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ABSTRACT

The potential engineering barriers for the permanent disposal of high-level waste at the
Yucca Mountain site include a waste package with an Alloy 22 outer container. Fabrication of
the Alloy 22 outer container will require multiple processes, including welding and postweld
solution annealing. One of the anticipated degradation modes for the waste package is stress
corrosion cracking of Alloy 22. The U.S. Department of Energy (DOE) approach to evaluate the
possibility of stress corrosion cracking and methods for stress relief after fabrication processes
(e.g., welding and postweld heat treatment) were reviewed. The Center for Nuclear Waste
Regulatory Analyses (CNWRA) performed an independent evaluation and developed an
assessment on the effect of groundwater chemistry on the stress corrosion susceptibility of
as-received and welded Alloy 22.

Slow strain rate tests were conducted to evaluate the effect of solution chemistry,
electrochemical potentials, and solution temperatures. It was found that bicarbonate and
chloride ions act synergistically to promote transgranular stress corrosion cracking of
mill-annealed Alloy 22 at high anodic potentials and temperatures above 60 'C [140 'F]. Stress
corrosion cracking susceptibility was found to be strongly dependent on electrochemical
potential. At a constant applied potential of 356 mVSCE, the susceptibility of Alloy 22 to stress
corrosion cracking decreases with decreasing temperature. Slow strain rate tests were also
conducted to evaluate the effect of simulated groundwater chemistry and fabrication processes
on the stress corrosion cracking susceptibility of Alloy 22 weldments. Welds were produced
using gas-metal arc welding and gas-tungsten arc welding methods. The tensile properties of
Alloy 22 are affected by welding and postweld heat treatment. In the as-welded condition, minor
transgranular cracking was observed in simulated concentrated water at 95 0C [203 'F] and
356 mVSCE. In the welded and solution-annealed conditions, stress corrosion cracking was
observed in both simulated concentrated water and in a combination of bicarbonate and
chloride solutions at 95 0C [203 0F] and 356 mVSCE. Transgranular cracking was observed in
both the fusion zone of the weld and the base alloy. Analyses of the oxide films formed on
Alloy 22 were performed using x-ray photoelectron spectroscopy. The chemical composition
and thickness of the oxide film were found to be dependent on the test condition. Under
conditions where stress corrosion cracking is possible, the chromium concentration in the oxide
film was significantly lower compared to that of the oxide film formed under benign conditions.

A criterion for stress corrosion cracking was developed by analyzing the CNWRA corrosion
potential model, as well as possible environmental chemistries developed from evaporation of
Yucca Mountain groundwaters. A preliminary model abstraction for stress corrosion cracking of
mill-annealed Alloy 22 was developed based on slow strain rate test data obtained by DOE and
CNWRA. A probability of 10-4 was estimated to attain necessary environmental conditions
required for the occurrence of stress corrosion cracking. The likelihood of initiation of stress
corrosion cracking might be less if seepage contact, initiation site, stress level, and strain rate
requirements are accounted for. After the thermal pulse subsides, stress corrosion cracking is
not likely to initiate given the decreased susceptibility at lower temperatures and the low ionic
strength of solutions potentially contacting waste packages. The analysis supports the notion
that stress corrosion cracking is an unlikely process, but uncertainties are identified which may
be experimentally addressed.
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EXECUTIVE SUMMARY

The U.S. Nuclear Regulatory Commission (NRC) is preparing to review a license application
that may be submitted by the U.S. Department of Energy (DOE) for the construction and
operation of a potential repository at Yucca Mountain, Nevada, for the permanent disposal of
high-level waste. Alloy 22 was selected as the outer container material for the proposed waste
package based on its corrosion resistance in a wide range of aqueous environments expected
to prevail during and after the thermal pulse period. Alloy 22 is resistant to stress corrosion
cracking in hot, concentrated chloride solutions; however, under a limited range of conditions,
stress corrosion cracking of Alloy 22 has been observed in aqueous environments containing
chloride and bicarbonate ions. The initiation of stress corrosion cracks may significantly
decrease waste package lifetimes. To support NRC prelicensing activities on topics important
to the postclosure performance of the potential repository, the Center for Nuclear Waste
Regulatory Analyses is conducting an independent technical assessment of the stress corrosion
cracking susceptibility of the waste package materials. This report (i) provides experimental
results of microstructural and oxide film analyses and stress corrosion cracking tests and
(ii) develops an approach to assess the likelihood of stress corrosion cracking initiation in
Alloy 22, as a function of possible water chemistries during the thermal pulse.

This report is organized into five chapters, beginning with a review of DOE work on stress
corrosion cracking in Chapter 1. The effect of groundwater chemistry on stress corrosion
cracking of Alloy 22 is presented in Chapter 2. The effects of fabrication processes on the
stress corrosion cracking susceptibility are provided in Chapter 3. Chapter 4 includes an
analysis of the oxide film chemical composition under conditions where stress corrosion
cracking is observed. The model abstraction for stress corrosion cracking is discussed in
Chapter 5. Conclusions of the study are provided in Chapter 6.

The DOE approach to evaluate the possibility of stress corrosion cracking considers (i) crack
initiation and preexisting manufacturing flaws, (ii) stress conditions that drive crack initiation and
propagation, (iii) the stress threshold that defines crack initiation, (iv) the threshold stress
intensity factor that defines propagation of both initiated incipient cracks and manufacturing
flaws, and (v) the crack growth model based on the slip dissolution-film rupture model that
determines the crack growth rate. The welds and adjacent regions of the Alloy 22 outer
container are potential sites for stress corrosion cracking initiation. DOE is planning to use
postwelding processes such as laser peening or low stress burnishing to relieve the residual
stresses to eliminate or delay the onset of stress corrosion cracking on the closure welds of the
waste package.

Three series of slow strain rate tests were performed to evaluate the effect of simulated
Yucca Mountain groundwater chemistry variations on the stress corrosion cracking susceptibility
of mill-annealed Alloy 22. In the first series of tests, the constituent anionic species were
selectively removed from simulated concentrated water. Stress corrosion cracking was
observed in simulated concentrated water and its variations (i.e., after removal of nitrate,
sulfate, fluoride, or chloride) at a high anodic potential of 356 mVSCE at 95 °C [203 'F].
However, the susceptibility to stress corrosion cracking decreased significantly when
bicarbonate was removed from simulated concentrated water. The second series of tests
evaluated the combined effect of bicarbonate and chloride ions on the stress corrosion cracking
susceptibility of mill-annealed Alloy 22. In these tests, the solution chemistry, electrochemical
potentials, and solution temperatures were varied. The bicarbonate ion was the predominant
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constituent in simulated concentrated water causing stress corrosion cracking. The bicarbonate
and chloride ions acted synergistically to promote transgranular stress corrosion cracking of
mill-annealed Alloy 22. Stress corrosion cracking susceptibility was found to be strongly
dependent upon electrochemical potential. At a constant applied potential of 356 mVSCE, the
susceptibility of Alloy 22 to stress corrosion cracking decreased with decreasing temperature.
In the third series of tests, the combined effect of nitrate and chloride ions on the stress
corrosion cracking susceptibility of mill-annealed Alloy 22 was evaluated. No stress corrosion
cracking was observed in combinations of NaCI and NaNO 3 solutions in the absence of
bicarbonate ions.

Fabrication of the Alloy 22 outer container will require multiple processes, including welding and
solution annealing. Slow strain rate tests were also conducted to evaluate the effect of
simulated groundwater chemistry variations on the stress corrosion cracking susceptibility of
Alloy 22 weldments. Welds were produced using gas-metal and gas-tungsten arc welding
methods. Particular attention was paid to simulated concentrated water and the combined
effects of chloride and bicarbonate ions that were shown to promote stress corrosion cracking of
mill-annealed Alloy 22 at high anodic potentials. It was found that the tensile properties of
Alloy 22 are affected by welding and postweld annealing treatment. In the as-welded condition,
minor transgranular cracking was observed in simulated concentrated water at 95 0C [203 'F]
and 356 mVscE. In the welded and solution-annealed conditions, stress corrosion cracking was
observed in both simulated concentrated water and in a solution containing bicarbonate and
chloride ions at 95 'C [203 'F] and 356 mVSCE. Transgranular cracking was observed in both
the fusion zone of the weld and the base alloy.

The oxide films formed on Alloy 22 under conditions where stress corrosion cracking was and
was not observed were analyzed using x-ray photoelectron spectroscopy. The concentration
profile of the major alloying elements (nickel, chromium, and molybdenum) was emphasized.
The chemical composition and thickness of the oxide film were found to be dependent on test
condition. Under conditions where stress corrosion cracking is possible, the chromium
concentration in the oxide film was significantly lower compared to the oxide produced under
benign conditions.

A criterion based on the analysis of slow strain rate test data for the occurrence of stress
corrosion cracking in Alloy 22 was developed by comparing the corrosion potential to a critical
potential, both computed as functions of the temperature and solution compositions that can
feasibly result from evaporation of Yucca Mountain waters during the thermal pulse. Using an
abstracted model, a probability of 10-4 was estimated to attain the appropriate environmental
conditions required for the occurrence of stress corrosion cracking. However, the minimum
carbonate-bicarbonate concentration to promote stress corrosion cracking still requires
experimental determination. In deriving this probability, the probabilities of processes such as
seepage water contacting the waste package surface during the thermal pulse, initiation site,
stress level, and required strain rate to promote crack initiation and growth were disregarded.
After the thermal pulse, stress corrosion cracking is not likely to initiate given the high
temperatures {> 60 'C [140 °F]} and high anodic potentials required, and the low ionic strength
of solutions potentially contacting waste packages.
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1 INTRODUCTION

The reference waste package design in the U.S. Department of Energy (DOE) site
recommendation (DOE, 2002) consists of an outer container of a highly corrosion-resistant
nickel-chromium-molybdenum alloy, Alloy 22 (Ni-22Cr-13Mo-4Fe-3W), and an inner container of
Type 316 nuclear grade stainless steel (low C-high N-Fe-18Cr-12Ni-2.5Mo). Additionally, an
inverted U-shaped drip shield, fabricated from Titanium Grade 7 (Ti-0.15Pd) and Titanium
Grade 24 (Ti-6AI-4V-0.08Pd) and extending over the length of the emplacement drifts, would
enclose the top and sides of the waste packages. The drip shield is intended to protect the
waste package from rockfall and divert dripping water away from waste package surfaces. For
undisturbed repository conditions, corrosion is expected to be the primary degradation process
limiting the life of the waste packages and the drip shields. Loss of containment as a result of
corrosion would allow the release of radionuclides to the environment surrounding the
waste packages.

The corrosion-related processes considered important in the potential degradation of the waste
package include dry-air oxidation, humid-air and uniform aqueous (general) corrosion, localized
(pitting, crevice, and intergranular) corrosion, microbially influenced corrosion, and stress
corrosion cracking. Alloy 22, the candidate material for the outer container of the potential
waste package, is a corrosion-resistant alloy that forms a chromium-rich oxide film, stable over
a wide range of environmental conditions. Under conditions where this passive film is stable,
the uniform corrosion rate of Alloy 22 is low and primarily dependent on environmental factors
such as temperature and the chloride concentration.

Stress corrosion cracking susceptibility is dependent on the metallurgy and microstructure of the
alloy, environmental conditions, and the orientation and magnitude of applied and residual
stresses in the component of interest. The combination of conditions that promote stress
corrosion cracking of the Alloy 22 outer container may lead to early through-wall penetration of
the waste package. The high nickel content of Alloy 22 imparts resistance to stress corrosion
cracking in hot, concentrated chloride solutions (Copson, 1959; Staehle, et al., 1970; Speidel,
1981; Sridhar and Cragnolino, 1992). Standardized tests have shown that Alloy 22 is resistant
to stress corrosion cracking in concentrated chloride solutions at elevated temperatures
(Rebak, 2005). Stress corrosion cracking of mill-annealed Alloy 22 has been observed in mixed
ionic solutions such as simulated concentrated water (Estill, et al., 2002; King, et al., 2002;
King, et al., 2004). Fabrication processes such as welding may alter the stress corrosion
cracking resistance of Alloy 22. The DOE approach to evaluate the possibility of stress
corrosion cracking considers crack initiation and preexisting manufacturing flaws, stress
conditions that drive crack initiation and propagation, the stress threshold that defines crack
initiation, the threshold stress intensity factor that defines propagation of both initiated incipient
cracks and manufacturing flaws, and the crack growth model based on the slip dissolution-film
rupture model that determines the crack growth rate. Bechtel SAIC Company, LLC (2004a)
documents the basis for the parameters used to evaluate the effects of stress corrosion
cracking in the DOE Total System Performance Assessment waste package degradation
(WAPDEG) model (Bechtel SAIC Company, LLC, 2004b). A review of the DOE approach and
the technical bases provided for evaluation of the stress corrosion cracking susceptibility of the
Alloy 22 waste package outer container has been published by the U.S. Nuclear Regulatory
Commission (NRC) (2005).
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1.1 Scope

To support NRC prelicensing activities on topics important to the postclosure performance of
the potential repository, the Center for Nuclear Waste Regulatory Analyses (CNWRA) is
conducting an independent technical assessment of the stress corrosion cracking susceptibility
of the waste package materials. This report focuses on the stress corrosion cracking of the
Alloy 22 waste package outer container and provides results of microstructural and oxide film
analyses, stress corrosion cracking tests, and the development of a model abstraction for the
stress corrosion cracking of Alloy 22.

