself. This tends to produce an excess of positive charge in the solution (M+), which is
balanced by the migration of chloride ions into the crevice. This results in an increased
concentration of metal chloride within the crevice, as illustrated schematically in Fig. 7b.
The Cl~ and M+ will undergo hydrolysis to produce acidic conditions within the crevice,
even if the solution outside the crevice is alkaline, by the reaction

M+Cl- + H2O => MOH + H+C1-. (7)

Both H+ and CI- ions are known to accelerate dissolution rates [reaction (1)J. The
result is a rapidly accelerating or autocatah/tlc process, while the reduction reaction (4)
cathodically protects the outside surface.

Crevice corrosion does not necessarily require CI- ions; any anion that will diffuse into
the crevice and decrease pH in the crevice will be deleterious. Crevices can corrode even
In high-purity water. However, in this case, the only charge-compensating ion is OH-,
whose mobility is much lower than that of chloride; thus, in general. Increasing water
purity is beneficial for crevice corrosion. Further, in some cases the pH of the solution In
the crevice can become neutral after a long time.36 This can occur if the redox reaction
that converts H+ to H2 [reaction (2)1 is favored. This mechanism could also lead to
hydrogen embrittlement of the material. Active-passive metals, which depend on passive
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Fig. 7a. Schematic Illustration of the Initial Stage of Crevice Corrosion In a Riveted
Section of Metal Immersed In a Neutral Solution (Adapted from Ref. 28).

Fig. 7b. Schematic Illustration of a Later Stage of Crevice Corrosion in a Riveted Section
of Metal Immersed in a Neutral Solution (Adapted from Ref. 28).
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layers for their corrosion resistance, are especially sensitive to crevice corrosion because of
the possibility of destruction of passive films by chlorides and low pH. Since the repository
environments all have chlorides present in water, resistance to crevice corrosion is a major
factor in the selection of container materials.

3.1.2.3. Pitting Corrosion

Pitting results in holes in the metal and can cause canister materials to fail by
perforation. Like crevice corrosion, pitting Is most likely to occur in passive metals and
alloys. Once Initiated, the mechanism of pit growth is very similar to that of crevice
corrosion; i.e., both occur by the formation of a macrocell. However, there are important
differences. Pitting generally occurs at a microstructural Irregularity or discontinuity,
which provides an initiation site, and is not usually observed on chemically homogeneous
surfaces. Crevice corrosion, on the other hand, can occur Just as readily In a homogeneous
material, if a crevice is present. Hence, although alloy systems that show pitting are
particularly susceptible to crevice corrosion, the reverse Is not always true.

In practice, most pitting is associated with halide ions such as chloride and bromide.
Oxidizing metal ions such as cupric and ferric ions with chlorides are aggressive pitters.37

Cupric and ferric chlorides do not require the presence of oxygen for pitting because they
can be cathodically reduced by reactions (5) and (6). Anions such as sulfates and nitrates
(present in small quantities in tuff) can act as pitting inhibitors. However, hydroxide and
silicate salts may accelerate pitting when present In small quantities.

The pitting potential Epu is often used to describe the severity of pitting corrosion:
i.e., Epit characterizes the resistance of metals to pitting corrosion, and therefore Epit can
be considered a measure of the susceptibility of different metals and alloys to pitting
corrosion in aggressive environments. Below Epu. I.e.. at more negative potentials, the
metal is In the passive state; above Epit. pitting corrosion occurs. The more positive Eptt.
the more resistant is the alloy to pitting. Alloying can decrease susceptibility to pitting
corrosion by shifting the pitting potential to more noble values. Increasing temperature
generally shifts the pitting potential to more active values. The pH can have a strong effect
on pitting corrosion. Epit moves markedly in the noble direction at a pH > 7 for some alloys
exposed to sodium chloride solution. Figure 8 illustrates the usefulness of polarization
curves for determining the relative susceptibilities of different metals to pitting corrosion.
In 3% NaCl solution, mild steel Is corroded uniformly, whereas Types 304 and 316 SS
undergo pitting corrosion at potentials > 0.2 V.

3.1.2.4. Stress Corrosion Cracking (SCC)

The forms of corrosion described In the previous section do not involve stress. In
stress corrosion cracking (SCC), the cracking is caused by the simultaneous presence of
tensile stress (which produces a finite plastic strain rate at the crack tip) and the corrosive
environment. The mechanisms of SCC have been extensively discussed in the
literature,38-51 and a detailed description is beyond the scope of this report. Logan38 was
apparently the first to recognize that SCC is an electrochemical phenomenon. His idea that
rupture of protective oxide in metals by plastic deformation enhances anodic dissolution
locally and produces crack growth has been developed further by many other workers.39'52



15

0.0001 0.001 100 1000

i ImA/cm')

Fig. 8. Quasi-Stationary Polarization Curves (50 mV/3 min) in 3% NaCl Solution at
30°C for Mild Steel (1); 430 SS (2); 304 SS (3); and 316 SS (4) (Adapted from
Ref. 37).

SCC iccurs more readily in the potential range near the active-to-passive transition.
At lower potentials, the sample will undergo general corrosion. If the sample is strongly
passivated, SCC will be very slow. However, if the surface contains both passive and active
regions (as can occur near the transition region), cathodic reactions can occur on the
passive regions while corrosion is concentrated in the active regions. In the extreme, the
areas in which anodic reaction will occur are very small, but penetration is relatively rapid.
The coupling of these electrochemical principles with a consideration of the deformation
processes near a crack tip leads to the film rupture/slip dissolution mechanism for SCC. A
material in a passivating environment will be covered by a passive film. When a load is
applied, the strain will be localized in specific regions, such as at a crack tip or where the
film Is broken by scratch or by slip steps. All of the anodic current is focused in these
regions. Under load, the film continues to rupture at the crack tip, and fresh surfaces are
exposed to the corrosive solution (which leads to crack extension by dissolution of the
freshly exposed surface) while the sides of the progressing crack remain passive. Thus the
corrosion Is focused on a small anodic region at the crack tip, leading to rapid crack
growth. In its general form, this model appears to be applicable to many cases of SCC.

In addition to the film rupture/slip dissolution mechanism, other mechanisms are
possible. The most important of these Involves absorption of hydrogen. Although the
physical processes by which the crack extends are different, the actual rate of cracking may
be determined by transport and deformation processes that are identical with those
associated with the film rupture/slip dissolution model.51 In this model, hydrogen is
adsorbed Into the metal at the freshly exposed crack tip. absorbed into the bulk, and then
transported over some critical distance. Crack advance can occur by one of several
processes such as decohesion, formation of a brittle phase, or dislocation pinning (which
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Inhibits deformation and promotes tensile failure). In aqueous systems, the redox potential
at the crack tip determines whether the production of hydrogen Is thermodynamically
feasible. In gaseous systems, hydrogen partial pressure plays an analogous role. The
susceptibility of particular materials to hydrogen-induced cracking is strongly related to
the relative ease with which hydrogen can be transported in the material. For ferritic
steels, hydrogen diffusivlty is relatively rapid at the temperatures of interest for waste
packages, but for the face-centered-cubic structure of stainless steels it is smaller by
several orders of magnitude. However, even in stainless steels, more rapid transport can
occur if gliding dislocations drag the hydrogen atoms. The extreme susceptibility of ferritic
and Tl alloys to hydrogen embrittlement in gaseous systems (ferritic steels are more
sensitive to hydrogen embrittlement than Tl) is well known.53-54

The most Important variables affecting SCC are the plastic strain rate at the crack tip;
the environmental parameters that control the corrosion processes at the crack tip such as
temperature. pH of the solution at the crack tip. redox potential, and the presence of
anions such as chloride and sulfate; and alloy composition and microstructure. Stress
corrosion cracking is one of the most significant forms of material degradation under
repository conditions and one of the most difficult to predict and assess with confidence.

3.1.2.5. Oxidation

For many corrosion-resistant materials such as austenitic stainless steels, the rates of
oxidation in air/steam environments are slow enough to be ignored even at fairly high
temperatures (650-800°C). For example, austenitic stainless steels such as Types 304 and
347 SS exhibit oxidation rates of less than 0.1 to 0.2 mpy (mil per year) when exposed to
steam at 593°C for time periods as long as 15.000 h. However. In the air/steam
environments that are likely to exist under repository environments, material degradation
by oxidation can be important for materials such as copper and copper alloys, especially
under gamma irradiation conditions that increase the oxidizing potential of the
environment. Although the process of oxidation at higher temperatures Is diffusion
controlled, the mechanisms and kinetics are more complex at the temperatures of interest
(< 200°C), and hence care should be exercised in estimating oxidation rates at low
temperatures. When impurities su^h as chlorides and sulfates are present, they lead to
localized corrosion, as will be discussed later.

3.1.2.6. Delayed Failure or Static Fatigue

Delayed failure or static fatigue Is a special case of SCC that occurs In many glasses and
ceramics when they are exposed to aqueous environments.55 The failure occurs by the
chemically assisted growth of a flaw under applied loading. The detailed mechanisms are
outside the scope of this report, but they are based on the assumption that the chemical
reaction between water vapor and the material is stress dependent. Since the stress Is
greatest at the roots of small cracks in the surface, the reaction proceeds at its greatest
rate at the roots. Small cracks gradually lengthen, and failure occurs when the cracks
reach the critical length for fracture. The actual chemical processes at tlie crack tip
depend on the material; In the case of glass, even high-purity water Is aggressive enough to
produce failure.
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3.2. Materials Selection Criteria

The physical metallurgy of metals and alloys strongly influences degradation
mechanisms, particularly localized corrosion, and is an important consideration in the
selection of materials where maximum resistance to corrosion is required. The following
guidelines3 have been used to assess the materials considered for waste package
applications:

(a) Simple matrix microstructures such as a pure metal or solid solution alloy are desirable
for eliminating the complex effects associated with the presence of second phases
either during the fabrication or during the long exposure to repository environments.

(b) Stabilized microstructures that minimize metallurgical changes which may adversely
affect the corrosion performance are desirable.

(c) Materials must have acceptable fracture toughness in the parent and weld metal and
acceptable uniform corrosion rates.

(d) Materials must be extremely resistant to localized corrosion (e.g.. pitting, crevice
corrosion, and SCC) in the environments of interest. Both for tuff and other repository
environments, particular attention should be paid to resistance to chloride cracking.

(e) Good weldability is desirable. Preferably there should be no need for pre- or postweld
heat treatment.

(f) The materials should be familiar In terms of background and experience in repository-
related environments and should have sufficient mechanical strength.

On the basis of these criteria, we have concluded that the most promising metals and
alloys to consider for the environments described earlier are austenitic stainless steels
(both iron- and nickel-base alloys) and copper and copper-base alloys. Some ceramic
materials are also included for consideration. Because of their known susceptibilities to
hydrogen embrittlement, both ferritic steels53 and Ti alloys54 have been excluded from
consideration.

3.3. Physical Metallurgy

3.3.1. Austenitic Stainless Steels (Conventional and Special Types)

3.3.1.1. Low-Carbon and Stabilized Steels

The ternary constitutional diagram for the Fe-Cr-Ni system,56 Fig. 9, shows that with
the addition of Ni to Fe-Cr alloys, austenite (y phase) becomes the primary equilibrium
phase over a wide range of compositions. Although nickel additions increase the amount of
Y present at the solution treatment temperature (~1050°C). at low nickel contents the y
may transform partially to martensite.3-57 However, nickel additions also decrease the
martensitlc start temperature, Ma; at about 8% Ni, Ms is just below room temperature, so
that metastable y is retained after cooling from solution temperature.3-57 Typical
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Fig. 9. Iron-Nickel-Chromium Equilibrium Diagram, 650°C (Adapted from Ref. 56).

compositions and mechanical properties3-57-58 for the austenltic alloys of particular Interest
are given In Tables 6 and 7.

Austenitlc stainless steels can be susceptible to hot cracking. To prevent this, weld
metal containing a small quantity (-5%) of delta ferrite3 Is frequently used. Also during
welding, parts of the heat-affected zone (HAZ) are heated to the temperature range In
which Cr23C6 precipitates at the y grain boundaries, causing Cr depletion at or near the
grain boundaries.59 This phenomenon is usually referred to as sensitization and has been
widely investigated.60 The problem of sensitization during welding can usually be overcome
by the use of low-carbon (< 0.03%) stainless steel, e.g.. Type 316L SS, or the use of
stabilized steels, e.g.. Types 321 and 347 SS, containing a small quantity of Ti and Nb,
respectively. Ti and Nb preferentially form carbides and reduce the carbon In solid
solution.

Even though low-carbon steels are a satisfactory solution in most Industrial
applications, the carbon contents exceed the solubility limit, so that sensitization Is still
thermodynamically favored even at temperatures < 300-500eC. The possibility of low-
temperature sensitization during the long periods of exposure in repository environments
must be considered. The use of the "Nuclear Grade" stainless steels with even more
stringent limits on carbon content (< 0.02%) provides additional margin against this
phenomenon.

Stabilized steels such as Type 347 SS are susceptible to so-called knife-line attack61

(sensitization in a narrow zone adjacent to the weld. In which the NbC Is dissolved during
welding followed by exposure at -650°C). The severity of knife-line attack can be
minimized by control of composition (by limiting carbon levels) or by postweld annealing at
~900°C to reprecipitate NbC in the HAZ.
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Table 6. Typical Chemical Compositions of Some Austenitic Stainless Steels (Ref. 57)

Element,
wt.%

C
Mn
Cr
Ni
Mo
Ti
Nb
N2
S
P
Si

304

0.06
2.0 max
18-20
8-12

_
-
_

<0.10
0.03 max
0.045 max
1.0 max

304L

0.030 max
—
_
_

-
_
_
_
_
—

316

0.08
2.0 max
16-18
10-14
2-3

-
_

<0.10
0.03 max
0.045 max
1.0 max

AISIType

316L

0.030 max
-
-
—

3-4
-

_
-
-
—

317L

0.030 max
2.0 max
18-20
11-15

_
-
_

<0.10
0.03 max
0.045 max
1.0 max

321

0.08
2.0 max
17-19
9-12

_
5xC

_
<0.10
0.03 max
0.045 max
l.C max

347

0.043
2.0 max
17-19
9-13

_
-

10xC
<0.10
0.03 max
0.045 max
1.0 max

Table 7. Typical Mechanical Properties of Container Materials Included
in This Report (Ref. 3)

Material

301
316
321
347
800
825
Hastelloy C-276
Hastelloy C-4
Hastelloy G
Coppers
Al-Bronzes
Copper Nickel

Alloys

0.2% Yield
Strength,

MPa

247
247
247
247
241-620
242-415
365
335
310
70
216-378
90-210

Ultimate
Tensile Strength,

MPa

541
571
541
556
552-830
586-725
785
805
690
220
525-640
300-490

Elongation,
%

50
501
50
50
25-50
30-50
59
63
62
45-55
18-45
35-45

The very high resistance to uniform corrosion of SS (because of the passive chromium
oxide film) is also accompanied by a high sensitivity to SCC in environments containing
dissolved oxygen and impurities such as sulfate and chloride In the presence of residual or
applied stress. Although the variables pertinent to SCC are well recognized and attempts
have been made to develop models, the models have not yet been shown to be capable of
predicting the occurrence of SCC or the life of containers. Therefore, limits must be
clearly defined for the environmental and material-related parameters and the threshold
stresses or plastic strains that are required to establish immunity to SCC.



20

3.3.1.2. Austenitic Stainless Steels with Higher Nickel Content

To provide even greater corrosion resistance, both iron-base and nickel-base
austenitic materials with high alloy contents have been developed. Typical compositions of
the alloys of interest are given In Table 8. Typical mechanical strength properties are given
in Table 7. Table 8 shows two groups of alloys, the low-nickel (20-35%) alloys containing
Cr > 19% and the high-nickel (60-74%) alloys containing Cr > 15%. The addition of other
elements such as TI, Nb. Al, and Mo to these alloys Increases resistance to specific
corrosion modes. In some alloys (e.g., Incoloy 800, Inconel 625). carbides, nitrides, and,
more Importantly, •/ particles (M3 Al) increase strength through precipitation hardening.
The y phase has an ordered face-centered-cubic structure, isomorphous with the matrix
and with a lattice parameter within 1% of that of the matrix.6 2 This structural similarity
allows the y, to precipitate coherently with the matrix, giving great, stability at elevated
temperatures and superior high-temperature creep properties. However, the removal of Al
from the matrix as -f prevents the formation of protective aluminium oxide and thus
reduces corrosion resistance. These considerations make these alloys less attractive for
applications in waste package.

As described earlier, the alternative waste repository environments are rich in
chlorides. Nickel-rich alloys such as Hastelloy C-276 and C-4 containing Mo have superior
resistance to chloride cracking. As can be seen from the Ni-Mo phase diagram. Fig. 10,
nickel readily takes Mo into solid solution,63 the solubility being about 20% at 800°C and
rising to almost 40% at 1315°C. The principal effect of Mo is to Improve resistance to
corrosion, especially to pitting corrosion. Although these alloys can perform well in
chloride-rich, acidic, and alkaline environments, they have complex microstructures. For
example, precipitation of intermetallic phases Iμ, P, and a) and carbides and long-range
ordering have been observed.64 Recent microstructural studies6 4-6 5 have shown that hot
cracking occurs during welding, although C-4 has better hot cracking resistance than C-
276. The hot cracking is associated with the presence of intermetallic phases, and the
welding metallurgy of these materials will need further Investigation before they can be
chosen as container materials.

3.3.2. Copper and Copper-Base Alloys

3.3.2.1. Copper

Pure copper has good resistance to ground water under nonoxidizing conditions.
Copper Is available in three basic grades defined by the method of casting or processing,
tough pitch copper, electrolytic oxygen-free copper, and phosphorus-deoxidized copper.
Copper can be attacked by water containing dissolved oxygen at comparatively high redox
potentials (> 50 mV (SHE) at 25-100°CJ.4 Corrosion apparently can occur under tuff
repository conditions, and the rates are predictable. Both the relatively high corrosion
rates and low tensile yield strength in the annealed condition necessitate the use of much
thicker sections than are required for most other candidate materials. Both Improved
corrosion resistance and mechanical strength properties can be achieved by alloying with
Zn, Al, Sn, and Nl. For the repository conditions of interest, two alloys, one with Ni and
another with Al. which have increased strength and corrosion resistance and relatively



Table 8. Typical Compositions (wt.%) of Special Stainless Steels and Nickel-Base Superalloys (Ref. 3)

Alloy C Cr Ni Fe Mo Mn Cu Al Nb Ti

Fe-Base

Incoloy 800
Incoloy 801
Incoloy 825

0.05
0.05
0.03

21
20.5
21.5

32.5
32
42

Bal.
Bal.
Bal.

—
_
3

0.75
0.75
0.5

0.38
0.25
2.25

0.38 - 0.38
1.13

0.1 - 0.9

C C Γ Ni Fe Mn Al Co Mo Nb + Ta Cu Ti W

Ni-Base

Hastelloy C-276 <0.02 15.5 Bal. 5.5 <1 - < 2.5 16 - - - 3.8
Hastelloy C-4 <0.15 16.3 Bal. <3 - 0.2 < 2 15 - - 0.5 -
Hastelloy G <0.05 22.3 Bal. 19.8 1.5 - <2.5 6.5 2 2' < 1 -
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simple microstructures, appear to be promising candidates for container materials. The
mechanical properties and compositions for these alloys are shown in Tables 7 and 9.
respectively.

3.3.2.2. Aluminum Bronzes

The aluminum bronzes are copper-base alloys containing 5-12% Al as the principal
alloying element. They have the inherent chemical properties of copper enhanced by a
tenacious surface film, mainly alumina but with some copper oxide. In air, the oxide layer is
so thin as to be invisible at temperatures up to 500°C, but it thickens at higher
temperatures. The film is Increasingly protective as the alloy content Is Increased. For
container materials, attention should be restricted to alloys containing Al < 7.0%, because
at higher Al levels a second phase, β. forms at temperatures > s e e ' C 6 6 (see Fig. 11).

1500

- 1 4 0 0

- 1300

- 1200
o

800
50

Mα (wt.°/.l

Fig. 10. Nickel-Molybdenum Equilibrium Diagram (Adapted from Ref. 56).

Table 9. Nominal Composition of Some Common Coppers and Copper Alloys (Ref. 58)

CDA# Name. Cu Ni Fe Al

102
UO

122

614
632
706
715

Oxygen-free Cu
Electrolytic-tough-
pitch copper
Phosphorus-
deoxidized Cu
Aluminum bronze, D
Aluminum bronze
Copper-nickel 10%
Copper-nickel 30%

99.95
99.90

99.40

91.0
82.0
88.7
70.0

0.04

0.02

—
5.0

10.0
30.0

2
4.0
1.3

7.0
9.0

_
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Fig. 11. Copper-Aluminum Equilibrium Diagram (Adapted from Ref. 66).

Although the P confers good hot workability, it decomposes eutectoidally at temperatures
> 565°C to a + 72 under equilibrium or slow cooling conditions. The 72 phase is less ductile
than a. and the presence of this eutectoid structure results in poor strength, ductility, and
corrosion resistance.6 7

3.3.2.3. Copper-Nickel Alloys

Copper and nickel form a continuous solid solution over the complete composition
range 6 8 (see Fig. 12). At low temperatures, a miscibility gap exists, but it only occurs in
alloys containing > 32 wt.% Ni. Commercial alloys contain 5-30% Ni. These cupronickels
have high resistance to tarnishing, which has made the 25% nickel alloy (CN105) a
standard choice for coinage, medals, and certain electrical purposes. Yield strengths range
from 90 to 210 MPa and increase with increases in nickel content. Although all
compositions exhibit excellent ductility, toughness, and corrosion resistance, cupronickel
with 30% Ni offers the best general corrosion resistance in water and Is one of the copper
alloys being considered for the tuff repository environment.

3.3.3. Ceramic Materials

Ceramic materials such as AI2O3, TiO2, and ZrO2 are alternatives to metals for waste
package containers. They possess comparable or even higher mechanical strength
properties and uniform corrosion resistance.69 However, they have typically lower fracture
toughness than metals and become weaker under stress in water (through delayed failure).

Ceramics such as alumina are not thermodynamically stable in water.4 Even in pure
water, hydration will occur at temperatures below 100°C. leading to the formation of either
A1(OH)3 in the amorphous state or crystalline gibbsite (Alj O33H2O). Corrosion may take
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Fig. 12. Copper-Nickel Phase Diagram (Adapted from Ref. 68).

place by slow dissolution or flaking of a surface layer. Although uniform corrosion rates are
estimated to be less than 0.1 nm/y, surface defects under sufficiently high tensile stresses
may form propagating cracks, ultimately leading to fracture (delayed failure or static
fatigue). Because the risk of delayed fracture Is difficult to evaluate and because ceramics
may present more difficult problems in fabrication than metals, the major emphasis of our
review is on metallic systems.

3.3.4. Polymeric Materials

Polymeric materials have received little attention as containment materials for HLW
even though they have excellent resistance to chemical attack in ihe types of aqueous
environments likely to be encountered in repository sites.4 However, polymers have poorer
strength properties than metals and ceramics. In addition, although polymers can be easily
fabricated as coatings, films or sheets, and molded or extruded canisters, the stability of
these materials In an aqueous environment at high temperature and under radiation is
relatively unknown. Thermal effects could be particularly important because the thermal
conductivities of polymers are less by about an order of magnitude than those of the
geologic media; therefore, a significant temperature gradient could develop across polymer
containers. Although thermosetting resins, particularly the aromatic epoxides, are
relatively resistant to radiation effects, most polymers have relatively poor resistance to
radiation damage. Life prediction may be even more difficult than for metals because of
uncertainty about polymer degradation mechanisms. Hence, the use of polymers as
container materials requires a significant amount of further research.
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3.4. Localized Corrosion Behavior

3.4.1. Austenitic Iron-Base Aiioys

It has been shown that the uniform corrosion rates of austenitic steels are well within
acceptable limits for waste packages in environments that are more aggressive than the
repository environments discussed in this report.3-21-22 Thus, for these materials and for
repository environments, uniform corrosion will not be the limiting factor In the selection
of a material. However, as noted previously, resistance to uniform corrosion (because of the
passive or protective chromium oxide film in the case of iron-chromium-nickel alloys) can
make austenitic steels susceptible to localized corrosion; it is this susceptibility that will
determine the suitability of alloys for the repository applications.

In the absence of Impurities such as chlorides and sulfates, the majority of available
data on localized corrosion focuses on stainless steels in the sensitized condition, in which
chromium-depleted zones form in the vicinity of grain boundaries because of chromium-
rich carbide precipitation occurring during high-temperature processes such as welding or
heat treatments. Such materials become sensitive to SCC at temperatures > 9O°C in water
containing dissolved oxygen [i.e., with electrochemical potential > 0 mV (SHE)]. In this
case cracking occurs intergranularly. This intergranular SCC (IGSCC) can be controlled by
suitable heat treatment or by the use of stabilized or extra-low-carbon steels (C < O.O2
wt.%). However, when impurities such as chlorides and sulfates are present, failure by the
transgranular mode (TGSCC) can occur. The transgranular type of attack is more
troublesome, because controlling TGSCC by heat treatment or steel composition Is less
straightforward.

SCC of conventional Types 304 and 316 SS and low-carbon stainless steels in the
context of light-water nuclear reactors has been studied extensively.70 Studies on the role
of impurities in water using slow-strain-rate tensile (SSRT) tests have shown that anionic
species {in particular chloride and sulfate) are the most aggressive species In oxygenated
water regardless of whether SCC occurs by an intergranular or transgranular mode.71 The
relative influence of various impurities on two SCC parameters measured in the SSRT test,
time to failure and crack growth rate, are shown in Figs. 13 and 14. The experiments were
performed on sensitized Type 304 SS, and the degree of sensitization was quantified by the
electrochemical potentioklnetic reactivation (EPR) method72 (EPR = 2 C/cm2).