1.2 Organization of the Report

This report is organized into five chapters, beginning with an introduction and review of the DOE
work in Chapter 1. Chapter 2 discusses the effect of groundwater chemistry on stress corrosion
cracking. The effects of fabrication processes on the stress corrosion cracking susceptibility are
provided in Chapter 3. Chapter 4 includes an analysis of the passive film chemical composition
under conditions where stress corrosion cracking is observed. The proposed model abstraction
for stress corrosion cracking is discussed in Chapter 5. Conclusions of the study are provided
in Chapter 6.

1.3 Waste Package Design for the Potential Repository

Because this report is written during the prelicense application period, the DOE waste package
design and fabrication processes are evolving and are likely to continue to evolve until DOE
submits its license application. For the purposes of this report, the license application waste
package design and fabrication processes as described in DOE (2002) and Anderson, et al.
(2003) have been evaluated with regard to stress corrosion cracking. The potential waste
package design and fabrication processes described in the identified references are discussed
in more detail in this section.

Several broad classes of wasteforms will be disposed in the potential repository at
Yucca Mountain, Nevada. These wasteforms include commercial spent nuclear fuel, plutonium
disposition waste, vitrified high-level reprocessed waste, and canistered DOE spent nuclear fuel
(DOE, 2002). To accommodate these classes of wasteforms, a suite of 10 waste packages is
considered for the proposed license application (DOE, 2002). Of these 10, four representative
waste packages will be more fully developed at the point of license application for construction
authorization (Anderson, et al., 2003). Internal components of the waste packages vary to
accommodate the different wasteforms. For the potential repository at Yucca Mountain,
Nevada, the predominant waste package design is the 21 pressurized water reactor commercial
spent nuclear fuel assembly using neutron absorber plates, which represents approximately
38 percent of the waste packages for the potential repository capacity of 70,000 metric tons
[77,140 tons] of heavy metal waste (DOE, 2002). An illustration of the waste package is shown
in Figure 1-1. All waste package designs consist of a pair of cylindrical containers fabricated
from Alloy 22 and Type 316 nuclear grade stainless steel. The inner container will be
constructed of Type 316 nuclear grade stainless steel and designed for structural support. The
outer container will be constructed of Alloy 22 and designed for long-term corrosion resistance
in the repository environment. Top and bottom lids made of Type 316 nuclear grade stainless
steel complete the inner container. The Alloy 22 outer container will have one bottom lid and
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Figure 1-1. Schematic of the Potential Waste Package'

1Craun, R. "Repository Design Status." Presentation to the Nuclear Waste Technical Review Board,
September 20, 2004. Las Vegas, Nevada. 2004.
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two top lids. The second Alloy 22 top lid will provide further protection against stress corrosion
cracking in the closure weld area (DOE, 2002). Two trunnion collars attached to the Alloy 22
outer container facilitate lifting and handling the waste package.

The outer and inner disposal containers will be fabricated from a mill-annealed plate that is
rolled and welded to form cylinders. Two cylinders will be placed end-to-end and welded
(circumferential weld) to form the body of the containers. Top and bottom lids will be cut and
prepared from the mill-annealed plate before being welded to the cylinders. Trunnion collar
sleeves will be similarly cut and fabricated from plate material and welded to the outer surface of
the Alloy 22 cylinder. Welding processes used in the fabrication of the disposal containers will
be limited to shielded metal-arc, gas tungsten-arc, submerged-arc, and gas-metal-arc
(Bechtel SAIC Company, LLC, 2001a). The Type 316 nuclear grade stainless steel inner
container will be constructed to the requirements of the 2001 (with 2002 addenda) ASME Boiler
and Pressure Vessel Code Section III, Division 1, Subsection NC (class 2 components)
(American Society of Mechanical Engineers, 2001 a). The Alloy 22 outer container is designed
to be a corrosion-resistant barrier and will not be an American Society of Mechanical Engineers
stamped vessel.2

After fabrication, the Alloy 22 outer cylinder assembly (cylinder with support ring, bottom lid, and
trunnion collars) will be solution annealed at approximately 1,125 °C [2,057 OF] to eliminate
residual stresses created during the fabrication processes. The outer cylinder will be placed on
a furnace car and heated to 1,150 °C [2,102 OF] in a furnace. The furnace car will be removed
from the furnace, and the outer cylinder will be quenched using water spray on the inside and
outside surfaces of the cylinder to quickly reduce the temperature to below 800 =C [1,472 OF] in
approximately 4 minutes. The cooling rate will be decreased to allow generation of compressive
stresses on the outside (Bechtel SAIC Company, LLC, 2001a).

After fabrication, nondestructive examination, solution annealing (Alloy 22 only), final machining,
and dimensional inspection are completed, the Type 316 nuclear grade stainless steel inner
container will be placed inside the Alloy 22 outer container. To accommodate the installation,
the outer surface of the Type 316 nuclear grade stainless steel container and inner surface of
the Alloy 22 container will be machined to provide a radial gap of 0-4 mm [0-0.157 in] between
cylinders on assembly (Bechtel SAIC Company, LLC, 2001 a).

The closure operations will be performed in the closure cell facility and will cover the remote
placement, welding, inspection, and postweld stress mitigation to the Alloy 22 outer closure lid.
A detailed process sequence of the remote operations performed in the closure cell facility is
given in Bechtel SAIC Company, LLC (2001 b). Postweld stress mitigation of the Alloy 22 waste
package outer closure lid may be accomplished using either laser peening or low plasticity
burnishing. Both methods are designed to impart compressive residual stresses to the outer
closure lid weld region. Dunn, et al. (2003) previously reviewed of the DOE fabrication
procedures and inspection methods.

2Brown, N.R. "Application of the ASME Code for Waste Package Fabrication." Presentation at the NRC/DOE
Technical Exchange on Waste Package Design, June 4, 2003. Las Vegas, Nevada. 2003.
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1.4 Stress Corrosion Cracking Investigations by DOE

Although Alloy 22 is resistant to stress corrosion cracking in a wide range of environments,
stress corrosion cracking has been observed in environments such as simulated concentrated
water (Estill, et al., 2002), which may be representative of evolving seepage waters that could
enter the emplacement drifts (Bechtel SAIC Company, LLC, 2003a,b). Laboratory tests to
evaluate the susceptibility of Alloy 22 to stress corrosion cracking can be divided into crack
initiation tests, crack propagation tests, and the evaluation of stress mitigation methods. Crack
initiation tests include slow strain rate tests and constant load tests using round tensile
specimens and constant deflection tests using U-bend specimens. Crack propagation tests are
limited to cyclically loaded compact tension specimens. The effects of residual stress mitigation
methods on the uniform corrosion rate and the localized corrosion susceptibility of Alloy 22 have
also been investigated. Pertinent recent information reported by DOE on the results of Alloy 22
stress corrosion cracking tests is reviewed in the following subsections.

Electrochemical tests performed by DOE including crack initiation, crack propagation, and
corrosion potential tests were conducted using a saturated silver/silver chloride (Ag/AgCI)
reference electrode. To compare the DOE results to data obtained at CNWRA, all potentials
were converted to the saturated calomel electrode (SCE) scale.

1.4.1 Crack Initiation Tests

Slow strain rate testing has been used by investigators at Lawrence Livermore National
Laboratory to evaluate the susceptibility of Alloy 22 to environmentally assisted cracking in
groundwater environments relevant to Yucca Mountain (Estill, et al., 2002; King, et al., 2004,
2002; Fix, et al., 2003). The groundwater chemistries relevant to Yucca Mountain (including
simulated concentrated water, simulated acidified water, and basic saturated water) are given in
Table 1-1 (Gordon, 2002). Estill, et al., (2002) reported transgranular stress corrosion cracking
only in simulated concentrated water at 73 °C [163 OF] at potentials of 356 mVSCE. The
simulated concentrated water is a complex electrolyte simulating an environment that would be
obtained after reducing the volume of groundwater from Yucca Mountain approximately
1,000 times through evaporation. Although transgranular cracking was apparent on the fracture
surfaces, the specimens displayed considerable ductility with an elongation to failure of greater
than 40 percent and a reduction in area of at least 64 percent. When the temperature was
reduced to 22 °C [72 OF], no stress corrosion cracking was observed. In addition, no stress
corrosion cracking was observed when specimens were tested in basic saturated water at lower
potentials (156 mVScE) even when nitrate and sulfate were removed.

Since these initial reports, additional work has been performed on the effects of environmental,
metallurgical, and electrochemical conditions on the stress corrosion cracking susceptibility of
Alloy 22. Fix, et al. (2003) conducted acoustic emission analyses of a slow strain rate test
specimen under conditions where stress corrosion cracking was consistently observed. The
acoustic emission spectra did not show signatures consistent with crack initiation until the
applied stress exceeded the yield stress of the alloy and significant plastic deformation
had occurred.

King, et al. (2004) has reported the results of slow strain rate tests for Alloy 22 at temperatures
ranging from 22 to 90 'C [72 to 194 OF] and potentials ranging from -1,044 to 356 mVSCE. The
results of the slow strain rate tests as a function of potential at various temperatures are shown
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Table 1-1. Chemical Composition of Potential Groundwater Chemistries*

Simulated Concentrated Simulated Acidified Basic Saturated Water
Ion Water (mg/L) Water (mg/L) (mg/L)

K+ 3.4 x 101 3.4 x 103 6.792 x 104

Na÷ 4.09 x 104 3.769 x 104 1.0584 x 105

Mg2+ < 1 1.00 x 103 0

Ca 21 <1 1.00x103 0

F- 1.4x103 0 1.47x103

Cl- 6.7 x 103 2.425 x 104 1.3083 x 105

NO3- 6.4 x 103 2.30 x 104 1.3965 x 105

SO42- 1.67 x 104 3.86 x 104 1.47 x 104

HCO 3- 7.0 x 104 0 0

Si 27 {60 °C [140 OF]} 0 0
49 {90 °C [194 _F]}

pH 9.8 to 10.2 2.7 12

*Reported by Gordon, G.M. "Corrosion Considerations Related to Permanent Disposal of High-Level Radioactive

Waste." Corrosion. Vol. 58, No. 10. pp. 811-825. 2002.

in Figure 1-2. For these tests, a reduction in area of less than 72 percent was typically
associated with the onset of stress corrosion cracking. The results show that test conditions
that promote stress corrosion cracking are limited to low potentials (< -794 mVSCE) and
potentials of 256 mVssc or more. Between these bounds, the alloy was not observed to be
susceptible to stress corrosion cracking in the mill-annealed condition. Only a single test result
was reported by King, et al. (2004) for a thermally aged specimen {aged at 700 'C [1,292 OF] for
173 hours}. Incipient stress corrosion cracking was observed in simulated concentrated water
at 86 °C [187 OF] at an applied potential of -67 mVSCE.

Results reported by King, et al. (2004) at an applied potential of 356 mVSCE in simulated
concentrated water are shown in Figure 1-3. Stress corrosion cracking was not observed at
temperatures less than 50 0C [122 OF]. At 50 0C [122 OF], incipient cracks were observed.
Stress corrosion cracking was reported for all specimens tested at temperatures of 65 °C
[149 OF] and higher. Although the area reduction for all of the specimens was greater than
40 percent, the ductility decrease at the elevated temperatures implies that the material is more
susceptible to stress corrosion cracking. This is supported by the posttest examination of the
specimens, which showed a greater number of secondary cracks as the temperature was
increased (King, et al., 2004).
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Constant deflection U-bend tests in simulated concentrated water, simulated dilute water, and
simulated acidified water were reported by Fix, et al. (2004, 2003). No stress corrosion cracking
of Alloy 22 was observed with mill-annealed or welded U-bend samples even after 5 years of
exposure in simulated concentrated water at 90 °C [194 OF]. Note that no controlled potential
tests were conducted to be directly compared to the slow strain rate test results. The corrosion
potential in these immersion tests was not higher than 40 mVSCE after 4 years of testing (Fix, et
al., 2004).

Crack initiation tests have also been conducted using constant load tensile specimens
(Young, et al., 2003; Andresen, et al., 2004a; Bechtel SAIC Company, LLC, 2004a). The Keno
test used the vapor pressure from the water in an autoclave to load uniaxial smooth and notched
round tensile specimens (i.e., tensile test specimens) under constant load conditions. When a
specimen breaks either by mechanical failure or by environmentally assisted cracking, a small
ball with a unique number is released, falls to the bottom of the test system, and is collected in a
tube with a trip switch that notes the time of failure. Thus, the exact failure time for each
specimen may be determined. The name of the test is derived from the similarity to numbered
balls used in the Keno game.

The tests were conducted in a diluted basic saturated water at temperatures of 105 and 125 °C
[221 and 257 OF]; results for tests at 105 °C [221 OF] (pH = 10.3) are shown in Figure 1-4. The
tests were conducted under open circuit conditions, and the potential of the specimens was not
monitored. Alloy 22 specimens were tested in the mill-annealed and thermally aged conditions
(long-range ordered and topologically close packed phases) 20-percent cold worked and as
welded. Specimens were loaded at applied stresses between 1.25 and 2.5 times the yield
strength. Although ductile failures were observed at high stress as a result of accidental
overloads, no failures from stress corrosion cracking were reported after testing for times up to
18,500 hours.

SAMoy 22 e.reoeived

2.5 Keno Testing (Full Run 2) ho 0 ,gly 22r

Concentrated Salt Solution R05C Stwtem Stel Type 316NG *A~oy22HT1(TCP)

Constant Stress; 185 specimens total . .AIoy 22 KTI + reiced
MM"o 22 ýH (LRO)

w 2,0 *A1*y 2220% CW

____ Aoy2 LAiloy 22 20% CW +' IROoAtey 22 weld+ HAZ

1.5 Afloy 22 A316NG 4-eceivW

u Grat -7 316NG cvlced

* Notched A22 ms-receeved
0.5 i i

0 5.000 10,000 15,000 20,000 & Noh (TCP)

Time to Failure (hours) * Nouthd An wed + HAZ

Figure 1-4. Results of Crack Initiation Tests With Keno Specimens
(Bechtel SAIC Company, LLC, 2004a)
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Although no stress corrosion crack initiation was observed in the Keno tests, there are several
attributes of the testing conditions that warrant discussion. The Keno tests and the slow strain
rate tests were conducted in different solutions. The slow strain rate tests were conducted at
applied potentials. For the results shown in Figure 1-2, potential is clearly an important
parameter for initiating stress corrosion cracking. The Keno tests were conducted under open
circuit conditions. Because the corrosion potential was not monitored, the actual test conditions
are unknown. In addition, the Keno test setup used Type 304 SS test fixtures. Andresen, et al.
(2004a) noted that some of these fixtures were significantly corroded. The galvanic contact
between the Alloy 22 specimens and the corroding test fixture may have altered the corrosion
potential of the Alloy 22 specimens and inhibited stress corrosion cracking.

1.4.2 Crack Propagation Tests

Crack propagation tests have been conducted using fatigue precracked compact tension
specimens. The previous report by Pan, et al. (2002) reviewed crack propagation rate
measurements reported by Andresen, et al. (2001) and Estill, et al. (2002). Most of the crack
propagation rates were measured in basic saturated water and simulated acidified water. Crack
propagation rates were determined using fatigue precracked compact tension specimens. The
specimens were cyclically loaded using load ratios (R = minimum load/maximum load) of 0.6 to
1.0 and a typical loading frequency of 0.001 to 0.005 Hz. After crack propagation was confirmed
by direct current potential drop measurements, the load ratio was gradually increased until a
static load was achieved (R = 1). The static hold times in the initial tests were typically 1,000 to
3,000 seconds.

Crack propagation rates for Alloy 22 tested with an initial stress intensity of 30 MPa m 11 2

[27 ksi-in11 2] under cyclic loading conditions using a frequency of 0.001 to 0.003 Hz and a load
ratio of 0.6 were in the range of 2.1 x 10-8 to 3.3 x 10-8 mm/s [8.3 x 10-10 to 1.3 x 10-9 in/s]
(Andresen, et al., 2001). When the load ratio was changed to 0.7 after more than 3,700 hours of
testing, the crack propagation rate was similar to that measured with a load ratio of 0.6. After
testing for more than 4,400 hours, a static hold was introduced, and the crack propagation
appeared to cease. Nevertheless, it was estimated that the crack propagation rate for Alloy 22
under static conditions would be in the range of 1 x 10-' to 2 x 10-9 mm/s [4 x 10-11 to
8 x 10-11 in/s]. Faster crack propagation rates were measured on a specimen tested at a stress
intensity of 45 MPa m 1/2 [41 ksi-in1 /2]. At a load ratio of 0.7, the measured crack propagation rate
was 2.3 x 10-7 mm/s [8.3 x 10' in/s] at a loading frequency of 0.01 Hz, 2.3 x 10-8 mm/s [8.3 x
1010 in/s] at a loading frequency of 0.001 Hz, and in the range of 1.3 x 10-9 to 2.1 x 10-9 mm/s
[5.1 x 10-11 to 8.3 x 10-11 in/s] under static conditions.

Subsequent testing reported by Andresen, et al. (2004b, 2003) included crack propagation rates
as a function of the static load hold time at stress intensities ranging from 30 to 55 MPa-m 1

'
2

[27 to 50 ksi-in 112] (Figure 1-5). The propagation rates displayed in Figure 1-5 show the crack
propagation rates measured under cyclic loading with a frequency of at least 0.001 Hz. Although
these rates are likely accelerated by the cyclic loading profile, they are likely to represent the
maximum crack growth rates for the material under static loading conditions. It is apparent that
the crack propagation rate decreases with increasing hold time. For mill-annealed specimens
with an applied stress intensity of 30 MPa-m 1/2 [27 ksi-in1 /2], long static hold times resulted in
reduced crack propagation rates that were below detection limits, and the crack appeared to
cease propagation. Although no crack propagation rates below 1.0 x 10-10 mm/s
[3.9 x 10-12 in/s] were reported by Andresen, et al. (2004b), the reported measurement resolution
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was 1.0 x 10-11 mm/s [3.9 x 10-13 in/sI. Higher crack propagation rates were observed at a
stress intensity of 45 MPa-m1/2 [41 ksi-in1 /2], but the propagation rate also quickly decreased with
increasing hold time. The addition of lead into the system did not appear to increase the crack
propagation rate. Note that the concentration of lead in solution was not determined. Because
the solution contains carbonate, sulfate, and chloride, the Pb 2

1 concentration was likely to be
significantly reduced by the precipitation of lead as insoluble salts. The highest crack
propagation rate was measured with a thermally aged specimen {700 'C [1,292 'F] for
175 hours}, which is certain to result in the formation of topologically close-packed phases on the
grain boundaries and within the grains. Nevertheless, the crack propagation rate for this
specimen decreased with increasing static hold time, suggesting that even the thermally aged
specimen is significantly resistant to stress corrosion cracking under constant loading conditions.

1.4.3 Corrosion Tests

1.4.3.1 Corrosion Tests With Laser-Peened and Low Plasticity Burnished Materials

DOE has proposed using either low plasticity burnishing or laser peening to mitigate the tensile
residual stresses that may promote stress corrosion cracking in the closure welds of the Alloy 22
waste package outer barrier. The depth of the compressive stresses that may be imparted to the
weld region will depend on the parameters used and could be greater than several millimeters
(Bechtel SAIC Company, LLC, 2004b). Corrosion through the stress-mitigated layer may expose
material with tensile residual stresses that may promote stress corrosion cracking. Thus, an
important consideration in the mitigation of residual stresses in the closure welds is the effect of
the mitigation methods on the uniform corrosion rate and localized corrosion susceptibility of the
alloy. Fix, et al. (2005) reported the results of test comparing as-welded, laser-peened, and low
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plasticity burnished Alloy 22. Uniform and localized corrosion susceptibility were determined
using ASTM G-28A (ASTM International, 2002) immersion tests and cyclic polarization tests in
chloride and chloride plus nitrate solutions.

The results of the ASTM G-28A immersion tests showed that the corrosion rate for the
as-welded Alloy 22 sample was similar to the welded and laser-peened and welded and low
plasticity burnished materials. All specimens had some degree of intergranular attack in the heat
affected zone. Initiation and repassivation potentials measured in 1 M NaCI at 90 0C [194 OF]
and 6 m NaCI + 0.9 m KNO 3 at 80 and 100 0C [176 and 212 OF] were similar for all material
conditions. The corrosion rates obtained from the passive current density measured in the
polarization scan was also similar for all materials and did not indicate accelerated corrosion as a
result of the stress mitigation processes (Fix, et al., 2005).

1.4.3.2 Corrosion Potential

Corrosion potentials of Alloy 22 have been measured in simulated groundwater solutions.
Estill, et al. (2003) and Fix, et al. (2004) reported corrosion potential measurement of wrought
Alloy 22 rods and both wrought and welded Alloy 22 U-bend specimens in multiple solutions.
Corrosion potentials of 341 mVSCE were observed in simulated acidified water at 60 0C [140 OF].
When the temperature was raised to 90 0C [194 OF], the corrosion potential decreased to
approximately 236 mVSCE. Corrosion potentials in simulated dilute water and simulated
concentrated water at 60 and 90 0C [140 and 194 OF] were in the range of -70 to 39 mVSCE after
more than 4 years of testing. Corrosion potentials in basic saturated water after 1 year of
exposure were near 6 mVSCE.

1.4.4 Residual Stress Mitigation

Residual stresses in the disposal containers will be mitigated through solution annealing. The
temperature used in the solution annealing process is dictated by the metallurgical factors and is
therefore significantly higher than the typical stress relief temperatures based on a percentage of
the melting temperature. After loading waste packages and closure by welding, one of two
mechanical residual stress mitigation processes (either laser peening or controlled plasticity
burnishing) will impart compressive residual stresses to the closure weld region. The final
selection among the two stress mitigation processes will be based on several criteria, including
the practicality of implementation in the surface facilities at the potential repository site at
Yucca Mountain.

Based on an analysis of the distribution of stresses in the waste package closure weld, hoop
stresses were determined to be the most significant for stress corrosion cracking. Hoop stresses
may promote radially oriented crack growth and are the only residual stresses considered in the
waste package degradation model. An analysis of the hoop stress distribution was documented
by Bechtel SAIC Company, LLC (2003a). The hoop stresses were modeled as a function of
depth in the closure weld regions of the Alloy 22 waste package outer shell using a third-order
polynomial equation. A distribution of the hoop stress in the waste package closure weld after
laser peening is shown in Figure 1-6 along with the 90 percent of the yield strength, which is the
assumed threshold for stress corrosion crack initiation. The corresponding stress intensity factor
distribution after laser peening of the closure weld is shown in Figure 1-7. Laser peening
produces compressive stresses at the surface and in the near-surface region. Because stress
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corrosion cracking requires tensile stresses, the formation of compressive stresses in the
near-surface regions should prevent the initiation and propagation of stress corrosion cracking.
Removal of the compressive layer by uniform corrosion or penetration of the compressive layer
by localized corrosion will expose material that is under tensile stress, which may lead to stress
corrosion crack initiation.

Limited tests on welded Alloy 22 samples have been performed to verify the residual stress
distributions from the laser peening and controlled plasticity burnishing operations. Residual
stress versus depth measurements for a laser-peened and a controlled plasticity burnished plate
using a 25.4-mm [1-in]-ring core are shown in Figures 1-8 and 1-9 (Bechtel SAIC Company, LLC,
2003a). The parallel direction is parallel to the weld centerline and is in the same orientation as
hoop stresses that may promote radially oriented stress corrosion cracking. The depth of the
compressive stresses is greater than 5 mm [0.20 in]. For the controlled plasticity burnished
material, the compressive stress measured by the ring core technique indicates that the depth of
the compressive stresses exceeds 7 mm [0.28 in].

The residual stresses after laser peening and controlled plasticity burnishing operations were
also evaluated using an x-ray diffraction method, which has a better resolution compared to the
ring core method. Material was progressively removed electrolytically to minimize possible
surface stress alteration as a result of material removal. X-ray diffraction measurement results
for the burnished plates and laser-peened plates (shown in Figures 1-10 and 1-11) reveal that
the compressive residual stresses from laser peening extend to a depth of 1 mm [ 0.04 in].
Some measurement difficulty was reported as a result of an apparent altered grain size in the
laser-peened material. For the controlled plasticity burnishing method, the x-ray diffraction
analyses indicated that compressive residual stresses extend to a depth of at least
6 mm [0.24 in].

1.4.5 The DOE Stress Corrosion Cracking Model Abstraction

The DOE approach to model stress corrosion cracking of the waste packages has previously
been reviewed by Pan, et al. (2002). Although the DOE approach is unchanged from the
previous review, additional data has been collected to support the models for stress corrosion
cracking (Bechtel SAIC Company, LLC, 2004a,b). The DOE waste package stress corrosion
cracking model considers crack initiation from smooth surfaces using a threshold stress for
stress corrosion cracking and a crack propagation at a stress intensity higher than a threshold
stress intensity. The DOE model abstraction for stress corrosion cracking of the waste package
outer container does not consider the effects of environment chemistry or the electrochemical
response of the waste package materials.