Impurities such as sulfate and chloride have also been found to be aggressive for low-
carbon Type 316 SS in which sensitization has been suppressed by decreasing carbon below
0.02 wt.%.71'73-74 In a tuff repository environment, these Impurities are invariabry present
in water in addition to dissolved oxygen (>1 ppm); hence, the Impurity and oxygen effects
are likely to dominate the SCC susceptibility. The pH of the bulk solution can be directly
related to the uniform corrosion rate, but its relation to localized corrosion processes is not
obvious. As shown in Figs. 13 and 14. the severity of SCC induced by various impurities is
dictated by the specific anions, whether the impurities are added as neutral salts or acids.
This is not to say that pH has no effect on localized corrosion, because acidic conditions
often prevail in crevices and other local regions such as crack tips even when the external
solution is neutral or alkaline.
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Unlike light-water reactor systems, the chemistry of the repository environment
cannot be controlled In a practical sense; hence, environment-related remedies are not
available to control localized corrosion. Therefore resistance to "corrosion" (hereafter,
corrosion will be used to Imply localized corrosion for simplicity) must be an inherent
property of the material. The data reviewed focus on oxygen- and impurity-containing
environments. This review will also be restricted to data that are critical to the suitability
of materials for more detailed investigations In appropriate repository environments.

Although most testing has focused on aqueous environments, some available data show
that cracking is possible even In the vapor phase. Williams75 has shown that austenitic
stainless steels, including Type 347 SS. become susceptible to SCC In U-bend tests when
they are exposed to Intermittent wetting in the steam phase of alkaline-phosphate-treated
boiling water containing 5 ppm oxygen and 5 ppm chloride (Fig. 15). These chloride and
oxygen levels are close to those present In tufT water. In bent-beam tests, strained samples
of Types 304 and 321 stainless steels were maintained at 200 and 300°C in the steam
phase above water at pH 7 containing 5 ppm Cl~ .7 6 As shown in Figs. 16 and 17, SCC
occurred in 40-100 h for strains as low as 10-3. A threshold strain was observed below
which rounded pits developed that did not initiate cracks. Furthermore, limited results
suggest that an increase in pH from 7 to 10 by addition of KOH increased the threshold
strain for the initiation of cracking for both Types 304 and 321 SS {see Fig. 18).76
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Fig. 15. Relationship between Chloride and Oxygen Content of Alkaline-Phosphate-
Treated Boiling Water and Susceptibility to SCC of Austenitic Stainless Steel
Exposed to the Steam Phase with Intermittent Wetting (Adapted from Ref. 75).
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12

Fig. 18. Variation of Threshold Strain with pH at 5 ppm CI", 270°C (Adapted from Ref.
76).

In Section 3.1.1, processes that can lead to the buildup of ionic species such as
chlorides were outlined. Although they have not been experimentally observed under
repository conditions, such buildups have have been known to occur in industrial cooling
water containing chlorides. Warren77 showed that SCC of Type 316 SS tubes occurred in
vapor phase regions (135°C) above water that contained 45-90 ppm chloride. When the
vapor phase regions were present, SCC occurred even at low temperatures (80°C) because
of concentrated chlorides in conjunction with (a) residual stresses induced in fabrication
and heat treatment of tubes and (b) operating thermal stresses. Susceptibility is strongly
dependent on chloride concentration as shown Fig. 19. The time required for cracking of
Type 304 SS to occur increased progressively as the chloride concentration of the water
was decreased from 1500 to 10 ppm. Nevertheless, 50% of the specimens exposed at
100°C to water bearing 10 ppm chloride cracked in slightly less than 2 months. Therefore,
even if Type 304 or 316L SS does not crack in laboratory experiments that do not account
for chloride buildup, the results do not guarantee the suitability of these materials for
repository applications where chloride buildup can occur as a result of intermittent
evaporation and condensation processes.

As shown in Fig. 20, decreasing the water temperature from 100 to 60°C delays the
initiation of cracking in Type 304 SS. Although Type 304 SS Is unlikely to be used for
waste containers, the trends of results observed In cracking experiments with different
water temperatures and chloride concentrations should be illustrative for other potential
alloys.

The SCC of low-carbon. (C < 0.02 wt.% and N2 < 0.1 wt.%) stainless steels has been
extensively studied in the context of boiling-water reactors (BWRs). Low-carbon SS is the
current replacement material for Type 304 SS for BWR piping. Overall trends in improving
resistance to localized corrosion for the austenitic stainless steels are shown In Fig. 21.
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Fig. 21. Improvement of Materials Used for BWR Piping (Adapted from Ref. 78).

The improved performance of the low-carbon alloys has been demonstrated In a wide
variety of tests. In Ref. 78, results are reported of tests on double-U-bend specimens of
heat-treated Types 304. 316, and 316L SS in oxygenated water at 250°C for 500 h. Type
316L SS with low carbon and N2 < 0.1 wt.% has superior resistance; only small pits are
seen on these specimens. This is consistent with the dominant efFect of carbon on SCC
susceptibility in sensitized stainless steels. Similar resistance to cracking for Type 316NG
SS has been observed in SSRT tests conducted at a strain rate of 2 x 10 -7 s_1 in high-purity
water containing -0.25 ppm oxygen, which are summarized in Table 10.79 However, in the
presence of very low concentrations of sulfate (0.025-0.1 ppm). TGSCC was observed.79 As
shown in Fig. 22. the critical concentration required for TGSCC decreases with a decrease
in strain rate.80 The results Indicate that at strain rates slower than 10~7 s_1. TGSCC can
occur even in high-purity water at 289°C. Similar results might be expected for chlorides.
In oxygenated water at 289°C, TGSCC of Type 316NG SS occurs even at higher strain rates
(-1 x lO -6 s_1) when the concentration of sulfate/chloride impurity exceeds 0.2 ppm. as
shown in Table I I . 8 1

Under actual design loads, the strain rates encountered are lower by one or two orders
of magnitude than those used in these tests. Susceptibility to SCC is generally increased by
decreasing the strain rate. Mechanistic considerations suggest that a lower bound strain
rate exists for some alloy/environment systems. At these slow strain rates, film rupture
events required for SCC become extremely slow, and no critical balance exists between film
rupture and passivation assumed to promote SCC.82 For austenitlc stainless steels In the
high-temperature water environments of BWRs, this lower bound strain rate Is difficult to
establish. If one exists. It Is much lower than 10-8 s -1 . SSRT tests also showed that under
creviced conditions. Type 316NG SS became susceptible to TGSCC even in high-purity
water.80

Crack growth in high-purity water has also been observed in fracture mechanics
tests.83 Once cracks were initiated. Increasing the sulfate/chloride impurity concentration
from 0.1 to 5 ppm had little effect on crack growth rates.81 Thus both fracture mechanics
and SSRT tests showed that Type 316NG SS can become susceptible to TGSCC In water
containing oxygen and sulfate/chloride at levels less than or close to those present in J-13
water.

To offset the loss of strength resulting from lower carbon levels, nitrogen levels are
maintained between 0.06 and 0.1 wt.% for Type 316NG SS and between -0.1 and 0.25
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SSRT Results (Ref. 79) for Typ$3_16NG SS in Water at 289°C with
0.25 ppm Dissolved O2 and SCQ Added

Test
No.

157
159

186
206
202
214
160
154»

169
216

187
207
224
210
199
228
172

e.
β - l

1x10-5
2 x l O - 6

1 x 10-6
1 x 10" 6

1 x 10- 6

1 x 10-6
1 x 10-6
l x l O " 6

4x10-6
4x10-6

2 x l O " 7

2x10-7
2x10-7
2 x l O - 7

2 x lO-7

2x10-7
2x10-7

ppra

0.1
0.1

0.0
0.01
0.05
0.075
0.1
0.1

0.1
0.075

0.0
0.01
0.025
0.025
0.05
0.075
0.1

Cond.,
)iS/cm

0.9
0.9

0.1
0.13
0.4/
0.72
0.9
0.9

0.9
0.69

<0.2
<0.2
0.25
025
0.47
0.64
0.9

tf,
h

9.7
53.5

1003
100.6
123.0
107.6
100.6
109.4

217.4
559.4

4833
4973
473.8
532.4
510.7
562.8
474.0

Gmix,

MPa

430
453

457
447
450
438
450
458

462
449

460
468
462
458
458
456
461

Failure
Mode

Ductile
Ductile

Ductile
Ductile
Ductile
Ductile
TGSCC
TGSCC

TGSCC
TGSCC

Ductile
Ductile
TGSCC
TGSCC
TGSCC
TGSCC
TGSCC

m- β-l

-

—

_

_

151x10-9
150 xlO-9

9.74x10-1"
2.03x10-10

_

—

4.71x10-10
5.09x10-1°
5.49 x 10-10

458 x 10-10
735x10-10

a 8 ppm dissolved oxygen.

O.I

r
O
VI

O.OI

O.OOI

1 I I I I I II I I

TYPE 3I6NG SS (289<>C)

1 1 1 1 1 1 11

1 1 1 1 11T T T

1 1 1 1 1 1 1 1 1 1 1 1 1

10-e lO"7 I O - 6

STRAIN RATE (s"1)

lO"5

Fig. 22. Variation of Critical Concentration of Sulfate Required to Produce SCC with
Strain Rate (Ref. 80).
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Table 11. SSRT Results (Ref. 81) for Type 316 NG SS (Ht P91756)3 in Oxygenated Water at
289CC with Chloride/Sulfate Impurities, e = 2 x 10~6 s"1

Test
No.

61
24
19
35
25

27

42
39

1-RC

1-S*
3-R
3-S

Environment,
ppm

0.25 O2 + 0.2 Cl-
0.25 O2 + 0.2 Cl-
8O 2 + 0.5Cl-
8O2 + 0.5Cl-
8O2 + 0.5Cl-
+ 0.5 SO?"
8O 2 + 0.5Cl"
+ 0.5 SO^
8O2 + 0.5Cl-
0.25 O2 + 0 .5Q-

8O2

8O2
8O 2 + 0.5Cl-
8O 2 + 0.5Cl-
+ 0.5 SO^

tf,
h

Ef.
%

AA/Ao,
%

Type 316NGSS (base)

58.7
57.8
56.6
56.5
44.6

56.4

60.0
58.7

42.3
41.6
40.7
40.7
32.1

40.6

43.2
42.3

71
67
59
55
43

57

63
53

Type 316NG/E308L"> Weld

34.9
32.8
26.3
26.3

25.1
23.6
18.9
18.7

74
70
48
36

Omaif

MPa

434
431
429
437
419

439

432
435

451
452
411
439

a a v
m- B _ 1

_

2.00 xlO-9

2.77 xlO"9

2.30x10-9
5.23x10-9

2.90 xlO"9

2.12x10-9
2.37x10-9

_
5.20xl0-9

5.89x10-9

Specimens were heat treated at 1050°C for 0.5 h and at 650°C for 24 h prior to tests.
^Specimens were heat treated at 500°C for 24 h prior to tests.
"Weld from the plate root
dWeld from the plate surface.

wt.% for Type 316LN materials. SSRT tests show that nitrogen levels in excess of O.I wt.%
have adverse effects on TGSCC in austenitic stainless steels, as shown in Fig. 23. 8 0 The role
of nitrogen may be to promote slip planarlty, which is believed to assist the film rupture
process required for SCC.

SSRT tests on low-carbon (< 0.03 wt.%) Type 347 SS. which are summarized in Table
12, show that this material also becomes susceptible to TGSCC.84 In these environments
the improvement In cracking resistance achieved by decreasing the carbon level In
conjunction with stabilization by elements such as Nb is insignificant. The origin of the
heat-to-heat variation indicated by the results In Table 12 is not clear. However, there Is
evidence to show that when Nb is in solid solution, e.g., as in solution-annealed and
quenched material, susceptibility to TGSCC increases.84 This can be explained in terms of
the decrease of stacking fault energy resulting from Nb In solid solution85 and the resulting
enhancement of slip planarity. which promotes SCC by facilitating the film rupture process
required for SCC. Thus, when Nb or Ti is used as stabilizing element in austenitic stainless
steels. It Is important to determine the heat treatments that give the best resistance to
TGSCC.

Some SSRT test data are available for Types 304. 304L. and 316L SS In oxygenated
J-13 water at 150°C. which is assumed to simulate tuff ground water.86 Type 304 SS
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Fig. 23. Influence of Nitrogen Concentration on Average TGSCC Growth Rates for
Austenltlc Stainless Steels at Two Strain Rates In 289°C Water Containing
Dissolved Oxygen and Sulfate (Ref. 80).

Table 12. SSRT Test Results for Different Heats of Type 347 SS in Water at 289°C with 0.25 ppm Dissolved O2
and 0.1 ppm Sc£~ (Ref. 84)

Test
No.