The threshold stress for the initiation of cracks on smooth surfaces is based on the results of
Keno tests conducted in dilute basic saturated water with a pH>10. Although no stress corrosion
cracking of Alloy 22 was observed for any of the metallurgical conditions or applied stresses
tested, the threshold for the initiation of stress corrosion cracking was selected as 90 percent of
the yield strength of the material (Bechtel SAIC Company, LLC, 2004a). It should be noted that
the electrochemical potential of the Keno test specimens was neither measured nor controlled.
The potentials of the specimens were likely reduced and the specimens may have been
galvanically protected as a result of galvanic contact to the Type 304 stainless steel fixture that
was reported to have severe corrosion (Pan, et al., 2002). In addition the test solution used is a
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substantially different composition from the simulated concentrated water solution where stress
corrosion cracking was reported by Estill, et al. (2002) and King et al. (2004). Estill et al. (2002)
reported no observation of stress corrosion cracking in tests in basic saturated water, simulated
saturated water, and simulated acidified water.

The slip dissolution-film rupture model (Andresen and Ford, 1994; Ford and Andresen, 1988) is
used to predict crack growth rate and relates the propagation of cracks after crack initiation at
the bare metal surface to the metal oxidation that occurs when the protective film at the crack tip
is ruptured. A threshold stress intensity factor exists that provides a criterion for determining
whether an initiated crack or preexisting flaw will be arrested (i.e., cease to propagate) after it
enters the propagation phase. The use of a threshold stress intensity factor is based on the
assumption that no growth occurs for a given crack below a threshold value for stress corrosion
cracking (Klscc) for the stress intensity factor, K1. The threshold stress, threshold stress intensity
factor, and parameters associated with the slip dissolution-film rupture crack growth model are
determined from experimental data for stainless steels and adopted for Alloy 22 on the basis of a
few data points. The velocity of crack growth Vt (mm/s) is calculated according to Eq. (1-1)

Vt = 7.8 x 10- 2 n 3 6 (4.1 x 10- 14 )n(K,) 4 n (1-1)

where

n - the repassivation slope empirically determined from the results of crack
propagation rate tests

K, - stress intensity factor in MPamM112

Based on the results of crack propagation rate tests, conducted in basic saturated water at
110 0C [230 OF] (room temperature pH = 13.4) under open circuit conditions, the value of n was
determined to have a mean of 1.304 and a standard deviation of 0.16. Using twice the standard
deviation, the upper and lower bounds of the parameter n were calculated to be 1.624 and 0.984,
respectively. The value of the threshold stress intensity for stress corrosion cracking is related to
the parameter n by assuming that the minimum crack propagation rate must be greater than the
uniform corrosion rate to avoid crack tip blunting. Based on a mean general corrosion rate of
7.23 nm/yr [2.86 x 10-4 mils/yr], the value of the threshold stress intensity for stress corrosion
cracking is shown in Figure 1-12 as a function of the parameter n. The calculated crack growth
rate as a function of stress intensity is shown in Figure 1-13. It should be noted that the crack
propagation model is based on tests with precracked compact tension specimens conducted in
basic saturated water at 110 0C [230 OF] with an alkaline pH. Slow strain rate tests conducted by
Estill et al. (2002) revealed no stress corrosion cracking in basic saturated water test solutions at
105 0C [221 OF] at the corrosion potential or applied potentials from 56 to 356 mVSCE.

1.4.6 Summary of the DOE Approach

The DOE investigations indicate that stress corrosion cracking of Alloy 22 is possible under a
limited range of environmental and loading conditions. The slow strain rate tests indicate stress
corrosion cracking can occur at high anodic potentials in solutions containing both chloride and
bicarbonate. In addition, dynamic loading conditions are required to mechanically rupture the
oxide film. Statically loaded specimens did not show indications of stress corrosion cracking;
however, the tests were conducted under significantly different environmental and potential
conditions than the slow strain rate tests. As a result, comparisons of the results are not
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straightforward; however, the slow strain rate tests show that stresses greater than the yield
strength of Alloy 22 are necessary to initiate stress corrosion cracking on smooth surfaces.

Crack propagation tests suggest Alloy 22 is weakly susceptible to stress corrosion cracking in
basic saturated water under dynamic loading conditions. Crack propagation tests suggest that
cracks do not continue to propagate under static loads even at large applied stress intensities.
The corrosion potentials in solutions containing chloride and carbonate or bicarbonate are
generally lower than the applied potentials where stress corrosion cracking has been observed in
slow strain rate tests. The minimum potential for stress corrosion cracking in the slow strain rate
tests in simulated concentrated water was approximately 256 mVSCE. Corrosion potentials are
usually below 56 mVSCE even after long-term exposures. The large difference between the
corrosion potential and the minimum potential for stress corrosion cracking suggests that
initiation of stress corrosion cracking of Alloy 22 is unlikely.

The DOE model for the initiation and propagation of stress corrosion cracking is based on data
that are applicable to the possible metallurgical conditions of the waste packages and
environmental conditions that may be expected within the emplacement drifts of the potential
repository. The model uses parameters for the threshold stress and threshold stress intensity
that are conservative compared to the actual measured values. It should be noted, however,
that the parameters used in the DOE model abstraction are not based on data obtained in the
most aggressive solution (simulated concentrated water) which contains significant
concentrations of chloride and bicarbonate ions.

1-18



2 EFFECT OF GROUNDWATER CHEMISTRY ON THE STRESS CORROSION
CRACKING OF ALLOY 22

The objective of this study was to use slow strain rate tests to evaluate the effects of simulated
groundwater chemistry variations on the stress corrosion cracking susceptibility of mill-annealed
Alloy 22. The effects of solution chemistry, electrochemical potential, and temperature on the
stress corrosion cracking susceptibility are described.

2.1 Experimental Procedure

The chemical composition of the Alloy 22 material used in this study is provided in Table 2-1.
The plate material was confirmed to meet the chemical composition specified in ASTM B-575
for UNS N06022 alloy designation (ASTM International, 2004a). The mechanical properties of
the mill-annealed Alloy 22 material are shown in Table 2-2. The electrochemical response of
the alloy was determined using anodic polarization and potentiostatic tests with cylindrical test
specimens measuring 6.3 mm [0.25 in] in diameter and 48.6 mm [1.9 in] in length machined
from the 12.7-mm [0.5-in]-thick plate. All specimens were polished to a 600-grit finish, cleaned
ultrasonically in detergent, rinsed in deionized water, ultrasonically cleaned in acetone, and
dried. Posttest examinations were performed with an optical microscope and a scanning
electron microscope. The tests were conducted in 1-L [0.26-gal] glass cells fitted with a
water-cooled Allihn-type condenser and a water trap to minimize air intrusion and solution loss
at elevated temperatures. A saturated calomel electrode was used as a reference electrode in
all experiments. The reference electrode was connected to the solution through a water-cooled
Luggin probe with a porous silica tip. A platinum flag was used as a counter-electrode. All
solutions were deaerated with high-purity nitrogen (99.999 percent) for at least 24 hours prior to
the start of the tests. Tests were conducted in accordance with ASTM G-5 (ASTM
International, 2004b) using a scan rate of 0.167 mV/s. Scans were conducted starting at a
potential 100 mV below the corrosion potential and terminated at a potential of 600 mVSCE.

Table 2-1. Chemical Composition (wt%) of Alloy 22 Plate

Material Ni* Cr* Mo* W* Fe* Co* Si* Mn* V* P* S* C*

Heat Balt 21.4 13.3 2.8 3.8 1.2 0 0.2 0.1 0 0 0
2277-3-
3266

*Ni-nickel; Cr-chromium; Mo-molybdenum; W-tungsten; Fe-iron; Co-cobalt; Si-silicon; Mn-manganese;

V-vanadium; P-phosphate; S-sulfur; C-carbon
tBal.-Balance

Table 2-2. Mechanical Properties of the Mill-Annealed Alloy 22 Plate

Tensile Reduction
Strength Yield Strength Elongation in Area Modulus

Material MPa [ksi] MPa [ksi] (%) (%) MPa [ksi]

Heat 787 [114.2] 347 [50.3] 71 79 1.95 x 105

2277-3-3266 1 1 1 1 [2.83 x 104]
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In addition, a set of potentiostatic tests was conducted in which the potential was scanned up to
400 mVSCE and held constant at this potential for approximately 40 hours.

Stress corrosion cracking susceptibility was determined using slow strain rate tests. Slow strain
rate test specimens were machined from the same plate, and testing was conducted in
accordance with ASTM G-129 (ASTM International, 2003). A photograph of the experimental
setup for slow strain rate tests with the data acquisition system is shown in Figure 2-1. A
close-up view of the test cell is shown in Figure 2-2. A drawing of the test specimen is
presented in Figure 2-3. The specimens were cylindrical, approximately 152.4 mm [6.0 in] in
length, and 6.35 mm [0.25 in] in diameter. The gage length was 12.7 mm [0.5 in] with a
3.18-mm [0.125-in] diameter. The smooth, round specimens had a polished gage length
surface finish of 0.4-pm [16-pin] root mean square. All tests were performed at a constant strain
rate of 3.2 x 10- s-1.

The simulated concentrated water used in this investigation consisted of seven major ionic
constituents: sodium (Na'), potassium (KW), chloride (CI-), fluoride (F-), nitrate (NO3-), sulfate
(SO4

2- ), and bicarbonate (HCO3-) (Rosenberg, et al., 2001; Gordon, 2002). Their
concentrations in milligram/liter (mg/L) water and in millimolar (mM) are shown in Table 2-3.
Silicon was not included in the simulated concentrated water solution, and the pH was adjusted
using sodium hydroxide. Tests conducted in air at room temperature were used as a control.
The potential was applied with a potentiostat using a saturated silver/silver chloride electrode as
reference and a platinum counter electrode. All potentials were converted to the saturated
calomel electrode scale. A computer-controlled potentiostat and data acquisition system were
used to control the applied potential. The test solutions were deaerated with high-purity
nitrogen. To study the effect of electrochemical potential, the specimens were strained in a
HCO3 solution with the same concentration as simulated concentrated water (-1.1 M) plus a
high concentration of CI- at various applied potentials ranging from 56 to 356 mVSCE. The
concentrated CI- solutions were prepared by mixing 0.5 m (mol/kg H20) NaCI with various
concentrations of KCI. In a 1-L [0.26-gal] solution containing 1.1 m HCO3-, 0.5 m NaCI, 7.1 m
KCI, and 0.2 m NaOH, solid precipitates were observed, indicating saturation of the solution.
Thermodynamic speciation calculations using commercially available software (OLI Systems,
2002) estimated that the maximum dissolved CI- concentration would be approximately 7.2 m at
95 0C [203 OF]. To study the effect of temperature, the specimens were strained in a 1.1 m
HCO 3 solution plus 2.2 m CI- with the temperature varying from 22 to 95 0C [72 to 203 OF].

After the conclusion of the tests, the fracture surfaces and side surfaces of the test specimens
were examined for indications of stress corrosion cracking using an optical microscope and a
scanning electron microscope. Stress corrosion cracking of tensile specimens during slow
strain rate testing often results in the formation of secondary cracks visible on the sides of the
specimens. A scanning electron microscope must be used to determine whether fracture
surfaces failure is a result of microvoid coalescence (i.e., no stress corrosion cracking),
transgranular, or intergranular stress corrosion cracking.

2.2 Test Results

The individual and combined effects of the anions in simulated concentrated water were
evaluated using anodic potentiodynamic polarization and slow strain rate tests. Initial tests
were conducted in simulated concentrated water and solutions derived from simulated
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Figure 2-1. Photo of the blow Strain Rate Test Apparatus With Data
Acquisition System
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Figure 2-2. Photo of the Slow Strain Rate Test Apparatus With Specimen Mounted in
the Test Cell
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Figure 2-3. Drawing of the Alloy 22 Slow Strain Rate Test Specimen
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Table 2-3. Chemical Composition of Simulated Concentrated Water for Alloy 22 Testing

Ion K+ Na÷ Mg2÷ Ca 2÷ F- Cl- NO3- So 4
2- HCO 3-

mg/L 3400 40900 < 1 < 1 1400 6700 6400 16700 70000

mM 87 1780 < 0.041 < 0.025 74 189 103 174 1148

concentrated water with one of its anionic constituents left out. Subsequent tests were
performed using solutions containing either chloride and bicarbonate or chloride and nitrate.

The results of all slow strain rate tests are summarized in Tables 2-4, 2-5, and 2-6, respectively.
The speciation calculations for some selected test solutions used in this study were performed
using commercially available software (OLI Systems, 2002) and are provided in Table 2-7.

The calculations were executed using StreamAnalyzer, Version 1.2, one of a suite of software
developed by OLI Systems, Inc. (Morris Plains, New Jersey) for calculating the physical and
chemical properties of multiphase, multicomponent, aqueous-based systems for industrial and
environmental applications. The software calculates thermodynamic properties, including
concentrations of dissociated species, pH, ionic strength, enthalpy, density, activity coefficients,
and solubility. The fundamental aspects of the model used in StreamAnalyzer were described
by Anderko and Lencka (1997). The software enables simulation of aqueous chemical systems
for temperatures up to 300 °C [572 OF]; pressures up to 150 MPa [21.8 ksi]; and ionic strengths
as high as 30 molal. Prior to the tests, the pH of all bicarbonate-containing solutions was
adjusted to values close to 9 by adding of sodium hydroxide. In addition, the pH of the
bicarbonate-containing solutions increased with time during the course of the tests. For
example, the initial pH of the test solutions was slightly less than 9; however, the posttest pH
values were sometimes greater than 10. The speciation of the test solutions depends on
solution pH. In near-neutral solutions, bicarbonate will be the dominant anion, whereas
carbonate (C0 3

2-) will predominate in more alkaline solutions. The speciation calculations
shown in Table 2-7 are based on the final values of the solution pH.

2.2.1 Effect of Simulated Concentrated Water and Its Variations

Results of the anodic potentiodynamic polarization tests in the simulated concentrated
water-based solutions at 95 0C [203 OF] are shown in Figure 2-4. An important feature of the
anodic polarization curve in simulated concentrated water is the anodic peak located at
approximately 250 mVSCE with a peak current density of approximately 10-3 A/cm 2 (0.93 A/ft2).
The polarization curves for solutions where nitrate, sulfate, and fluoride were subtracted from
the simulated concentrated water were similar to the polarization curves obtained when all the
compounds were included. The similarity of the polarization curves throughout the anodic
potential range of 100 to 500 mVSCE suggests that the modified solutions where nitrate, sulfate,
or fluoride was removed do not affect the anodic behavior of Alloy 22 or alter the stability of the
passive film. In contrast to the polarization curves obtained in simulated concentrated water
and in simulated concentrated water without either nitrate, fluoride, or sulfate, the polarization
curve obtained in the simulated concentrated water without bicarbonate did not exhibit the
characteristic anodic peak at 250 mVSCE.

The load versus time curves for the slow strain rate specimens tested in simulated concentrated
water and its variations are shown in Figure 2-5 in comparison with a curve for the control
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Table 2-4. Slow Strain Rate Test Conditions and Results for Mill-Annealed Alloy 22 in Simulated
Concentrated Water and Its Variations

(Strain Rate: 3.2 x 10-6s-1)

Time to (Pmax
Temperature EAppi ed Elongation Failure i pair -)

Environment °C [PF] pHi* (mVSCE) (%) (Hour) Wtr~t  SCCt

Air 22 [72] N/A N/A 81 70.2 - - N

Air 22 [72] N/A N/A 77.8 71.3 - - N

SCWt 95 [203] 8.9 356 52 54.8 0.77 0.79 Y

SCW 95 [203] 8.7 356 59.8 54.6 0.77 0.81 Y

SCW 95 [203] 8.3 156 85 71 1.00 1.00 N

SCW minus 95 [203] 8.7 356 62 54.6 0.77 0.79 Y
[F-]

SCW minus 95 [203] 8.7 356 68.8 59.6 0.84 0.79 Y
[SO4 2-]

SCW minus 95 [203] 8.7 356 70.2 54.6 0.77 0.85 Y
[NO 3 1]

SCW minus 95 [203] 8.8 356 58.8 51.5 0.73 0.77 Y
NaCI

SCW minus 95 [203] 8.6 356 77 68.1 0.96 0.92 Y§
[HCO 3 -]

*pHi: initial pH

tSCC: stress corrosion cracking
:SCW: simulated concentrated water

§Minor transgranular cracking, mostly on side surfaces

specimen tested in ambient air. Failure times and maximum loads for these specimens as listed
in Table 2-3 are compared to the results for specimens tested in ambient air in Figure 2-6 using

the parameters of time-to-failure ratio (tfair) and the maximum load ratio (Pmax / pa) The

specimen tested in simulated concentrated water had a time-to-failure ratio of approximately
0.77 and a maximum load ratio close to 0.8. These values can be compared with those
obtained in the modified simulated concentrated water solutions to determine the effect of
solution chemistry on the stress corrosion cracking susceptibility of Alloy 22. Simulated
concentrated water solutions that did not contain nitrate had a similar time-to-failure ratio and a
slightly higher maximum load ratio than those values obtained in simulated concentrated water.
The time-to-failure ratio and the maximum load ratio for solutions that did not contain sulfate,
fluoride, or sodium chloride also were similar to the ratios obtained in the simulated
concentrated water. Note that the solution without sodium chloride still contained a chloride
concentration approximately equal to 0.09 mol/kg H20 (see Table 2-7). The anodic peak at
250 mVscE seems to correlate with electrochemical conditions that may promote stress
corrosion cracking in simulated concentrated water and its variations when the oxide film is
ruptured at high anodic potentials. In contrast, when bicarbonate was removed from the
simulated concentrated water, the time-to-failure ratio increased to a value close to that
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Table 2-5. Slow Strain Rate Test Conditions and Results for Mill-Annealed Alloy 22 in Chloride and
Bicarbonate Solutions (Strain Rate: 3.2 x 10-'s-1)

Time to max

Temperature E.,plied Elongation Failure
Environment 0C ['F] pHi* (mVSCE) (%) (Hour) mtaair SCCt

[HCO 3-] as in 95 [203] 8.6 356 77 68.9 0.97 0.91 Y§
scwt

[HCO 3-] + [Cl-] 95 [203] 8.7 356 67.8 53.9 0.76 0.83 Y
as in SCW

1.1 m HCO,- + 95 [203] 8.8 356 57.2 52 0.73 0.76 Y
0.5 m CI

1.1 m HCO3 - + 95 [203] 8.7 356 52.2 46.1 0.65 0.77 Y
2.2 m CI-

1.1 m HCO,- + 95 [203] 8.8 356 52.2 36.7 0.51 0.7 Y
4.2 m Cl-

7.2 m Cl- 95 [203] 7 356 87.6 73.2 1.02 1.09 N

1.1 m HCO- + 95 [203] 8.7 356 35.6 29.3 0.41 0.64 Y
7.2 m CI-

2.1 m HCO 3  95 [203] 7.8 356 82.8 58 0.82 0.86 Y

2.1 m HCO- + 95 [203] 8.7 356 61.6 52.1 0.73 0.89 Y
0.125 m Cl-

2.1 m HCO3 - + 95 [203] 8.6 356 44 37.1 0.52 0.75 Y
0.25 m CI-

2.1 m HCO 3 + 95 [203] 8.5 356 34 28.1 0.39 0.68 Y
0.5 m Cl-

2.1 m HC0 3 + 95 [203] 8.6 356 41.4 28.2 0.39 0.66 Y
2.2 m CI

0.55 m HC0 3 + 95 [203] 8.7 356 57.2 47.5 0.66 0.87 Y
2.2 m CI-

1.1 m HC0 3 + 95 [203] 8.7 256 50.6 44.1 0.62 0.78 Y
7.2 m Cl-

1.1 m HC0 3 - + 95 [203] 8.5 156 72.2 65 0.91 0.91 Y
7.2 m CI-

1.1 m HCO 3- + 95 [203] 8.6 56 85.4 73.2 1.03 0.92 N
7.2 m Cl-

1.1 m HCO3 - + 75 [167] 8.7 356 56.4 51.7 0.73 0.92 Y
2.2 m Cl-

1.1 m HC03- + 55 [131] 8.7 356 76.2 64.6 0.91 0.98 Y§
2.2 m Cl-

1.1 m HC0 3- + 22 [72] 8.7 356 75 65.4 0.92 1.05 N

2.2 m Cl-

*pH,: initial pH

tSCC: stress corrosion cracking
tSCW: simulated concentrated water
§Minor transgranular cracking, mostly on side surfaces
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Table 2-6. Slow Strain Rate Test Conditions and Results for Mill-Annealed Alloy 22 in Chloride and
Nitrate Solutions

(Strain Rate: 3.2 x 10-6s-1)

Time to Pmax

Temperature EApplied Elongation Failure ai

Environment OC ['F] pHj* (mVSCE) (%) (Hour) W t.air 1_.a) SCCt

NaCI + 95 [203] 9.4 356 79.2 69.5 0.98 0.91 N
NaNO 3 as in
scwt

3.8 M NaCI + 95 [203] 9.8 356 79.8 69.9 0.99 0.91 N
0.38 M
NaNO 3

3.8 M NaCI + 95 [203] 9.8 156 78.8 71.3 1.01 0.89 N
0.38 M
NaNO 3

3.8 M NaCI + 95 [203] 8.2 356 79 71.7 1.01 0.9 N
0.38 M
NaNO 3

3.8 M NaCI + 95 [203] 8.2 156 78 68.9 0.97 0.91 N
0.38 M
NaNO 3

7.6 M NaCI + 95 [203] 7 356 80.2 71.7 1.01 0.92 N
0.38 M
NaNO 3
*pHi: Initial pH

tSCC: stress corrosion cracking
:SCW: simulated concentrated water

in air (corresponding to a time-to-failure ratio of 0.96), and the maximum load was within
7 percent of the value measured in the air control test. Figure 2-7 shows scanning electron
micrographs of the specimens obtained after the slow strain rate tests were completed. The air
control specimen exhibits significant plastic deformation, a characteristic of ductile failure. In
simulated concentrated water, a large number of secondary stress corrosion cracks are present
on the gage length of the specimen, and the amount of plastic deformation is significantly
reduced. The fracture surface of this specimen exhibited several areas of transgranular
cracking characterized by the presence of quasi-cleavage features. Specimens tested in
solutions that did not contain nitrate, fluoride, sulfate, or sodium chloride were similar in
appearance to the specimen tested in simulated concentrated water. In contrast, the specimen
tested in the simulated concentrated water without bicarbonate displays significant plastic
deformation. Multiple fissures are present on the gage length of the specimen. The fissures
appear to be shallow, however, compared to the secondary cracks observed on the side
surfaces of the other test specimens.

2.2.2 Combined Effect of Chloride and Bicarbonate Ions

Additional tests were conducted to determine conditions that maximize the stress corrosion
cracking susceptibility observed in bicarbonate and chloride-containing solutions. The effect of
increasing concentrations of chloride was evaluated in a series of tests.
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Table 2-7. Chemical Species of Electrolyte Solution at 95 °C [203 OF] (mol/kg H20)

pH Ionic
Environment Final CI- NO,- SO,2- F- HCO,- CO, 2- Na÷ K÷ Strength

SCW* 9.7 0.2 0.1 0.11 0 0.52 0.28 1.61 0.08 2.08

SCW* 10.2 0.2 0.1 0.11 0 0.61 0.16 1.45 0.08 1.88

SC*mns 10.0 0.18 0.1 0.16 -- 0.58 0.20 1.57 0.08 2[F-]
SCW minus
[SOC2W] 10 0.18 0.1 - 0.06 0.59 0.20 1.26 0.09 1.55

SCW* minus 9.0 0.18 - 0.11 0.06 0.59 0.20 1.42 0.08 1.82
[NO,-] min
SCW* minus 10.0 0.09 0.09 0.09 0.06 0.59 0.20 1.41 0.08 1.78
NaCI
SCW* minus 7.5 0.18 0.10 0.11 0.06 - - 0.53 0.07 0.72
[HCO,_-]
[HCO3 ] as in 10.4 - - - - 0.66 0.14 0.96 - 1.10
SCW
[CI- + HCO3] 10.4 0.18 - - - 0.63 0.18 1.10 0.08 1.37
as in SCW*
0.5 M CI- +
HC03- as in 10.4 0.5 - - - 0.74 0.14 1.57 - 1.70
SCW
2.0 M Cl- +
HCO- as in 10.1 1.99 - - - 0.77 0.13 1.59 1.49 3.20
SCW*
NaCI + NaNO3  7.4 0.09 0.10 - - - - 0.19 - 0.19
as in SCW*
3.8 M NaCI +0.8 M NaNO 10.0 3.80 0.31 . . . . 4.11 - 4.110.38 M NaNO,•
7.6 M NaCI +0.3 M NaNQ 7.2 6.09 0.47 . . . . 6.56 - 6.560.38 M NaNO,t
*SCW: simulated concentrated water

2.2.2.1 Effect of Chloride and Bicarbonate Ion Concentrations

Results of the anodic potentiodynamic polarization tests in the Cl- only solutions and in HC0 3
plus Cl- solutions at 95 °C [203 OF] are shown in Figure 2-8. The anodic polarization curves for
mill-annealed Alloy 22 in 0.18 and 2.0 M NaCI solutions are similar in that both curves do not
exhibit an anodic peak at high potentials. In contrast, when 0.18 M NaCI is added to an 0.8 M
NaHCO 3 solution, an anodic peak with a current density of 0.38 x 10-3A/cm 2 [0.35 A/ft2] is
observed in the anodic polarization curve at a potential of 194 mVSCE. Similarly, when 2.0 M
NaCI is added to a 0.8 M NaHCO3 solution, an anodic peak with a current density of
0.66 x 10-3A/cm 2 [0.61 A/ft2] is observed in the anodic polarization curve at 246 mVSCE. For
comparison, as illustrated in Figure 2-4, the anodic polarization curves of Alloy 22 in simulated
concentrated water exhibit an anodic peak located at approximately 250 mVSCE with a peak
current density of approximately 10-3 A/cm 2 (0.93 A/ft2). In contrast to the polarization curves
obtained in simulated concentrated water and in simulated concentrated water without either
nitrate, fluoride, or sulfate, the polarization curve obtained in the simulated concentrated water
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Figure 2-6. Maximum Load and Failure Time Ratios for Alloy 22 Tested at 356 mVSCE at

95 °C [203 °F] in Simulated Concentrated Water and Variations

without HC03- does not exhibit the characteristic anodic peak at 250 mVSCE. Figure 2-9 shows
the results of the potentiostatic tests in which a pronounced current peak is observed in the
solutions containing bicarbonate followed by a relatively slow decay, whereas no peak exists in
the absence of bicarbonate when the potential is held at 400 mVSCE. The current density at the
peak is higher in the bicarbonate solution containing the higher chloride concentration.