263
274
272
275
301
306
310
349
350
34S
364
365
367
382
380
377

Heat
No.

174100
174100
174100
174100
.170162
170162
170162
869962
869962
869962
316642
316642
316642
LPN
LPN
LPN

E.

s-1

1x10-6
5x10-7
2x10-7
1x10-7
lxlO"6

5xlO"7

2xlO-7

lxlO"6

5 x IO-7

2xlO-7

lxlO"6

5xlO-7

2x10-7
1x10-6
5x10-7
2x10-7

tf,
h

65.5
11-15
30L5
5745
55.7

114,1
250.5

94.5
182.8
442.0
100.0
198.0
487.0
93.8

174.8
530.5

MPa

432
417
448
451
427
430
471
460
466
472
438
444
443
452
459
460

Failure
Mode

Ductile
TGSCC
TGSCC
TGSCC
Ductile
Ductile
TGSCC
Ductile
TGSCC
TGSCC
Ductile
Ductile
Ductile
Ductile
TGSCC
TGSCC

in- 8_1

0
I 63 x10-9
.10x10-9

7.58x10-10
0
0
5.50 xlO"10

0
380x10-1°
2.97 x 10-10

0
0
0
0
1.22x10-9
9.83 x 10-10

SS Potential,
mV(SHE)

21
94
- 8
55
84
91
22
22
34
8C

M

3
-87

86
90

- 5 4
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was tested in mill-annealed, and sensitized {600°C for 24 h) and in solution-annealed and
sensitized (600°C for 10 or 24 h) conditions. Type 316L SS was solution-annealed at
1000°C for 15 min and water quenched, then heat treated at 250°C fnr either 1 day or 1
week and water quenched. Sensitization of this material is not anticipated for these heat
treatments.

The results of these tests are summarized in Tables 13-15. Solution-annealed Type
304 SS showed no susceptibility to SCC at the slowest strain rate tested, 2 x lO-7 s~l.
Sensitized Type 304 S3 was susceptible to IGSCC at strain rates as high as 1 x 10-6 s_1. No
SCC was observed In Type 304L SS at the slowest strain rate. Sensitized Type 304 and
nonsensitlzed Type 316L SS specimens were also tested at a strain rate of 1 x 10 -6 s_1 In
J-13 water at 95°C, a temperature assumed to simulate that of the repository environment
for the majority of the lifetime of the waste package in tuff. No SCC was observed for either
material under these conditions. However, these tests were conducted at strain rates much

Table 13. SSRT Test Results for Type 304 SS at 150°C (Ref. 86)

Number

P405
P406
P403
P400
P395
P396
P397
P4O4
P401
P402

P413
P415
P409
P417
P412
P411
P410
P407
P408
P414
P416

Environ-
ment

Air
Air
Air
Air
J-13a

J-13
J-13
J-13
J-13
J-13

Air
Air
Air
Air
J-13
J-13
J-13
J-13
J-13
J-13
J-13

Strain
Rate,

in./in.-s

lxHH
2x10-7
5x10-6
5X10"6

5xlO-«
5x10-6
1x10-*
1x10-*
2x lO- 7

2x10-?

Reduction
of Area,

%
Elongation,

%

Yield
Strength,

ksi

Mill-Annealed Specimens

80
76
74
73
79
63
78
80
76
76

48
45
46
45
46
47
47
46
50
47

37.4
35.9
36.6
34.0
36.8
345
36.1
363
335
35.1

Solution-Annealed and Sensitized1, Specimens

1x10-4
1x10-*
5x10-*
5x10-6
5x10-6
5x10-6
1x10-6
1x10-4
l x l C M
2xlO"7

2 x l O - 7

72
67
73
67
74
79
58
76
75
51
26

52
52
50
50
51
49
35
54
51
c
d

213
26.0
22.4
18.6
202
21.7
19.8
235
235
22.0
20.7

Ultimate
Strength,

ksi

74.4
76.6
75.7
74.7
76.1
75.2
75.3
74.9
77.5
77.0

68.0
68.8
68.5
69.9
69.3
68.6
65.5
68.8
69.0
70.1
64.5

Failure
Mode

Ductile
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile

Ductile
Ductile
Ductile
Ductile
Ductile
Ductile

Intergranular
Ductile
Ductile

Intergranular
Intergranular

•"J-13" refers to air-eparged water from well J-13.
•Sensitized 24 h at 600°C.
cNot determined.
dBroke at gage mark.
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Table 14. SSRT Test Results for Type 304L SS at 150°C (Ref. 86)

Number

P379
P374
F234
P235
P233
P236
F378
P372
F382
P371

P243c
P239c
P24OC

P241<:
P244C

P384d
P393 d

P387d
P385d
P389

Environ-
ment

Air
Air
J-13»
J-13
J-13
J-13
Air
Air
J-13
Air

Air
J-13
J-13
J-13
J-13
Air
Air
J-13
J-13
Air

Strain
Rate,

in./in.-s

lxlO"4

lxicH
lxl (H
2xlO"7

2x10-7
1x10-*
1x10-6
lxlO-6

1x10-*
2xlO-7

Reduction
of Area,

%
Elongation,

%

Yield
Strength,

ksi

Solution-Annealed Specimens

81
78
81
78
69
73
74
79
69
78

Solution-Annealed

1x10-*
lxHM
5X10-6

5x10-6
5x10-6
5x10-6
1x10-6
1x10-*
lxKM
2xlO"7

74
72
75
7S
70
72
69
57
70
78

54
54
54
52
48
46
48
52
52
54

28.4
28.6
25.8
27.1
28.4
26.7
26.4
25.9

b
b

and Sensitized Specimens

49
50
52
49
48
53
50
51
53
50

29.4
b

29.6
26.6
27.2
19.3
20.4
215
20.6

b

Ultimate
Strength,

ksi

70.1
69.6
68.4
68.2
67.7
68.2
69.0
89.4

b
b

68.6
b

69.1
68.8
68.8
64.6
63.9
65.1
65.4

b

Failure
Mode

_
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile

Ductile
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile

•Air-sparged water from well J-13.
bNot determined because of equipment malfunction.
cSensitized 10 h at 600°C, air cooled.
•̂ Sensitized 24 h at 600°C, air cooled.

higher than those anticipated in service and did not address the very long exposures that
may be needed to initiate cracks. Neither did they include the effects of crevices and the
possible adverse effects of gamma radiolysis of solutions, which would be an added source of
oxidizing species.

As the data cited Indicate, conventional austenitic stainless steels may not survive the
long periods of HLW containment in tuff and are even less satisfactory choices for
alternative environments that contain much higher concentrations of anionic species such
as chlorides. However, because extensive SCC data exist for these materials, continuing
studies and data on this material under conditions closer to those in repository sites may
still be useful in developing methods to predict lifetimes.

3.4.2. Special Austenitic Stainless Steels

Because SCC may occur even in those conventional austenitic stainless steels that have
modified compositions for Improved resistance to SCC. alternative austenitic alloys
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Table 15. SSRT Test Results (Kef. 66) for Types 304 and 316L SS at 95°C and a Strain Rate of 1 x IO-β r\

Specimen
Number

151
152
153
154

121
122
123
124
125
132
133
134
135

Environment

Air
Air
J-13b

J-13

Air
J-13
J-13
J-13
Air
J-13
Air
Air
J-13

Sensitization
Ileal Treatment

lwkat700°C,Wq«
lwkat700°C,WQ
1 wk at 700-C, WQ
lwkat700°C,WQ

ldayat250°C,WQ
ldayat25O°C,WQ
ldayat250°C,WQ
1 day at 250-0, Wq
ldayat250°C,WQ
lwkat250°C,WQ
lwkat250°C,WQ
lwkat250°C,WQ
lwkat250°C,Wq

Reduction
of Area,

%

304 S3

57
56
57
62

316LSS

54
56
54
53
54
47
51
48
47

Elongation,
%

34
33
35
34

17
16
16
16
16
12
13
13
13

Yield
Strength,

ksi

66.2
70.8
68.3
69.0

101.1
100.9
1003
100.6
97.0

109.5
111.6
105.7
106.2

Ultimate
Strength,

ksi

91.7
915
893
90.4

loai
106.5
107.8
106.4
107.2
114.5
117.0
113.1
1123

Failure
Mode

Ductile
Ductile
Ductile
Ductile

Ductile
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile

•Water quench.
*>Air-»parged water from well J-13.

containing higher nickel content should be considered. On the basis of metallurgical
considerations and other alloy selection criteria discussed earlier, Incoloy 825 stands out as
a better material in terms of resistance to chloride cracking. The role of higher nickel
content in preventing chloride cracking has been demonstrated by Staehle8 7 and Copson.88

who studied the effect of alloy composition on SCC of Fe-Cr-Ni alloys In boiling. 45 wt.%
MgCl2 at 154°C. This solution has the particular advantage of boiling over a wide range of
temperatures, as shown in Fig. 24. Although boiling MgCl2 is not an environment directly
related to that expected in the repositories, the high chloride concentration can be taken
as approximating that which might be produced by intermittent wetting and drying. Most
of the tests were performed with the specimens stressed at 90% of their 0.2%-offset-yleld
stress. The results are summarized in Figs. 2 5 8 7 and 26. 8 8 The time to failure increases
markedly with increasing nickel content. In this environment even Incoloy 825 cracks, but
the times to failure are much longer than those for Type 316 or 316L SS. Other studies
have shown that the beneficial effect of NI is by no means confined to MgCl2 environments,
but is exhibited in other chloride environments such as those with NaCl and CaCfe.89 The
enhanced resistance to SCC in chloride environments is also accompanied by an Increased
resistance to other localized corrosion such as crevice corrosion.

At higher temperatures (260°C). cracking of Incoloy 825 has been observed even at low
chloride (-6 ppm) levels in water containing -12-17 ppm dissolved oxygen, although the
stress levels were close to yield strength in these tests. 8 7 Despite these results, Incoloy
825 appears to be a promising container material for the chloride, oxygen, and temperature
conditions expected In repositories such as tuff, where the chloride levels are fairly low.
However, the effects on corrosion of other ionic species (such as sulfate, nitrate, and other
oxidizing species that could form under gamma irradiation) need to be considered.
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Fig. 24. Boiling Points of Aqueous MgCl2 Solutions at One Atmosphere as a Function of
Concentration (Adapted from Ref. 87).
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Fig. 25. Percentage of Specimens Unbroken Plotted Against Exposure Time for Various
Commercial Alloys Exposed to a Boiling Magnesium Chloride Solution at 154°C.
Specimens were stressed to 90% of the yield stress (Adapted from Ref. 87).
The nickel content of the alloys is Indicated.

In addition to corrosion resistance, two other important considerations in the
selection of container materials were referred to in Section 3.2. One is the stability of the
material microstructure during the long-term exposure (>100 years) at the temperatures of
interest {< 250°C). and the other is weldabllity. TI additions to Incoloy 825 reduce
chromium depletion by forming stable titanium carbides in preference to chromium
carbides. However, complete stabilization cannot be obtained by using Ti carbide as the
sole stabilization agent. Incoloy 825 can be sensitized and hence can become susceptible to
intergranular attack by exposure to temperatures in the range eSCWGO'C.90 Although
reducing the carbon content below the solubility limit, which is shown in Fig. 27. could
completely eliminate the sensitization problem, this Is not considered feasible on a
commercial scale. An additional mechanism of stabilization for Incoloy 825 is that of
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precipitating the Cr23Ce at a temperature where the diffusion of chromium is sufficiently
rapid to prevent chromium depletion. This occurs at 930-980°C. Studies of Type 347
SS8 4 Indicate that stabilization heat treatment not only improves resistance to IGSCC but
also may improve resistance to TGSCC in impurity environments. However, resistance to
TGSCC and other localized corrosion processes in repository environments remains to be
investigated. In a stabilized alloy, the degree of sensitization produced during the welding
operation is probably insignificant; however, this needs further study. Incoloy 825 appears
to have reasonably good weldability. However, since it is purely an austenitlc alloy with no
possibility of ferrite formation in the weld zone, careful control of the alloy chemistry, in
particular the sulfur and phosphorus contents, is needed to avoid hot cracking and to
ensure the formation of sound welds.

3.4.3. Austenitic Nickel-Base Alloys

Nickel-base austenitic alloys are extremely resistant to localized corrosion in a wide
variety of environments. However, they are generally considered difficult to weld,
especially those alloys using precipitation hardening involving Ti and/or Al, and their
microstructures (and consequently the study of their stability during low-temperature
aging) are complex. Despite these drawbacks, nickel-base alloys must be considered for
some repository environments because Iron-base alloys, even those with a relatively high
alloy content such as Incoloy 825, may not have adequate corrosion resistance In alternative
repository environments where the chloride concentrations are much higher than those in
well J-13 ground water. However, because of the complex microstructures involved in
these nickel-base alloys, additional work will be necessary to assess the influence of
microstructural changes on resistance to localized corrosion.