Figure 2-10 shows the failure time ratio for the slow strain rate tests in HC0 3- solutions
containing increasing Cl- concentration. Failure times and maximum loads for these specimens
are compared with the results for specimens tested in ambient air using the time-to-failure ratio

tair) and the maximum load ratio (P /-ma x) as parameters to assess stress corrosion

cracking susceptibility in Table 2-5. The specimen tested in 1.1 m HC0 3- solution had a
time-to-failure ratio of approximately 0.97 and a maximum load ratio of 0.91. The addition of
0.18 m CI-, which is the concentration of Cl- in simulated concentrated water, to the HC0 3
solution significantly decreased the failure time. Further additions of chloride decrease both the
time-to-failure and maximum load ratios, although the effects are not as pronounced as lower
chloride concentrations. In a chloride concentration of 7.2 mol/kg H20, the time-to-failure ratio
was reduced to 0.41, and the maximum load ratio was reduced to 0.64. This condition
represents the most severe environment in promoting stress corrosion cracking in mill-annealed
Alloy 22. In contrast, the specimen tested in 7.2 m CI- solution without bicarbonate (pH = 7.0)
had a time-to-failure ratio of approximately 1.02 and a maximum load ratio close to 1.09.
No stress corrosion cracking was observed.
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(a) (b)

(c) (a)

(e) (f)

Figure 2-7. Scanning Electron Micrographs Showing Side Surfaces of Specimens
Strained at 356 mVSCE in Simulated Concentrated Water Environments: (a) Air at Ambient
Temperature, (b) Simulated Concentrated Water, (c) Simulated Concentrated Water Minus

N03-, (d) Simulated Concentrated Water Minus S042-, (e) Simulated Concentrated Water
Minus F-, (f) Simulated Concentrated Water Minus HCO3-, and (g) Higher Magnification

View of (f)
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Figure 2-11 shows scanning electron micrographs of the specimens obtained after the slow
strain rate tests were completed. In a solution containing only 7.2 m CI-, the specimen exhibited
significant plastic deformation [Figure 2-11 (a)], which is characteristic of a ductile failure similar
to that tested in ambient air. In a HC0 3 solution plus 4.2 m ClI, however, a large number of
secondary stress corrosion cracks are present on the gage section of the specimen, and the
amount of plastic deformation is significantly reduced [Table 2-4 and Figure 2-11(c)]. The
fracture surface of this specimen exhibited numerous areas of transgranular cracking
characterized by the presence of quasi-cleavage features. Specimens tested in a solution
containing only HCO 3 ions [Figure 2-11 (b)] exhibit shallow fissures compared to the deep
cracks observed on the side surfaces of the specimen strained in the HC0 3 solution containing
4.2 m CI-. Figure 2-9d shows a 300 x view of the fissures in a solution containing only HC0 3
ions and transgranular cracking in a solution containing HC0 3 plus CI ions.

Additional slow strain rate tests evaluated the effect of bicarbonate ion concentrations, and the
data is included in Table 2-5 and Figure 2-10. The data shows that the time-to-failure ratio
(Wt1r) is a function of both bicarbonate and chloride concentrations at a constant temperature
and applied electrochemical potential (356 mVSCE). Comparing tVtfair for 1.1 m HCO 3- and 2.1 m
HC0 3- with various Cl concentrations, the time-to-failure ratios are generally lower at the higher
bicarbonate levels. At a constant chloride concentration of 2.2 m, the time-to-failure ratios
change from 0.66 to 0.39 as bicarbonate concentrations changes from 0.55 m to 2.1 m,
indicating the severity of stress corrosion cracking as the HC0 3- concentration increases.
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(a) (b)

(c) (d)

Figure 2-11. Scanning Electron Micrographs Showing Side Surfaces of Specimens
Strained at 356 mVSCE in Various Environments (a) 7.2 m CI- Only, (b) 1.1 m HC0 3 Only,
(c) 1.1 m HCO 3- + 4.2 m C- Solution, and (d) Higher Magnification Views of (b) Top and

(c) Bottom
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2.2.2.2 Effect of Applied Electrochemical Potential

Additional tests were conducted in an HCO3 solution containing 7.2 m Cl- to determine whether
a threshold potential exists below which no stress corrosion cracking occurs. The effect of
decreasing anodic potentials on stress corrosion cracking susceptibility was evaluated in a
series of tests.

The load versus time curves for slow strain rate tests conducted in HC0 3 - solutions with
7.2 m Cl- at various anodic potentials ranging from 56 to 356 mVSCE are shown in Figure 2-12.
The maximum value of the load and the failure time decrease with increasing anodic potential
as summarized in Table 2-5. Posttest scanning electron microscope images of the side
surfaces of specimens tested at electrochemical potentials of 56 to 356 mVSCE are shown in
Figure 2-13, and fracture surfaces comparing the appearance of fractures in 56 and 256 mVSCE

are shown in Figure 2-14. At a potential of 356 mVSCE, the specimen exhibited reduced ductility
and numerous transgranular cracks. Similarly, at an anodic potential of 256 mVScE, severe
transgranular cracking and reduced ductility were observed on the gage section of the
specimen. An enlarged view of the fracture surface shown in Figure 2-14(c and d) reveals a
quasi-cleavage-type fracture surface typical of transgranular stress corrosion cracking. At
156 mVSCE, the depth of secondary cracking was reduced, and some necking in the gage
section of the specimen was observed. At 56 mVSCE, the fracture surface was characterized by
microvoid coalescence typical of ductile failure [Figure 2-14(a and b)]. In this solution, the
transition from no cracking to stress corrosion cracking occurred at a potential close to
156 mVScE. The transition from no cracking to stress corrosion cracking was also observed in
simulated concentrated water. The data for mill-annealed Alloy 22 tested in simulated
concentrated water at 156 and 356 mVSCE are summarized in Table 2-4. Scanning electron
microscope micrographs comparing surfaces and fracture surfaces of the specimens tested in
simulated concentrated water at 156 and 356 mVSCE are presented in Figure 2-15. After testing
at 356 mVSCE, the side view of the gage length shows limited ductility with many well-defined
incipient cracks. A significant fraction of the fracture surface is characterized by transgranular
stress corrosion cracking exhibiting quasi-cleavage features. Ductile failure is confined to the
center of the gage length cross section. In contrast, after testing at 156 mVSCE, the side view of
the gage length shows ductile failure similar to those tested in air at ambient temperatures. In
simulated concentrated water, the transition from stress corrosion cracking to nonstress
corrosion cracking behavior occurred at a higher potential between 156 and 3 56,mVSCE. It is
apparent that Alloy 22 is less susceptible to stress corrosion cracking in simulated concentrated
water than in a HC0 3 solution with 7.2 m Cl- at 95 'C [203 'F].

2.2.2.3 Effect of Temperature

The results of slow strain rate tests conducted in 1.1 m HC0 3 solutions plus 2.2 m Cl- at
different temperatures are plotted in Figure 2-16. Both the time-to-failure and maximum load
ratios increased with decreasing temperature, reflecting the lower susceptibility of stress
corrosion cracking at lower temperatures. Scanning electron microscope micrographs of the
side surfaces of Alloy 22 specimens strained in HC0 3 solutions with 2.2 m Cl- at 356 mVSCE and
various temperatures are shown in Figure 2-17. For the specimen tested at 95 0C [203 OF], the
side view of the gage length shows limited ductility with many well-defined incipient cracks. In
contrast, the number of cracks was significantly reduced when the solution temperature was
reduced to 75 0C [167 OF]. At lower temperatures of 55 and 22 0C [131 and 72 'F], the stress
corrosion cracking susceptibility of Alloy 22 was further reduced, and the fracture was
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Figure 2-12. Load Versus Time Curves for Specimens Strained in
1.1 m HC03- + 7.2 m CI- Solution at 95 °C [203 OF] and Various

Electrochemical Potentials (1 N = 0.2248 Ibf)

completely ductile, even though some microcracks were observed on the side surface of the

specimen tested at 55 °C [131 OF].

2.2.3 Combined Effect of Chloride and Nitrate Ions

The results of slow strain rate tests conducted in chloride plus nitrate are listed in Table 2-6, and
the solutions are summarized in Figure 2-18. The time-to-failure ratios for all specimens tested
in chloride plus nitrate solutions were close to 1, indicating the absence of stress corrosion
cracking. The maximum load ratio is lower than 1, reflecting the higher value of the yield
strength for the specimen tested in air at room temperature. Increasing the chloride
concentration and the chloride-to-nitrate concentration ratio did not increase the stress
corrosion cracking susceptibility of the alloy. The posttest appearance of the slow strain rate
specimens is shown in Figure 2-19. All specimens display significant plastic deformation prior
to ductile failure. Although neither the chloride-to-nitrate concentration ratio nor the applied
potential of either 156 or 356 mVSCE altered the time-to-failure ratio or the maximum load, the
appearance of the specimens is dependent on test conditions. The number of fissures or
microcracks in the gage length is greatest in the tests conducted in 3.8 M NaCI and 0.38 M
NaNO 3 with a pH of 8.2 and an applied potential of 356 mVSCE [Figure 2-19(c)]. Decreasing the
applied potential decreased the number of fissures present in the specimen gage length.
Adjusting the solution pH to more alkaline conditions also decreased the number of fissures
[see Figure 2-19(a) versus 2-19(c) and Figure 2-19(b) versus 2-19(d)]. At a neutral pH, a large
number of small fissures was present. Variations in test conditions for the chloride-plus-nitrate
solutions, however, did not promote stress corrosion cracking of Alloy 22 at the strain rate used
in these tests.
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(a) (b)

(C)

Figure 2-13. Scanning Electron Micrographs Showing Specimen Strained in 1.1 m HC03-
Solution Containing 7.2 m CI- at 95 °C [203 °F] and Various Electrochemical Potentials

(a) 356 mVSCE, (b) 256 mVsCE, (c) 156 mVscE, and (d) 56 mVSCE
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(b)
(a)

(c) (d)

Figure 2-14. Scanning Electron Micrographs Showing Specimen Strained in 1.1 m HC03-
Solution Containing 7.2 m CI- at 95 °C [203 OF]: (a) Fracture Surface at 56 mVSCE,
(b) Higher Magnification View of Fracture Surface of (a), (c) Fracture Surface at

256 mVSCE, and (d) Higher Magnification View of (c)
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(a) (b)

(c)

Figure 2-15. Scanning Electron Micrographs Showing Specimen Strained in Simulated
Concentrated Water Solution: (a) Side Surface at 156 mVScE, (b) Fracture Surface of
Specimen in (a), (c) Side Surface at 356 mVSCE, and (d) Fracture Surface of Specimen

in (c)
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Figure 2-16. Load Versus Time Curves for Specimens Strained in
1.1 m HC0 3 Solution Containing 2.2 m CI- at 356 mVSCE at

Various Temperatures (1 N = 0.2248 Ibf)

2.3 Discussion and Conclusions

A series of slow strain rate tests evaluated the effect of variations in the water chemistry on the
stress corrosion cracking susceptibility of Alloy 22. The first set of tests was conducted in
simulated concentrated water and solutions derived from this water by the removal of one of its
anionic constituents. The second set of tests evaluated the effect of increasing chloride
concentrations in bicarbonate-containing solutions in which the bicarbonate concentration was
equal to that in the simulated concentrated water. Tests were conducted to evaluate the stress
corrosion cracking susceptibility of Alloy 22 with respect to solution chemistry, electrochemical
potential, and temperature. The third set of tests was performed in solutions containing chloride
plus nitrate at various chloride-to-nitrate molar concentration ratios. The concentration of
anionic species was changed in several tests. The following conclusions can be drawn.

(i) Transgranular stress corrosion cracking of mill-annealed Alloy 22 was observed in
Alloy 22 in simulated concentrated water and its variations at 95 'C [203 *F] and a high
anodic potential of 356 mVSCE. The bicarbonate ion is the predominant constituent
needed to promote stress corrosion cracking in simulated concentrated water. Pan, et
al. (2002) reported that mill-annealed Alloy 22 was not susceptible to stress corrosion
cracking in hot, concentrated chloride ion solutions and that crack growth rate decreases
in simulated concentrated water at approximately 356 mVSCE under a constant load using
compact tension specimens. Results of these slow strain rate tests indicate that the
composition of the test solution has a significant effect on the stress corrosion cracking
susceptibility of Alloy 22. Results obtained from subtracting anionic constituents from
simulated concentrated water revealed that bicarbonate is a necessary component of
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(b)

(c) (d)

Figure 2-17. Side Surfaces of Specimens Strained in 1.1 m HC03- Solution Containing
2.2 m Cr at 356 mVse and Temperatures of (a) 95 *C [203 °F], (b) 75 *C [167 0F], (c) 55 0C

[131 °F], and (d) 22 °C [72 °F]
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Figure 2-18. Maximum Load and Time-to-Failure Ratios for Alloy 22 Strained in

Cl- Plus NO3 Solutions at 95 °C [203 OF]

the environment that promotes the stress corrosion cracking susceptibility of
mill-annealed Alloy 22. This difference on stress corrosion resistance corresponds to
the noted difference in the anodic polarization curves. The anodic current density peak
is absent from the anodic polarization curve obtained in the absence of bicarbonate, as
shown in Figure 2-4.

(ii) The results of these slow strain rate tests indicate that two major anionic constituents of
simulated concentrated water, the HCO3 and Cl- ions, synergistically promote stress
corrosion cracking of Alloy 22 in simulated concentrated water. At a constant HCO3 ion
concentration, the severity of stress corrosion cracking increases as the Cl-
concentration increases. The effect is pronounced at low Cl- concentrations; however,
the stress corrosion cracking susceptibility increases almost continuously up to the CI-
saturation. This difference in the stress corrosion resistance behavior corresponds to
the noted difference in the anodic polarization curves. At a constant chloride
concentration, the susceptibility to stress corrosion cracking increased significantly with
increasing bicarbonate concentration, as a result of the noted synergism.

(iii) For simulated concentrated water and its variations containing HCO3- and CI- ions, the
stress corrosion cracking susceptibility of Alloy 22 is strongly dependent on applied
electrochemical potentials. For simulated concentrated water, the transition from no
cracking to transgranular stress corrosion cracking occurs between 156 and 356 mVSCE.
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(a) (b)

(c) (d)

Figure 2-19. Fracture End of Specimens Strained in NaCI Plus NaNO 3 Solutions:
(a) 3.8 M NaCI + 0.38 M NaNO 3, EA,1 I = 356 mVscE, pH = 9.8; (b) 3.8 M NaCI + 0.38 M

NaNO 3, EAd = 156 mVsE, pH = 9.8; (c) 3.8 M NaCI + 0.38 M NaNO 3, Ep.11, = 356 mVSCE,
pH = 8.2; and (d) 7.6 M NaCI + 0.38 M NaNO 3, EAppI.d = 356 mVSCE, pH = 7.0
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For a 1.1 m HC03- and 7.2 m Cl- solution, the transition occurs at approximately
156 mVSCE. It has been established that stress corrosion cracking of mill-annealed
Alloy 22 in hot, simulated concentrated water is dependent on potential (Estill, et al.,
2002; King, et al., 2002). The maximum stress corrosion cracking susceptibility occurs
at potentials in the range 306 to 356 mVSCE.

(iv) At a constant anodic applied potential of 356 mVSCE, the susceptibility of Alloy 22 to
stress corrosion cracking in bicarbonate plus chloride solutions decreases as
temperature decreases, and no stress corrosion cracking was observed at
room temperature.

(v) No stress corrosion cracking was observed in NaCI-NaNO 3 solutions in the absence of
bicarbonate ions. A nitrate-to-chloride molar concentration ratio greater than 0.1 is
required for inhibiting localized corrosion of mill-annealed Alloy 22 in chloride solutions
(Cragnolino, et al., 2004). Stress corrosion cracking did not occur in chloride plus nitrate
solutions regardless of the value of the nitrate-to-chloride molar concentration ratio,
which, in the solutions used in the tests, was varied from 0.1 to 0.05 as listed in
Table 2-6.
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3 EFFECT OF FABRICATION PROCESSES ON STRESS
CORROSION CRACKING

Fabrication of the Alloy 22 outer container for the waste package will require multiple processes,
including welding and solution annealing. In this study, slow strain rate tests were conducted to
evaluate the effect of simulated groundwater chemistry variations on the stress corrosion
cracking susceptibility of Alloy 22 weldments. Welds were produced using gas-metal and
gas-tungsten arc welding methods (ASM International, 1993). Particular attention was paid to
simulated concentrated water and the combined effects of chloride and bicarbonate ions in
aqueous solutions that were shown to promote stress corrosion cracking of mill-annealed
Alloy 22 at high anodic potentials, as described in Chapter 2 of this report.

3.1 Welding Processes for Mill-Annealed Alloy 22

Alloy 22 was analyzed and tested in a variety of metallurgical conditions expected to bound the
range of conditions resulting from the fabrication of the waste package outer container.
Chemical compositions of the materials used in this study are provided in Table 3-1. Plate
materials met the chemical composition specified in ASTM B-575 for the UNS N06022 alloy
designation (ASTM International, 2004a). Filler materials met the chemical composition
specified in SFA 5.14 for Er-Ni-Cr-Mo-10 filler metal (American Society of Mechanical
Engineers, 2001 b).

Welded plates were prepared by machining 25.4-mm [1-in]-thick Alloy 22 plates to dimensions
of 7.6 x 61 cm [3 x 24 in]. The weld joint was a single U-groove design with an included angle
of 420. Welding was performed by Roben Manufacturing Company Incorporated (Lakewood,
New Jersey) (Welding Procedure Specification 43-7-0). A combination of gas-tungsten arc
welding of the root pass and filler passes with gas-metal arc welding (Welding Procedure
Specifications 43-7-0 and 43-3-0) was used. Both welding methods were qualified in
accordance with the criteria identified in the American Society of Mechanical Engineers Boiler
and Pressure Vessel Code (American Society of Mechanical Engineers, 2003). Gas-tungsten

Table 3-1. Composition of Alloy 22 Heats and Er-Ni-Cr-Mo-10 Filler Metal

Material Ni* Cr* Mo* W* Fe* Co* Si* Mn* V* P* S* Cu* C*

Alloy 22 Heat
2277-1-3164 Balt 21.15 13.47 3.26 3.93 1.27 0.02 0.23 0.11 0.007 0.003 N/A 0.003
25.4 mm [1 in]

Er-Ni-Cr-Mo-10
Filler Heat
WN813 Bal 22.24 13.7 3.13 2.37 0.41 0.02 0.34 0.01 0.003 0.001 0.01 0.003
2.38 mm
[0.0938 in]

Er-Ni-Cr-Mo-10
Filler Heat Bal 20.25 14.13 2.99 2.56 0.07 0.06 0.20 0.04 0.008 0.001 0.09 0.005
XX1977BG11
1.14 mm [0.045 in]

*Ni-Nickel, Cr-Chromium, Mo-Molybdenum, Fe-lron, Co-Cobalt, Mn-Manganese, V-Vanadium, P-Phosphorus,

S-Sulfur, Cu-Copper, C-Carbon
tBal-Balance
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arc welding of the root pass was performed using matching filler metal and a 75-percent argon
and 25-percent helium shielding gas. Multiple passes were required to complete the weld. The
maximum interpass temperature was limited to 121 0C [250 OF]. Welding was conducted using
a current ranging from 75 to 180 amps, an electrode voltage of 9 to 24 volts, and a travel speed
of 25 to 33 cm/s [10 to 13 in/s]. Gas-metal arc welding was also performed using matching filler
metal, a 75-percent argon and 25-percent helium shielding gas, and a maximum interpass
temperature of 121 0C [250 OF]. Welding was conducted using a current ranging from 140 to
160 amps, an electrode voltage of 9 to 24 volts, and a travel speed of 25 to 33 cm/s [10 to
13 in/s].

All welded materials used in tests of mechanical properties were inspected using radiographic
testing performed by IHI Southwest Technologies (San Antonio, Texas). The radiographic
testing was performed in accordance with procedure SWR-NN-RT1 using a Sperry x-ray
machine operated at 290 kV. Film from all welds was interpreted by an American Society
for Nondestructive Testing level II technician. All welds met the acceptance criteria of
ASME NC-5320 (American Society of Mechanical Engineers, 2001a). The appearance of the
fusion zone of the gas-metal arc welded Alloy 22 welds in the as-welded condition and after
solution annealing at 1,125 0C [2,057 OF] for 20 minutes is shown in Figure 3-1(a and b),
respectively. Polished and etched cross sections of the welds in the as-welded and
solution-annealed conditions are illustrated in Figure 3-2(a and b).

The fusion zone is clearly delineated. Microstructural analysis of the welds was performed
using an optical microscope connected to an image analyzer. Metallurgical samples were
prepared using standard polishing techniques and electrochemical etching in an oxalic acid
solution. A short etching time of a few seconds minimized removal of precipitates as a result of
overetching. The microstructure of the as-welded and welded plus solution-annealed samples
was analyzed using optical microscopy. The volume percent of the precipitates was measured
from optical micrographs using imaging analysis software along the centerline of the weld fusion
zone. An areal analysis method determined the amount of precipitation. Table 3-2 provides
results of the volume fraction of precipitates in the fusion zone measured on gas-metal arc
welded Alloy 22 in the as-welded condition and after solution annealing at 1,125 'C [2,057 OF]
for 20 minutes. The mean and standard deviation values reported in Table 3-2 are the results of
26 measurements of the volume percent of precipitates conducted in the as-welded sample and
22 measurements of the volume percent of precipitates conducted in the solution-annealed
sample. The relatively large standard deviations indicate an inhomogeneous distribution of
precipitates in both the as-welded and welded solution-annealed samples. The formation of
precipitates in the fusion zone of the weld has been discussed previously by Dunn, et al.
(2005a,b).

Table 3-2. Volume Fraction of Precipitates in the Fusion Zone of the Weld Measured on
Welded and Welded + Solution-Annealed Alloy 22

Number of Amount of Precipitates

Heat Treatment Condition Measurement (N) (Volume Percent)

Gas-Metal Arc Welded (As-Welded) 26 0.76 _ 0.40

Gas-Metal Arc Welded + Solution 22 0.47 ± 0.323
Annealing

{1,125 _C [2,075 _F]_20 minutes}
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(a)

ID)

Figure 3-1. Microstructure of Gas-Metal Arc Welded Alloy 22 in (a) As-Welded Condition
and (b) Welded and Solution Annealed at 1,125 °C [2,075 OF] for 20 Minutes
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(a)

(b)

Figure 3-2. Polished and Etched Cross Sections of Gas-Metal Arc Welding Alloy 22 in
(a) As-Welded Condition and (b) Welded and Solution Annealed at 1,125 *C [2,075 *F] for

20 Minutes
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The room temperature tensile properties of the as-welded and the welded and
solution-annealed condition are shown in Table 3-3 in comparison to the mill-annealed material.
The gas-metal arc welded material exhibits higher yield strength and reduced ductility as
compared to the mill-annealed Alloy 22. The yield strength of mill-annealed Alloy 22 is 347 MPa
[50 ksi]. After welding, the yield strength increased to 545 MPa [79.1 ksi]. After solution
annealing at 1,125 'C [2,057 'F] for 20 minutes, the yield strength remained at a relatively high
value of 386 MPa [56.1 ksi]. On the other hand, the ductility of the gas-metal arc welded alloy
was reduced. The mill-annealed Alloy 22 has a high percentage of elongation of 71 percent. In
the as-welded condition, the percentage elongation was reduced to 46 percent. After solution
annealing at 1,125 0C [2,057 °F] for 20 minutes, the percentage of elongation was further
reduced to 19 percent in correspondence with a low value of the ultimate tensile strength. The
test results showed that the tensile properties of the gas-metal arc welded Alloy 22 are strongly
affected by welding and postweld heat treatment.

The welded Alloy 22 material used in the stress corrosion cracking tests was made with a
combination of gas-tungsten arc welding of the root pass and filler passes with gas-metal arc
welding. Slow strain rate test specimens were machined from welded plates in the as-welded
and solution-annealed conditions. Solution annealing was performed in a laboratory oven at a
temperature of 1,125 0C [2,057 'F] for 20 minutes. Subsequently, specimens were removed
from the oven and water quenched. The slow strain rate test specimens were machined so that
the gage length of the specimen covered the fusion zone of the weld.