The alloys that are proven to be resistant to pitting and crevice corrosion are Hastelloys
C-4, C-22, and C-276 (see Table 8 for composition). Hastelloy C-4 has TI additions, and
Hastelloys C-22 and C-276 have W and Fe as additional components. No data on localized
corrosion in repository environments exist for these materials. However, data are available
for acid-chloride and other highly aggressive environments characteristic of flue gas
scrubber and other industrial environments.91-92 The results summarized in Table 16 and
Figs. 28-31 show the superior resistance of Hastelloys in comparison with several austenitic
alloys, including Incoloy 825. to pitting and crevice corrosion in a flue gas scrubber
environment with pH as low as 2.6 and chloride levels of 100 ppm.93 The actual
composition of the alloys in these tests is given in Table 17.

In addition to the beneficial effects of Ni discussed in Section 3.4.2, the high Mo and
Cr contents of the Hastelloys substantially increase resistance to pitting and crevice
corrosion in chloride environments. The data shown In Fig. 29 illustrate the effectiveness
of Mo in enhancing resistance to pitting and crevice corrosion. Electrochemical
measurements also demonstrate the beneficial effect of Mo.37 Epit Is much higher for the
Mo-containing Type 316 SS than for Type 304 SS, as shown in Fig. 32. A recent study
suggests that the beneficial role of Mo in increasing pitting resistance is clear only at
temperatures < 1OO°C (Fig. 33).94 However, even In these tests Hastelloy C-276 displayed
superior resistance to localized corrosion over Incoloy 625 (Figs. 34 and 35). Because of its
enhanced corrosion resistance, Hastelloy C-276 has been considered as a superior material
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Table 16. Corrosion Test in Power Plant Flue Gas Scrubber Using Once-
Through Scrubbing Water" (Ref. 93)

Material

Hastelloy Alloy C-276
Inconel Alloy 625
Allegheny Ludlum 6X SS
Hastelloy Alloy G
Incoloy Alloy 825
Type 317 SS
Carpenter Alloy 20 Cb-3
Type 316 SS
Type 304 SS
AISI Type 1010 Steel
High-Strength Low-Alloy Steel

Average
Corrosion Rate,

mpy

1.1
1.2
1.4
15
2.6
35
8.9

30.8
180.6

>323.7
>475.5

Maximum Depth of
Pit or Crevice

Corrosion for Test
Period, mile

1»>
5
2
5
7
7
6
9

31
Corroded away
Corroded away

•Exposed in outlet gas stream of scrubber at Weirton Steel Division at 140°F for 19
days. Gas was believed to contain entrained droplets and an extremely
aggressive, acid condensate of unknown chloride content. pH of water in
scrubber was as low as 2.6 with 100 ppm chloride.

indicates one sample that showed no localized attack. On the duplicate sample it
was difficult to determine if surface was mechanically damaged or pitted to a
depth of 0.001 inch.
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Fig. 28. Limestone Slurry Scrubbing for SO2 Removal from Central Illinois Power Co.
Flue gas contained two pounds per minute of SO2. Average pH was 5.7 (range
3.5 to 6.3) with 1500 ppm chloride in slurry at a temperature of 127°F (range
120-133°F) during three-month test In scrubber (Adapted from Ref. 93).
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Fig. 29. Limestone Slurry Scrubbing for SO2 Removal from Cholla Station, Arizona Public
Service Co. Flue Gas. Estimated pH was 4 with estimated chloride content of
1000 ppm (range 500 to 1500 ppm) at a temperature of 120°F during 158-day
test In absorption tower (Adapted from Ref. 93).
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Fig. 30. Alkaline Oil Field Water Scrubbing of Portable Steam Generator Flue Gases
Tested by Mobile Oil Corp. Incoming water was pH 7.5 to 8.0 with 2100 ppm
chloride; effluent water was pH 5.5 to 6.8 with 2300 to 2350 ppm chloride.
Temperature was 160°F (range 150 to 500°F), and test duration was 80 days
(Adapted from Ref. 93).



4 4

16

14

12

10

8

6

4

2

0

OHASTELLOY C-276

\

^

\

\

\ O INCONEL 625

\

- ^ V OHASTELLOY G

EFFECT OF MOLYBDENUM
WATER SCRUBBING-
WEIRTON STEEL DIV.

- O
CARPENTER
2OCb-3

•ALLEGHENY LUDLUM 6X SS

•TYPE 317 SS

INCOLOY 825

TYPE 316 SS

TYPE 3 0 4 SS -

1 -i ip-
2 0 25 30 350 5 10 15

MAXIMUM OEPTH OF PITTING OR CREVICE CORROSION (mils)

Fig. 31. Water Scrubbing of Power Plant Flue Gas at Weirton Steel Division at 140°F for
19 Days. Gas was believed to contain entrained droplets and an extremely
aggressive acid condensate of unknown pH and chloride content. pH of water
in scrubber was reported as low as 2.6 with 100 ppm chloride (Adapted from
Ref. 93).

for the defense waste processing facility at Savannah River. Tests in synthetic acidified
solutions containing high chloride (20.100 ppm) and sulfate (1400 ppm) suggest that alloys
with a higher alloy content of CΓ and Mo (> 30 wt.%) appear to be promising.

The Hastelloys are nominally single-phase, solid-solution-strengthened alloys, not
hardenable by conventional aging treatments. However, long-range ordering has been
observed in which the face-centered-cublc matrix transforms to an ordered orthorhombic
superlattice.6 4-6 5 This phenomenon occurs after long-term aging (several hundred hours)
at 600°C and must be investigated for the repository applications, because the effects of this
ordering on corrosion are unknown. In addition, precipitation of complex intermetallic
phases Iμ, o, P) and carbides has also been observed in the temperature range of -500-
800°C for Hastelloy C-22 and C-276. The precipitation processes are detrimental in hot-
cracking susceptibility tests. Varestraint hot cracking tests revealed a weldability ranking
as follows: Hastelloys C-4 > C-22 > C-276. Hastelloy C-4 has a hot cracking tendency
comparable to Type 304L SS and appears to be a promising material for alternative
environments containing high concentrations of chlorides.

3.4.4. Copper and Copper Alloys

Copper is a relatively noble metal; i.e.. the reaction Cu = Cu 2 + + 2e has a rather high
standard hydrogen electrode potential (+0.34 V. SHE). The thermodynamic stability of
various copper compounds is shown for the system CU-H2O at 25°C in a Pourbaix (potential-
pH) diagram. Fig. 36, which indicates the conditions for immunity, passivation, and
corrosion.9 5 Under oxidizing conditions, both oxidation and corrosion processes can occur.



Table 17. Compositions of Alloys Tested (Wt.%, Ref. 93)

Alloy

Carbon Steel (AISI1008)
High-Strength Low-Alloy Steel
Type 430 SS
E-Brite 26-1
Stabilized 26-1
Type 304 SS
Type 316 SS
Type316LSS
Type 317 SS
Allegheny Ludlum 6X S/S
Carpenter Alloy 20 Cb-3
Incoloy Alloy 825
Hastelloy Alloy G
Inconel Alloy 625
Hastelloy Alloy C-276

Cr ,

0.018
0.66

16.50
27.10
25.05
ia82
17.38
16.68
18.43
20.41
19.92
21.05
23.13
22.14
15.40

Ni

0.01
0.32
0.32

-
0.18
8.99

12.36
12.49
13.40
23.61
33.43
41.90
44.89
60.72
Bal.

Mo

_a

0.006
0.14
0.92
0.96
0.11
2.25
2.38
3.13
6.5

2.28
2.99
6.21
a85

15.55

Cu

0.034
0.34

—
—

0.030
0.14
0.27
0.30
0.20

—
3.21
1.94
L78

_
—

C

0.042
0.076
0.053
0.003
0.054
0.065
0.07
0.023
0.07
0.038
0.04
0.04
0.029
0.04
0.009

P

0.006
0.089
0.024
0.010
0.015
0.019
0.016
0.021
0.020
0.013
0.020

-
0.008

-
0.011

s

0.014
0.028
0.004
0.009
0.011
0.008
0.018
0.021
0.015
0.004
0.004
0.007
0.005

_
0.005

Mn

0.30
0.36
0.55
0.01

_
1.44
1.55
1.54
1.54
1.73
0.27
0.73
1.56
0.05
0.48

Si

0.39
0.60
0.28
0.16
0.58
0.48
0.57
0.42
0.81
0.40
0.32
0.05
0.19
0.01

Other

N 0.012
Ti 1.06, Al 0.69

Cb + Ta0.79
Ti0.67
Fe 19.4, Cb + Ta 1.81
Fe 4.12, Cb + Ta 3.48
Fe 6.00, W 3.27

Ol

•A dash indicates element was not analyzed.
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Fig. 36. Potential-pH Diagram for CU-H2O at 25°C with lOr6 M Cu (Adapted from Refs.
29 and 95).

Modification of the Pourbaix diagram is required when impurity species are present in the
water, and the diagram does not furnish any information about the kinetics of corrosion
reactions or the effectiveness of the passivation.

Both high-purity copper and copper aUoys have been investigated with regard to
oxidation and corrosion in industrial environments. Data are available on their sensitivity to
SCC in chloride-containing water and in environments containing ammonia and ammonium
compounds, which are relevant to repository environments (because nitrogen oxides and
nitrogen-containing compounds may form under gamma radiation). High-purity copper is
a low-strength material and would require a relatively thicker wall than would copper
alloys, which have better mechanical strength as well as generally greater corrosion
resistance. Since the oxidation and corrosion of copper and its alloys in oxidizing
environments such as those encountered in tuff have been discussed in a recent, detailed
review by McCright,5 the present review, especially of the electrochemical effects observed
for the materials in unirradiated and irradiated environments, will be brief.

3.4.4.1. Oxidation

Detailed data and studies of the oxidation processes in copper and copper alloys in
oxidizing environments are available In the literature. (See, e.g., Tylecote.96-97 Ronnquist.98

Ronnquist and Fischmeister," and Gulbransen and Hickman.100) The dependence of film
composition on temperature and oxygen partial pressure has been studied by Honjo.101 As
shown in Fig. 37. at temperatures < 250°C, the oxide is cuprous oxide (CU2O) rather than
cupric oxide (CuO) for all oxygen partial pressures. There is general agreement that
kinetics of oxidation at higher temperatures are diffusion controlled. However, the kinetics
at lower temperatures, < 30O°C, are not so well defined. Many factors such as the
anisotropic effects of the oxidation process, pipe diffusivity, and the oxide film properties
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Fig. 37.

(porosity, adherence, etc.) become more important at lower temperatures, making the
Interpretation of results in terms of fundamental processes more difficult. Various
oxidation laws have been proposed, including

m 2 = k2t
m3 = k3t
1/m = ki log(t/T + 1)
m = ki log(t/t + 1)

(parabolic)
(cubic)
(Inverse logarithmic)
(direct logarithmic)

(8)
(9)

(10)
(11)

where m is the amount of oxide formed, t is the time of oxidation, and the subscripted k's
and T are constants, which are functions of the oxygen partial pressure and temperature.
Regardless of the actual processes Involved. Ronnquist and Fischmelster" have suggested
that a more general oxidation law.

m n = kt (12)

where m, k, and t are defined as before and n is obtained directly from the slope of the
associated logarithmic plot of m as a function of time, can be used to describe the data.
This approach has shown that quasi-logarithmic oxidation (with high values of n) prevails at
lower temperatures (< 200°C). cubic-to-parabolic oxidation occurs over an extended
temperature range, and oxidation Is essentially parabolic at temperatures above 550"C.
After a review of these results. McCright5 concluded that under strictly dry oxidizing
conditions, the amount of metal loss is negligible (hundreds of microns in 1000 years).
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The following effects of other variables on oxidation have been reported in Refs. 5 and
102:

(a) Gamma irradiation has no significant effect on oxidation kinetics.

(b) At low temperatures (1OO-25O°C) the presence of moisture has a somewhat beneficial
effect on the oxidation resistance of copper.

(c) In the temperature range of Interest, cold work has no effect on oxidation rates.

The alloying elements Al. Mg, and Be enhance the oxidation resistance significantly.
The increase in oxidation resistance at elevated temperature (65O°C) In dry air as the Al
content of the alloy is increased is shown in Fig. 38. 1 0 3 This Increased resistance to
oxidation occurs at temperatures as low as 100°C;104 it arises from the protective gamma-
alumina film. In contrast, the oxidation resistance of Cu is not significantly affected by Ni
additions as shown by the early work of Pilling and Bedworth105 (Fig. 39). Since, according
to the film rupture model for SCC, susceptibility depends strongly on the properties of the
film, these observations suggest that some Important differences should exist between the
SCC behavior of Cu-Al and Cu-Ni alloys. These differences do exist; they will be discussed
in Section 3.4.4.2.

0.004

40 60 80
TIME (h)

Fig. 38. Influence of Time on the Oxidation of Copper-Aluminum Alloys at 650°C
(Adapted from Ref. 103).
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Fig. 39. Oxidation of Copper and Copper-Nickel Alloy at 750°C (Adapted from Ref. 105).

3.4.4.2. Corrosion

3.4.4.2.1. General Corrosion in Steam-Water Environments

At temperatures < 250°C, both high-purity copper and Cu-Ni alloys have good
resistance to general corrosion, as shown in Fig. 40. However, in steam containing oxygen,
small additions of CO2, H2S, or HNO3 can Increase the corrosion rates to >1 mpy. Copper
also exhibits relatively high corrosion rates in certain ammonia-containing environments.
For example, high purity copper (annealed at 500°C for 1 h prior to exposure) corrodes at a
rate of 52 mpy in moist ammonia at 35°C.106 Phosphorus additions can reduce corrosion
rates in these environments. For example, in an atmosphere of 80% air, 16% ammonia,
and 4% water vapor at 35°C. an Increase In the phosphorus content from 0.014 to 0.056
wt.% resulted in a decrease in corrosion rate from 38 to 16 mpy.106 Such concentrations
of ammonia are unlikely in a tuff repository.

The superior corrosion resistance of phosphorus-deoxidized copper has made It an
attractive material for solar applications. A six-month laboratory study was performed to
determine the general and localized corrosion (pitting) resistance of phosphorus-
deoxidized copper in 28 heat transfer liquids; the aqueous-solution chemistry Is shown In
Table 18. which is similar in chloride and pH levels to water encountered in tuff.107 The
specimens were exposed to the operating maximum temperature of 93°C during a dally
thermal cycle as shown in Fig. 41. The corrosion rates measured during the six-month
period, which Included about three months of exposure to the maximum temperature, were
less than 0.1 mpy (Fig. 42). There was no significant localized attack In liquids without
additives such as propylene glycol; this additive did cause some localized corrosion.
However, chemical substances of this type are unlikely to be present in any of the
repository environments of Interest in this report.
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Fig. 40. Effect of Nickel on the Corrosion of Binary Copper-Nickel Alloys In Oxygen-
containing Water and Steam at Saturated Pressure. (Refer to S. Sato., Sumitomo
Light Metal Technical Reports. Vol. 5(4), p. 242. 1964; figure adapted from Ref.
5.)

Table 18. Typical Composition of New Haven Potable Water (Ref. 107)

Value,
ppm

93
66
52

17.5
7.0

Constituent

Total Dissolved Solids
Total Hardness
Calcium
Chloride
pH

Expressed
as

NaCl
CaCOa
CaCOa
ci-
pH

As noted previously. Cu-Ni alloys exhibit good corrosion resistance in dry and high-
purity wet steam. They are aiso resistant to corrosion in high-temperature water
containing dissolved oxygen with corrosion rates of less than 0.04 mpy in the temperature
range from 66-204°C.1 0 7 Similarly low corrosion rates have been reported by LaQue for Cu-
30% Ni alloys exposed to a variety of industrial waters at temperatures up to 70°C.1 0 8

These materials are also much more resistant to corrosion in environments containing
ammonia. Figure 43 shows the corrosion rates of Cu-30 Ni. Cu-10 NI. an aluminum bronze,
and a number of other alloys in aqueous environments containing 500-1000 ppm of
ammonia.1 0 9 Cu-30 Ni has the best resistance of the alloys studied to dripping aqueous
ammonia solutions at ambient temperatures, and in general the Cu-Ni alloys and aluminum
bronze have better corrosion resistance than the other alloy types considered. The
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Fig. 41. Solar Service Test Simulating Dally Thermal Cycle. Operating conditions: A,
heating of solution begins; B, rotation of specimen begins; C, dairy maximum
operating temperature obtained (93°C); D, heat turned off at 3:15 pm; E,
draindown liquids transferred to reservoirs; F. additional cooling of remaining
liquids commences, and movement of specimens ceases; G, low daily
temperature of 26°C obtained; H, draindown liquid returned to test cells from
reservoirs (Adapted from Ref. 107).

Fig. 42. Weight Loss of Phosphorus-
deoxidized Copper (CI2200)
Versus Time for Aqueous
Draindown. Shaded region
includes data for A-F shown in
Fig. 41 (Adapted from Ref. 107).
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AMMONIA DRIP SOLUTIONS AMMONIA PLUS CARBONATE DRIP SOLUTIONS

COPPER-NICKEL
(70-30)

COPPER-NICKEL
(90-10)

ALUMINUM BRONZE
(5 %)

ARSENICAL COPPER

ALUMINUM BRASS
(2%)

ADMIRALTY BRASS

T r i
SOLUTION NO. I
500 ppm NH3

SOLUTION NO. 2
1000 ppm NH3

i i i i r
SOLUTION NO. 3 250 ppm NH3 +
200 ppm (NH4)2CO3

SOLUTION NO. 4 500 ppm NH4 +
400 ppm (NH4) C03

0 2 4 6 8 10 0 5 10 15 20
MAXIMUM CORROSION RATE (MILS PER YEAR)

Fig. 43. Effects of Ammonia Concentration (Left) and Ammonia Plus Carbonate
Concentrations (Right) on Corrosion Rates of Various Alloys (Adapted
from Ref. 109).

corrosion behavior of the Cu-Ni and Cu-Al alloys was unaffected by carbonate additions to
the ammonia solutions, but the performance of other alloy types was significantly decreased
in such environments.

3.4.4.2.2. Localized Corrosion

The susceptibility of certain grades of copper to SCC in environments that contain
ammonia Is well established. More generally, the SCC of Cu and Cu alloys has been reviewed
In detail bv McCright.5 Some important highlights of this review are the following:

(a) Copper containing higher levels of phosphorus has a greater susceptibility to SCC in an
environment of air, ammonia, and water vapor at 3f»°C. Annealed, tough-pitch, and
oxygen-free copper exhibited no evidence of SCC in these environments.

(b) Tough-pitch and oxygen-free copper experience TGSCC in 0.05 M ammonium
hydroxide solutions at 70°C when subjected to relatively high uniaxial tensile stress.

(c) High-purity copper undergoes TGSCC in sodium nitrite solutions. For phosphorus-
deoxidized copper, susceptibility was highest for a solution containing 1 M NaNO2. and
TGSCC did not occur below 0.001 M. Susceptibility decreased in deaerated solutions.

(d) Alpha aluminum bronzes (e.g., Cu-6.5Al-2.5Fe) are susceptible to SCC in ammonia
vapor at 35°C, in steam at 82-260°C, and in high-temperature aqueous environments
(100-200°C).

(e) Small additions of Sn or Ag mitigate SCC in steam environments but have little effect in
environments containing ammonia.
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(f) Cu-30 Ni alloys became susceptible to IGSCC when exposed to pure water and steam at
300 and 350°C for 500 h.

(g) As shown In Fig. 44, annealed Cu-Nl alloys under 10 ksi tension are somewhat
susceptible to SCC In a continuously renewed atmosphere containing 80% air, 16%
ammonia, and 4% water at 35°C. The relative Immunity to SCC of binary Cu-Al alloys
containing more than 5 wt.% Al under the same conditions is evident in Fig. 45.

The environmental and stress conditions used to determine the SCC behavior of
copper and its alloys in the majority of these studies were very severe. Detailed theoretical
and experimental investigations are being planned at Lawrence Livermore National
Laboratory (LLNLJ to Investigate SCC behavior under realistic conditions that are more likely
to exist in tuff. However, all the observations taken together suggest that Cu-Ni alloys
exhibit overall superior performance in aggressive environments that contain ammonia.
Although It is unlikely that ammonia in quantities used by different Investigators can be
formed by gamma radiolysis of water, the use of Cu-30 Ni alloys could provide an extra
margin of assurance against such cracking.

In addition to reactants such as dissolved oxygen and other oxidizing species (e.g...
oxides and hydrides of nitrogen), resistance to localized corrosion In the presence of
chlorides and sulfides must be considered. A possible reaction between copper and sulfide
has been suggested by Mattsson,3

2Cu + HS- + H2O => Cu2S + H2 + OH" (13)

BREAKING TIME

— CORROSION RATE

10 20

NICKEL CONTENT (%)

Fig. 44. Effect of Nickel on the Zero-Stress General Corrosion Rate and SCC Behavior of
Annealed Copper-Nickel Alloys Stressed in Tension at 10.000 psi and Exposed
to a Moist Ammonia Atmosphere at 35°C (Adapted from Ref. 106).
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Fig. 45. Effect of Aluminum on the Zero-Stress General Corrosion Rate and SCC
Behavior of Annealed Copper-Aluminum Alloys Stressed in Tension at 10.000
psi and Exposed to a Moist Ammonia Atmosphere at 35°C (Adapted from
Ref. 106).

Hydrogen sulfide ion is required for this reaction. One possible source of the hydrogen
sulfide Ion is the bacterial reduction of sulfate present in ground water.

2CH3-CHOHCOOH + HSO4 =*
2CH3COOH + HS- + 2CO2 2H2O (14)

Here other organic matter could be substituted for 2CH3CHOHCOOH. The sulfidation
reaction, reaction (13). is favored at low redox potential3 Pess than -200 mV (SHE), see
Fig. 461; hence, corrosion by sulfidation is not expected to be a problem In well J-13 water,
which is oxidizing. However, reducing conditions can exist In alternative geologic sites
with sea water origins (shale, limestone, and sandstone).

Because there have been few studies on the SCC resistance of copper alloys in actual
repository-type environments, we reviewed their behavior In sea water to gain insight into
their resistance to chloride cracking. Copper alloys. In particular Cu-Ni alloys, have a long
history of satisfactory performance in marine applications110-113 and in cooling water
containing chlorides.114 In addition to their corrosion resistance. Cu-Ni alloys also have
good heat transfer properties, are easy to fabricate and Join, and are resistant to blofoullng
in sea water service. In tests In sea water at ~9O-95°C for two months, additions of
ammonia up to 2 ppm had no significant effect on the depth of attack for Cu-30 Ni . 1 ^
Somewhat surprisingly, three other alloys, including Al brass, which is considered more
sensitive to SCC. exhibited similar behavior. Some pitting occurred on all alloys at crevices
but without measurable crevice corrosion. In experiments at a slightly higher
concentration (10 ppm) of ammonia, the chloride-containing water caused SCC (the stress
conditions for specimens are not clear) In the Al brasses but not the Cu-30 Nl alloy. This
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Fig. 46. Potential-pH Diagram for Cu-H2S-H2O System at 100°C with 10-6
10"1 M S (Adapted from Ref. 3).

CU and

confirms the additional margin against SCC In ammonia solutions expected for Cu-30 Ni,
even in the presence of high levels of chlorides.

Experiments conducted in water containing low levels of chloride (0.5 ppm) and
sulfide (< 0.1 ppm) showed much more severe corrosion attack than with sulfide alone for
several copper alloys, but not for Cu-30 Ni, which suffered less attack.> l J This is consistent
with electrochemical measurements that showed more polarization Jn Al brasses and other
alloys than in Cu-30 Ni alloys; i.e.. sea water that contains sulfide raises the redox potential
of the specimen and also modifies the surface film. The ground waters of Interest contain
much higher concentrations of chlorides than those in these tests, and the corrosion
behavior under conditions of higher concentrations of sulfide and chloride is not known.
Because the deleterious effects on copper alloys increase when both sulfide and chloride
are present, these alloys need to be investigated further to determine their suitability in
shale, limestone, and sandstone waters.

Pitting of copper and copper alloys has been studied by use of anodic polarization
curves.5 The most important parameter in this characterization is the pitting potential Epu
(discussed in Section 3.1.2.3), or more specifically, the difference Epit- ECOIT between the
pitting potential and the corrosion potential, Ecorr • The values for oxygen-free Cu (CDA
102), aluminum bronze (CDA 613), and Cu-30 Ni (CDA 715) are shown in Fig. 47. The
results suggest that Eptt - Ecorr is not significantly affected by temperature In the range 23-
80°C, but it Increases with an increase in the concentration of impurities in J-13 water.
The larger difference between the two potentials resulting from increased concentration
Indicates greater susceptibility to pitting. However, as the investigators have noted, a
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Fig. 47. Values for the Separation of Pitting and Corrosion Potentials in J-13 Water
(Bottom) and 100-Times-Concentrated J-13 Water (Top/) at Different
Temperatures for Oxygen-Free Copper (CDA 102), Aluminum Bronze (CDA
613). and Cu-30 Nl (CDA 715) Alloys (Adapted from Ref. 5).

better characterization of these highly concentrated solutions and better understanding of
mechanisms that can cause changes in electrochemical parameters must be developed to
properly interpret these results.

3.5. Gamma Radiation Effects

When the water around the waste canister is exposed to radiation from the waste,
radiolysis of water that will occur may affect the corrosion of materials. The gamma
radiation associated with commercial HLW may be as high as 105 to 106 R/h initially, and
may decrease to less than 104 R/h after 100 years.5 The effects of radiation on corrosion of
the metal barrier are not clearly established and can be expected to vary with each
alloy/water system. Some important radiolysis products that can form have been described
in Section 2.1. Impurities In water have significant effects on the species that are formed.
In chloride-containing environments (especially in alternative repository environments),
corrodents such as HC1 and OC1- can form.22 In J-13 water, an oxidizing environment
consisting primarity of O2 and H2O2 is expected.5-6 In addition to these species, various
oxides of nitrogen and nitric add and possibly some ammonia could form in a moist-air
phase.6

SSRT tests on sensitized Type 304 SS in 250°C water have shown that the IGSCC
susceptibility is enhanced by exposure of SS to high-energy gamma rays (dose rate ~4.5 x
104 R/h). 114 This increase in IGSCC susceptibility Is reflected in a decrease in fracture
strain at different strain rates, as shown in Fig. 48. This enhancement In SCC susceptibility
is most likely associated with an increase In electrochemical potential (ECP) in the positive
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Fig. 48. Relation between Fracture Strain and Strain Rate. Tests were carried out on
sensitized stainless steel in high-purity water containing 8 ppm dissolved
oxygen. T = 250°C. Open symbol, with exposure to ^Co gamma rays: solid
symbol, without exposure to eoco gamma rays (Adapted from Ref. 114).

direction. Although no electrochemical measurements were made in the study reported in
Ref. 114, recent work by Ruther. Soppet, and Kassneriis provides evidence for an increase
in potential to the Type 304 SS/water system at 289°C. The results from this study, which
are shown to Figs. 49 and 50, indicate that under gamma irradiation the ECP tocreased by
100 mV in water containing 8 ppm dissolved oxygen and increased by -300-400 mV in
water containing lower dissolved oxygen levels (< 0.01 ppm). In addition, some data
suggest that the presence of low levels of sulfate produced an additional increase in ECP
values. The effects of such an increase to ECP values on SCC remain to be investigated, but
at least in this alloy/water system, increases to ECP are generally associated with an
tocrease to SCC susceptibility.

Potential shifts for Type 316L SS. oxygen-free copper, and Cu-30 Ni alloys under
gamma irradiation (at a dose rate of ~3 x 106 R/h) in J-13 water have been observed by
Glass and his coworkers.7 This work has been reviewed to detail by McCright.5 In
experiments on Type 316L SS performed at 30eC to 100-times-concentrated well J-13
water, the ECP shifted by 150-200 mV under irradiation as shown to Fig. 51. To test the
hypothesis that the potential shift is mainly due to the production of H2O2, the radiation
effects were simulated by addition of 30% H2O2 solution to unirradiated well J-13 water.
The results of these experiments were consistent with the hypothesis. Similar potential
shifts were observed for the oxygen-free copper and Cu-30 Ni alloy as shown to Figs. 52 and
53. Some differences are apparent to the behavior of the oxygen-free copper and the other
alloys. In copper, a 100-mV potential shift occurred instantly with the initiation of
Irradiation. However, the potential then decreased to a value only about 10 mV higher than
in the unirradiated case. The transient effects were much smaller for the other alloys.
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Gamma Radiation Facility (Source On and Off. Accented and Filled Symbols.
Respectively). Solid curve represents analogous data obtained during SSRT
experiments without gamma irradiation under similar water chemistry
conditions (Ref. 115).

However, in all cases the potential returned to the value for the unirradiated material upon
termination of Irradiation. A better understanding of these shifts in potential will require
further studies.

3.6. Correlations between SCC and Microstructure

3.6 .1 . Metals and Alloys

Thus far, selected corrosion data have been presented for iron-base, nickel-baa« and
copper-base alloys and copper in the context of their potential applications for the
containment and disposal of HLW in tuff and alternative geologic media. Despite the
availability of corrosion data obtained In a var, jty of environments and under a variety of test
conditions, it is difficult to compare the corrosion behavior of these alloys on a one-to-one
basis. It is also extremely difficult to perform corrosion experiments that actually simulate
service conditions involving hundreds of years. Therefore, it Is desirable to seek a more
fundamental approach to the examination of localized corrosion behavior, based on
mechanistic considerations, that can provide a sounder basis for the selection of candidate
alloys. The intent is not to develop complex quantitative models, but to try to develop
insights into corrosion behavior from consideration of such fundamental processes as
oxidation behavior, formation of a protective oxide film, slip character (planar versus
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Corrosion Potential (Standard Calomel Electrode. SCE) of Type 316L SS in
100-Tlmes-Concentrated Well J-13 Water under Gamma Irradiation. On"
implies specimen lowered toward source; "Off" implies specimen raised away
from source (Adapted from Ref. 5).
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Fig. 52. Change in Corrosion Potential of Oxygen-Free Copper (CDA 102) in Irradiated
Well J-13 Water; Gamma Dose Rate. 3.3 x 106 R/h (Adapted from Refs. 5 & 7).
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nonplanar), and the influence of stacking fault energies. We have alluded briefly to some of
these ideas, but here we present them more extensively.

Our current understanding of localized corrosion (in particular SCC) suggests that the
formation and subsequent rupture of a passive or protective oxide film (film rupture) Is
generally a precursor to localized corrosion. The formation of such a protective film
increases the general oxidation and corrosion resistance of alloys. Experimental results
also suggest that susceptibility to SCC or other forms of localized corrosion is linked to
resistance to oxidation (and/or general corrosion). Most of the alloys considered have
acceptable general corrosion rates In the environments of interest, but the degree of SCC
susceptibility varies from one alloy to another; this variation cannot be pinpointed from
available data because the environments and testing conditions used by various investigators
are different. However, the basic oxidation resistance of these alloys has been described by
KubaschewskI and Hopkins102 In a general manner that is applicable to a range of
experimental conditions. The resistance to oxidation is generally inversely related to
localized corrosion. This principle, in conjunction with the mechanistic role of elements
such as Ni In chloride cracking and the alloy selection criteria we have used, provides
further Insight Into alloys such as Incoloy 825 and Cu-30 Ni, which are potentially attractive
for use In the waste package.

The "alloying factor" F for alloying elements such as CΓ. Ni, and Al can be defined In
terms of the ratio of the scale thickness, weight increase, oxygen consumption, or lifetime
of heated wires of an alloy containing the alloying element and the base material.102 A
lower value of F is associated with an Increase In oxidation resistance. The values of F
obtained for a variety of alloying elements in Fe-Cr and Cu alloys are shown In Figs. 54-56.
The curves shown In these figures are reasonably valid over quite wide ranges of time and
temperature under static conditions.102 They are useful qualitative guides to the oxidation
resistance of a particular binary alloy. As shown in Figs. 54 and 55, the addition of Al or Cr
greatly increases the oxidation resistance of alloys. This is due to the formation of AI2O3 or
Cr2O3 or, depending on the temperature, a protective layer of oxides such as Fe2O3-Al2C>3
or Fe2O3-Cr2O3 . In Fe-Cr-Ni alloys containing Al. thermodynamic considerations indicate
that Al is oxidized preferentially. Al produces a more protective oxide film than chromium
oxide because of the greater negative free energy of formation. In pure copper, the
protective oxide is cuprous oxide. Although cuprous oxide is not as protective as AI2O3 or
Cr2O3, it does give some oxidation and general corrosion resistance. The addition of Al to
Cu considerably increases the oxidation resistance through the formation of a protective
film of AI2O3. but the oxidation resistance of Cu-Ni alloys with up to 30 wt.% Ni Is about the
same as that of copper, as is shown in Fig. 55. However, Ni additions increase resistance to
localized corrosion,, especially in chloride-containing environments, for reasons that will be
discussed later in this section. Although the mechanisms of SCC and other forms of
localized corrosion are complex, the greater protection offered by the AI2O3 film Is
consistent with the greater susceptibility of Al bronzes to SCC than Cu-Ni alloys.

Oxidation resistance is not significantly affected by Nl additions In Fe-Cr and Cu alloys.
However, a mechanistic basis can be given for its beneficial effects on SCC, which were
discussed In Section 3.4.3. It is well known85-116 that the distribution of dislocations
depends on stacking fault energy. For lower stacking fault energies (< 10-20 ergs/cm2),
cross slip of dislocations becomes more difficult, and Instead of forming the cellular
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distribution of dislocations typical of pure body-centered-cubic and face-centf:red-cubic
metals deformed at room temperature, the dislocations remain on their original slip planes
and form a planar distribution. The correlation between slip character and TGSCC In
chloride solutions is also well documented.85-n6 Consistent with a film rupture model for
SCC. planar slip is believed to aggravate SCC by promoting film rupture. Addition of Ni
increases the stacking fault energy in austenitic stainless steels, as shown In Figs. 57 and
56. Increases In stacking fault energy enhance resistance to SCC by promoting cellular
Instead of planar dislocation structures. Nb and Tl in solution decrease the stacking fault
energy in stabilized stainless steel, as shown In Fig. 57.85 The Increased susceptibility to
SCC of solution-annealed Type 347 SS, as illustrated In the SSRT resuiis shown In Table
19, is consistent with this decrease.84 Aged Type 347 SS (with most of the Nb precipitated
as NbC) is resistant to TGSCC. However, solution-annealed Type 347 SS becomes
susceptible to TGSCC under the same test conditions. Because Tl has effects similar to
those of Nb, these results suggest that aged (stabilized) Incoloy 825 (which contains Tl as a
stabilizing element) offers the greatest resistance to SCC. Aging would enhance resistance
to IGSCC by eliminating Cr-depletion zones and would increase resistance to TGSCC by
increasing the stacking fault energy. These considerations illustrate the possible
Importance of appropriate heat treatment prior to use for waste canister material.

Both the highly protective film properties of Cu-Al alloys and stacking fault energy
arguments suggest that these materials will be inferior to Cu-Ni alloys In terms of
resistance to SCC. For example, as shown In Figs. 59 and 60. Al (and ZnJ drastically
decreases the stacking fault energy of Cu. u ^ 1 1 7 which should make the resulting alloy
vulnerable to SCC. The addition of NI to Cu is expected to increase the stacking fault
energy in Cu, and Cu already has a high stacking fault energy (78 ergs/cm2).
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Table 19. SSRT Results for Type 347 SS (Ht 316642) Obtained from New York Power Authority (Ref. 84)

Test Specimen e, tj, ef, EU ( omax» A A / A Q , SS Potential, a ^ .
No. No. s - 1 h % % MPa % mV(SHE) m - s " 1

(a) Heat Treatment: 1050°C for 0.5 h plus 650°C for 24 h (air cooled)

364
366
367

(b)

399
398

(0

408

K2-1
K2-2
K2-3

Heat Treatment:

K2-6
K2^5

Heat Treatment:

K27

1x10-6
5x10-7
2xlO- 7

100
198
487

36.0
35.6
35.1

1050°C for 0.5 h (water quenched)

2x10-7
1x10-7

478.5
923.0

1050°C for 0.5 h plus 600°C

2x10-7 320.0

34.5
33.2

for 24 h

23.0

23.8
30.1
28.8

32.0
30.5

20.4

438
444
443

444
446

435

59
63
55

45
22

16

- 1
3

-87

45
S3

119

0
0
0

1.27x10-9
9.30x10-10

1.37 x 10-9
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Fig. 60. Effect of Al on the Stacking Fault Energy of Copper. (Data from Ref. 117)
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Experimental results on the increased SCC susceptibility of Cu-Al alloys compared to
Cu-Ni alloys and of conventional austenitic stainless steels compared to Incoloy 825 and
Hastelloy C-4 have already been discussed. These results are consistent with the
mechanistic ideas considered in this Section. This consistency increases confidence in the
applicability of the empirical data over time frames much longer than those in the actual
experiments. Both the data and the mechanistic ideas favor Incoloy 825 (compared to the
other austenitic stainless steels) and Cu-30 Ni (compared to Cu-Al alloys) for applications
In tuff repository and alloys with still higher nickel content (e.g., Hastelloy C-4 and C-276)
for applications in alternative repository environments with much higher chloride contents.

3.6.2. Ceramics

The film rupture models developed for SCC of metals and alloys are of little help in the
selection of ceramic materials. Fullman69 has carried out leaching (l.e., general corrosion)
experiments on a large number of ceramic materials at temperatures of 150-250°C In
ground water containing 16 ppm CI-, 23 ppm SO4 and 63 ppm HCO3-. Fullman's results69

show that the resistance to general corrosion or leaching of these materials Is high and that
resistance to leaching will not be the determining factor in the choice of ceramic materials.
However, ceramic materials such as AI2O3. TiC>2, and 2rO2. which have high general
corrosion resistance, are all susceptible to SCC (static fatigue). Because of the brittle nature
of ceramics, static fatigue can produce a rapid, unexpected failure in structural components
that have supported loads for some time. Wlederhorn55 has shown that static fatigue of
glasses can occur even in pure water. If dissolved Ions are present, they can also affect the
fracture processes. Since the concentration of OH- ions is known to play a part in
subcritical crack growth, any chemical agent in the solution that can alter the pH will be
Important to the failure process. Once the reactants reach the crack tip, in the presence of
stress several bond-breaking processes involving chemical reactions, plastic flow, and
diffusion can occur. Unlike metallic systems, the relationship between general corrosion
resistance and static fatigue is not obvious for ceramic systems.

A second property of concern for ceramics is the material fracture toughness, which
characterizes the capability of a nonperfect or damaged structure to sustain load. Ceramic
components are of Inherently low toughness compared with metals, and extensive
inspection procedures for detecting of preexisting defects are required. Accordingly, the
development of tougher ceramics is of much Interest. Examples are the use of zirconia
additions to alumina (transformation toughening) and the Incorporation of fibers or
whiskers into a ceramic matrix. The toughness of AI2O3 (mullite) can be increased about
1.8-fold and 2.4-fold with a 20 vol.% addition of ZrC«2 particles or SIC whiskers,
respectively.118 When 20 vol.% of both Z1O2 particles and SIC whiskers were added, the
toughness was increased by at least threefold with monocllnic ZrO2 and about fivefold with
tetragonal ZrO2. as illustrated In Fig. 61. Thus toughening is achieved by combining two
mechanisms, one associated with the transformation of ZrC<2 particles and another with
increasing the matrix toughness as a result of whisker additions. However, the Increase in
toughness is associated with more complex microstructures.

A third concern is that ceramic fabrication technology is complex and very sensitive to
small variations in procedures compared to that of metals. Although powder technology can
provide components of desired shapes, thus avoiding machining operations, much work
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will be required to overcome not only the problem of complex fabrication but also other
problems such as fracture toughness and delayed failure before ceramics can be considered
as alternative materials for containing nuclear waste.

3.7. Stability of Microstructure under Gamma Irradiation

3.7.1. Metallic Systems

It is Important to choose a microstructure that will remain stable In ground water
systems at temperatures up to -250°C in gamma radiation fields. Any development of
heterogeneity In composition is undesirable from the viewpoint of localized corrosion,
because local cathodic and anodic regions can develop. Consider the example of alloy
Cu-30 Ni. Although copper and nickel form a continuous solid solution, a mlscibillty gap
exists In the low-temperature regime l 350°C). as can be seen from the phase diagram.
Fig. 12. The lower end of the miscibllity gap corresponds to a composition of 32 wt.%,
which Is Just outside the composition range of alloy Cu-30 Nl. Although the thermodynamic
properties of the unirradiated alloy indicate the existence of a miscibility gap at low
temperatures, the transformation is extremely sluggish because of very low lnterdlffuslvlty.
However, radiation-induced lnterdlffuslon and phase transformation In electron-Irradiated
Cu-41.4 Ni alloy has shown the existence of a periodic decomposed structure. I.e.. the
occurrence of Cu- and Ni-rich clusters with the characteristic wavelength of 40 A, at
temperatures as low as -250"C. The clusters were induced by a 3-MeV electron
irradiation; they form by spinodal decomposition, a transformation that dec3 not require



71

nucleation.119 Although the composition of Cu-30 Ni Is not thermodynamlcally favorable for
such a phase transformation, a rough calculation can be performed to determine whether
gamma irradiation effects, which occur mainly through Compton electrons In Cu,120 can
cause phase transformation in Cu-30 Ni alloys by radiation-induced Interdiffusion. The
threshold energy required for one displacement event in Cu Is 24 eV The energy of the
incident electrons required to cause the displacement of an atom in the lattice can be
calculated. The required incident energy of the electron, EinC , is related to the threshold
energy for a displacement event as follows:

E = 4Einc Mm/(M + m)2 , (15)

where E is the maximum energy transferred in an elastic collision (which must be at least
24 eV to cause a displacement), and M and m are the masses of the incident particle
(electron) and struck atom (Cu), respectively. The estimated value for Etnc Is -0.6 MeV.
The gamma rays produced by ^Co are at most -1.2 MeV, but this energy is reduced
considerably In the production of Compton electrons. Furthermore, the energy of the
Compton electrons is further reduced in the lattice. Even with gamma radiation of much
higher energy, the interaction of gamma radiation with the nucleus to produce
displacements is not an efficient process: hence, spinodal decomposition Induced by
gamma irradiation is a very unlikely process. This stability is another attractive feature of
the alloy Cu-30 Ni as a container material. The above considerations further suggest that
metallic systems such as austenitic stainless steels will also be stable under gamma
Irradiation with respect to segregation and precipitation processes and other phase
transformations.

3.7.2 Nonmetallic Sy terns

The radiation effects produced in ceramic materials are more complex than those In
metals. However, the electron effects associated with gamma irradiation are generally more
significant In nonmetallic materials than in metals. For example, the intrinsic defects
created by electronic processes In alkali halides are well known.121 Such defects are
produced In other ceramic materials such as MgO and AI2O3 by electronic processes that
involve much lower energy (keV range rather than the MeV range required to displace
atoms In metals), and they may affect phase stability and corrosion resistance. For example.
If leaching is controlled by diffusion, the irradiation-Induced defects are likely to Increase
the mass transport.

The effects of gamma exposure of polymers appear to be more dramatic.122 Solid state
reactions often occur at quite low energy inputs. Doses and dose rates of a few rads or
rads/min can produce appreciable chemical and physical changes by breakup or
modification of bonds. Viscous liquids can become rubber-like solids, and the reverse
transformation could be disastrous for a waste package. A single 1-MeV electron is
reportedly able to permanently change some 35,000 molecules—a total molecular weight of
101 0 .1 2 2 From these considerations alone, polymers appear to be very unlikely to replace
metallic systems for waste package applications.
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3.8. Summary and Conclusions

This report addresses the corrosion susceptibility of plausible container materials for
nuclear waste packages. The results are relevant to (a) the tuff repository located in Yucca
Mountain, Nevada, and (b) alternative geologic repositories (i.e., shale, carbonate, and
sandstone) without regard to site specificity. The environments encountered in tuff and
alternative geologic sites have been categorized as low- and high-ionic-strength solutions,
respectively. Materials were evaluated on the basis of a worst case scenario for materials
degradation. The conclusion Is that the degradation most likely to breach the container
wall is localized corrosion, i.e., stress corrosion cracking (SCC), crevice corrosion, and
pitting corrosion. Corrosion data on candidate materials in the postulated repository
environments are lacking, but extensive corrosion data exist for candidate materials in
various industrial and power plant applications. These data can be related to repository
environments to establish the basic trends in corrosion resistance, but not necessarily to
provide engineering data for design. The observed corrosion behavior for the candidate
materials was shown to be consistent with that expected from more fundamental
mechanistic concepts. This consistency provides a sound basis for materials selection over
time frames much longer than those in the actual experiments, An assessment of (a)
localized corrosion for all the materials (both metallic and nonmetallic systems) and (b) the
effects of gamma irradiation on the aqueous environment and the materials has further
reduced the number of materials to be considered. In general, metallic materials appear to
be more promising than ceramic and polymeric materials. Some of the important results
are highlighted below:

The character of the tuff and other alternative environments and the known physical
metallurgy and corrosion resistance of a wide variety of materials in conjunction with our
material selection criteria permit a reduced number of promising materials to be
considered in more detail. The chemical compositions of the alloys of greatest interest are
given in Tables 6, 8, and 9. This list of candidates includes alloys such as Types 316L and
317L stainless steel (SS) that are known to be less resistant to localized corrosion
(especially in chloride-containing environments) than austenitic alloys containing higher
nickel contents (e.g., Incoloy 825). However, the localized corrosion of these low-carbon
alloys has been investigated in great detail. This work can provide a better understanding
of localized corrosion processes and a useful benchmark for more resistant materials. If
these alloys prove to be resistant to localized corrosion in repository environments, an extra
margin of assurance is provided for the alloys that are known to have better resistance to
localized corrosion. This is important because uncertainty presently exists concerning the
details of localized corrosion processes and mechanisms relevant to specific repository
environments.

Metals and alloys were deemed suitable on the basis of simplicity of microstructure,
ease of fabrication, and proven experience with regard to corrosion resistance. A wide
variety of materials that have acceptably low uniform corrosion rates are available.
Conventional austenitic stainless steels, whose compositions are designed to make the
alloys more resistant to intergranular SCC (IGSCC) and pitting (e.g.. Types 316L, 316NG,
316LN. 321, and 347 SS) in oxygenated water containing impurities such as chloride and
sulfate, can still be susceptible to transgranular SCC (TGSCC) In these environments.
Chloride ions in concentrations exceeding several hundred ppm can also initiate pitting
and crevice attack in many of these steels. However, resistance to TGSCC can be Improved
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significantly by increasing the nickel content to > 30 wt.%. In fact, immunity to TGSCC in
an aggressive environment like boiling MgCl2 solution at 154°C can be achieved by
increasing the Ni content to > 40.0 *«?.%. For tuff, which appears to be a relatively benign
environment. Incoloy 825 seems attractive because of its resistance to both IGSCC and
TGSCC when used in an appropriate, heat-treated condition. Incoloy 825 is also easily
fabricated and has a stable austenitic microstructure. In addition to the high Ni level,
which confers resistance in chloride environments, it has high overall oxidation/corrosion
resistance due to its Cr. and other elements such as Mo and Cu confer additional pitting
resistance. However, In alternative environments where the chloride concentrations are
munh higher, nickel-base alloys, in particular Hastelloys C-4 and C-276, may be preferable.
The higher Ni and Mo contents in these alloys significantly Increase resistance to chloride
cracking. The microstructures of Hastelloys are more complex than that of Incoloy 825
because of the formation of topologically close-packed intermetallic phases (i.e., o, P, and
Laves) during solidification. These constituents promote weld metal hot cracking.
Comparative hot cracking tests have shown that C-4 has better weldability than C-276, with
a hot cracking tendency comparable to that of 304L SS. Therefore. C-4 ranks higher than
C-276 as a possible material for alternative environments.

Oxygen-free Cu and Cu-base alloys, in particular Cu-30 Ni alloys, are resistant to SCC in
chloride-containing environments, unlike conventional austenitic stainless steels. They can
become susceptible to SCC in ammonia-containing solutions at relatively low temperatures,
but the concentrations required are in the range of several ppm. (The actual values
required to produce cracking can vary depending on the presence or absence of other
species such as dissolved oxygen and chloride.) Such high concentrations of ammonia are
unlikely to form in tuff under gamma irradiation. Cu-Al alloys are more sensitive to SCC
than Cu-Ni alloys in some environments containing ammonia and also in water/steam
environments. In alternative environments that can contain ammonia, Cu and Cu-base
alloys may not be suitable as container materials. In the presence of chloride with or
without ammonia, the Cu-Ni alloys are the most resistant to SCC of the copper-base alloys.

The Improved resistance to TGSCC of alloys with higher Ni contents is consistent with
mechanistic considerations. Ni in austenitic stainless steels raises the stacking fault
energy and enhances cross slip and dislocation tangling in deformed material. This
microstructure makes it more difficult to rupture the passive film and hence enhances
resistance to TGSCC. Nitrogen in high concentrations {> 0.1 wt.%) is detrimental, because
it promotes planar slip by short range order. Nitrogen has no significant effect on stacking
fault energy. Similar mechanistic considerations also apply to copper-base alloys. The
increased susceptibility of Cu-Al alloys (aluminum bronzes) to SCC compared to Cu-Ni alloys
is consistent with their relative stacking fault energies, which are very low in Cu-Al alloys
compared to Cu-NI alloys. The increased sensitivity to SCC of aluminum bronzes compared
to Cu-Ni alloys is also consistent with the more protective (passive) nature of the gamma
alumina film compared to the cuprous oxide film that forms in Cu-Ni alloys.

• Gamma Irradiation studies suggest that radiolysis and hydrolysis effects generally
increase electrochemical potential (ECP) values in the positive direction. In general, such
shifts have deleterious effects on localized corrosion, although the magnitude of the effect
depends on the materials and impurities in the environment. In J-13 water, such potential
shifts have been shown to be associated with H2O2 production.
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Gamma irradiation effects on metallic materials in repository environments appear to
be negligible. However, radiation damage can occur in nonmetalllc materials by electronic
processes involving much lower irradiation energy levels than are required in metals. The
defects that may form can influence phase stability and corrosion resistance, especially if
leaching of certain species in water is controlled by diffusion. In addition, ceramic
materials suffer from an inherently low fracture toughness, complex fabrication technology,
and poorly understood localized corrosion compared to metallic systems. Although
significant improvements have been made in increasing the fracture toughness of ceramics,
these improvements generally result in more complex microstructures. Furthermore, the
degradation mechanisms for polymers in aqueous solutions are not well known. This
observation in conjunction with inherent instability of polymers under gamma irradiation
suggests that polymers are unlikely to substitute for metals and alloys as container
materials.

Finally, the majority of current corrosion test results have been obtained under severe
mechanical loading and environmental conditions. The trends observed In corrosion
resistance and the conclusions reached in this review for some of the most promising alloys
must be substantiated by further experimentation with more realistic environments and
mechanical loading conditions. These Important considerations have already been
recognized In the Nevada Nuclear Waste Storage Investigations at Lawrence Livermore
National Laboratory.
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