The objective of the current work was to use slow strain rate tests to evaluate the effect of
variations in the simulated groundwater chemistry on the stress corrosion cracking susceptibility
of Alloy 22 weldment. Testing was conducted in accordance with ASTM G-1 29 procedure
(ASTM International, 2003). The evaluation focused on two groundwater chemistries:
simulated concentrated water and the 1.1 m HCO3 plus 2.2 m Cl- ion solutions. Both solution
chemistries promoted stress corrosion cracking of mill-annealed Alloy 22 at high anodic
potentials. All tests were performed at 95 0C [203 'F] and a constant applied potential of
356 mVSCE using a constant strain rate of 3.2 x 10-'/s. In both the as-welded condition and the

Table 3-3. Room Temperature Tensile Properties of Welded and Heat-Treated Alloy 22

Tensile Yield Reduction
Specimen Strength Strength Elongation in Area Modulus
Condition MPa [ksi] MPa [ksi] (Percent) (Percent) MPa [ksi]

Mill-Annealed 787 347 71 79 1.95 x 105
[114.2] [50.3] [2.83 x 104]

Gas-Metal Arc 780 545 46 58 1.90 x 105

Welding [113.2] [78.1] [2.75 x 104]
As-Welded

Gas-Metal Arc 587 386 19 39 1.84 x 105

Welding Solution [85.1] [56.1] [2.67 x 104]
Annealed
1,125 0C

[2,075 0F]
20 minutes
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welded solution-annealed condition, tests conducted in air at room temperature were used as a
control. The time-to-failure ratio in solution to that in air is used as a parameter to evaluate the
stress corrosion cracking susceptibility. After the tests, the fracture and side surfaces of the
specimens were evaluated using optical microscopy and scanning electron microscopy.

The first series of tests was conducted using gas-metal arc welded Alloy 22 in the as-welded
condition. The second series of tests were conducted using gas-metal arc welded Alloy 22 after
solution annealing at 1,125 °C [2,057 OF] for 20 minutes. The results of slow strain rate tests,
including time-to-failure (t1) and time-to-failure ratio (ttapr) for gas-metal arc as-welded and
welded and solution-annealed conditions are summarized in Table 3-4. The results for
mill-annealed Alloy 22 are also included for comparison.

3.2 As-Welded Alloy 22

The gas-metal arc as-welded Alloy 22 specimen test in air had a failure time of 34.8 hours. In
contrast, the mill-annealed Alloy 22 tested in air had a failure time of 70.2 hours. The significant
reduction in failure time (approximately 50 percent) can be attributed to the microstructure
change in the weldment that resulted in increased yield strength and reduced ductility
(Table 3-3). When the as-welded specimen was tested in simulated concentrated water at
95 0C [203 OF] and 356 mVSCE, the failure time was 36.1 hours, with a time-to-failure ratio of
1.04. In contrast, when the as-welded specimen was tested in 1.1 m HC0 3- plus 2.2 m Cl-
solution, the stress corrosion cracking time-to-failure ratio in solution versus air (ttfa~r) was
reduced to 0.86. From these results, it is evident that the as-welded material is more resistant
to stress corrosion cracking than the mill-annealed Alloy 22. It is also evident that simulated
concentrated water solution has only a minor effect on the weldment, and the welded Alloy 22 is
more susceptible to stress corrosion cracking in a bicarbonate plus 2.2 m CI- solution.

Scanning electron micrographs of the specimens from the completed slow strain rate test are
presented in Figures 3-3, 3-4, and 3-5 for the as-welded Alloy 22 tested in air, simulated
concentrated water, and 1.1 m HC0 3 plus 2.2 m Cl- solution, respectively. The air control
specimen exhibits some degree of plastic deformation (Figure 3-3). The specimen tested in
simulated concentrated water exhibits some degree of plastic deformation similar to that tested
in air. Minor transgranular cracking was observed as evidenced by several fissures on the gage
length of the specimen. The fissures on the side surfaces appear to be very shallow
(Figure 3-4). In contrast, when tested in a 1.1 m HC0 3 plus 2.2 m Cl- solution (Figure 3-5), a
large number of secondary stress corrosion cracks are observed on the weld fusion zone, and
the amount of plastic deformation is significantly reduced. The fracture surface of this specimen
exhibits a number of areas of transgranular cracking characterized by the presence of
quasi-cleavage features.

3.3 Welded and Annealed Alloy 22

Additional tests were conducted to determine the effect of solution annealing heat treatment
after welding on the stress corrosion cracking susceptibility in simulated concentrated water and
in a 1.1 m HCO3 plus 2.2 m CI-solution. The results of slow strain rate tests for the gas-metal
arc welded material after solution annealing at 1,125 0C [2,057 OF] for 20 minutes are listed in
Table 3-4. The specimen tested in air had a failure time of 55.3 hours. The failure time is
almost 60 percent higher than that of the as-welded specimen but 20 percent less than that of
the mill-annealed Alloy 22. This is consistent with the microstructure analysis showing that
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Table 3-4. Slow Strain Rate Test Conditions and Results for Welded Alloy 22

Time to Stress
Specimen Temperature EApplied Failure tf Corrosion
Condition Environment (°C) [OF] pH,* (mVSCE) (h) tftfair Cracking

Mill- Air 22 0C N/At N/A 70.2 1.00
Annealed [72 OF]

Mill- Simulated 95 0C 8.9 356 54.8 0.77 Y
Annealed Concentrated [203 OF]

Water

Mill- 1.1 m HCO3- + 95 0C 8.7 356 46.1 0.65 Y
Annealed 2.2 m C0- [203 OF]

Gas-Metal Air 22 0C N/A N/A 34.8 1.00
Arc Welding [72 OF]
As-Welded

Gas-Metal Simulated 95 0C 8.3 356 36.1 1.04 Yt
Arc Welding Concentrated [203 °F]
As-Welded Water

Gas-Metal 1.1 m HCO 3 + 95 0C 8.6 356 30.1 0.86 Y
Arc Welding 2.2 m CI- [203 OF]
As-Welded

Gas-Metal Air 22 0C N/A N/A 55.3 1.00
Arc Welding [72 0F]

Solution
Annealed

Gas-Metal Simulated 95 °C 8.7 356 50.0 0.90 Y
Arc Welding Concentrated [203 OF]

Solution Water
Annealed

Gas-Metal 1.1 m HCO;- + 95 0C 8.6 356 40.3 0.72 Y
Arc Welding 2.2 m CI- [203 OF]

Solution
Annealed

*pHj: initial pH

tN/A-not applicable
$Minor transgranular cracking, mostly on side surfaces
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(a) (b)

(c) (d)

Figure 3-3. Scanning Electron Micrographs Showing Gas-Metal Arc Welding As-Welded
Alloy 22 Specimens Strained in Air: (a) Fracture Surface, (b) Higher Magnification View

of Fracture Surface of (a), (c) Side Surface, and (d) Higher Magnification View of
Side Surface of (c)
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(a) (b)

(C) (d)

Figure 3-4. Scanning Electron Micrographs Showing Gas-Metal Arc Welding As-Welded
Alloy 22 Specimens Strained in Simulated Concentrated Water at 95 °C [203 °F] and

356 mVSCE: (a) Fracture Surface, (b) Higher Magnification View of Fracture Surface of (a),
(c) Side Surface, and (d) Higher Magnification View of Side Surface of (c)
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(a) (b)

(C) (d)

Figure 3-5. Scanning Electron Micrographs Showing Gas-Metal Arc Welding As-Welded
Alloy 22 Specimens Strained in 1.1 m HCO3 Solution Containing 2.2 m CI at 95 °C

[203 °F] and 356 mVSCE: (a) Fracture Surface, (b) Higher Magnification View of Fracture
Surface of (a), (c) Side Surface, and (d) Higher Magnification View of Side Surface of (c)
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solution annealing reduces the amount of precipitation in the fusion zone of the weldment
(Table 3-2 and Figure 3-2). When the welded plus solution annealing specimen was tested in
simulated concentrated water at 95 °C [203 *F] and 356 mVSCE, the time-to-failure ratio was
0.90. The time-to-failure ratio was further reduced to 0.72 in a 1.1 m HCO 3 plus 2.2 m CI
solution. Scanning electron micrographs of the specimens illustrate the effect of groundwater
chemistries on stress corrosion cracking susceptibility of welded and solution-annealed Alloy 22
(Figure 3-6). The specimen tested in air exhibits a significant degree of plastic deformation
[Figure 3-6(a)]. No secondary cracks are observed on the side surface [Figure 3-6(b)]. Many
shallow secondary cracks are present in the fusion zone of the weldment for the specimen
tested in the simulated concentrated water solution as observed on the side surface
[Figure 3-6(d)]. The fracture surface [Figure 3-6(c)] has some quasi-cleavage like areas. In the
1.1 m HC0 3 plus 2.2 m CI solution, a significant fraction of the fracture surface is characterized
by transgranular stress corrosion cracking exhibiting quasi-cleavage features [Figure 3-6(e)],
and the side surface exhibits a significant number of secondary cracks [Figure 3-6(f)].

Polished and etched cross sections of the welded and solution-annealed Alloy 22 tested in a
1.1 m HC0 3 plus 2.2 m CI solution at 95 0C [203 °F] and 356 mVSCE are shown in
Figure 3-7(a and b). Numerous secondary cracks are observed over the entire weldment.
These cracks have transgranular depth range from 40 pm [1.6 x 10-3 in] to approximately
300 pm [12 x 10-3 in] extend into the base alloy.

3.4 Discussion and Conclusions

In a 1.1 m HC03- plus 2.2 m C[- solution, the stress corrosion cracking time-to-failure ratio in
solution versus air (ttir) in mill-annealed condition is 0.65. In the gas-metal arc welding
as-welded condition, the stress corrosion cracking time-to-failure ratio in solution versus air is
0.86. In the welded plus annealed condition, the stress corrosion cracking time-to-failure ratio in
solution versus air is 0.72. Thus, the stress corrosion cracking time-to-failure ratio in solution
versus air is largest for the as-welded condition, followed by the welded and solution-annealed
condition. The stress corrosion cracking time-to-failure ratio in solution versus air is smallest for
the mill-annealed Alloy 22.

The following conclusions can be drawn from this study

Tensile properties of Alloy 22 are affected by gas-metal arc welding and postweld
annealing heat treatment.

In the as-welded condition, minor transgranular cracking was observed in simulated
concentrated water at 95 °C [203 °F] and 356 mVSCE.

In the welded and solution-annealed conditions, stress corrosion cracking was observed
in both simulated concentrated water and 1.1 m HC03- plus 2.2 m Cl-solutions at 95 °C
[203 °F] and 356 mVSCE. Transgranular cracking was observed in both the fusion zone
of the weld and the base alloy.
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(b)
(a)

(c) (d)

(e) (f)

Figure 3-6. Scanning Electron Micrographs Showing Fracture Surface and Side Surface
of Gas-Metal Arc Welded and Solution-Annealed Alloy 22 Specimens Strained in (a) and

(b) Air, (c) and (d) Simulated Concentrated Water at 95 0C [203 OF] and 356 mVscE, and
(e) and (f) 1.1 m HC0 3 Solution Containing 2.2 m CI- at 95 °C [203 °F] and 356 mVSCE
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(a)

(b)

Figure 3-7. Optical Micrographs Showing Cross Section of Gas-Metal Arc Welded and
Solution-Annealed Alloy 22 Specimens Strained in 1.1 m HCO 3 Solution Containing

2.2 m CI- at 95 °C [203 *F] and 356 mVSCE: (a) Fracture End of the Specimen and
(b) Interface Between Fusion Zone and Base Alloy
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In 1.1 m HCO3 plus 2.2 m Cl- solution, the stress corrosion cracking time-to-failure ratio
in solution versus air (tqir) in mill-annealed, welded, and welded plus annealed
conditions exhibits the following trend:

(tf/far)m ill-annealed < ttfi)welded+annealed < (ttaras-welded

The occurrence of secondary transgranular cracks in the base metal at locations
away from the gage length, as seen in Figure 3-7(b), is an additional indication that the
mill-annealed material is more prone to stress corrosion cracking than the welded alloy,
because the shoulder region is far less strained than the gage length.

For all the conditions tested (mill-annealed, welded, and welded plus annealed), Alloy 22
is more susceptible to stress corrosion cracking in bicarbonate plus 2.2 m Cl- solution
than in simulated concentrated water.
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4 SURFACE ANALYSES OF ALLOY 22

Alloy 22 is a corrosion-resistant material in a wide range of aqueous environments primarily due
to the formation of a stable, chromium-rich passive film on the alloy surface. Environmental
conditions that promote stress corrosion cracking are likely to alter the characteristics of the
oxide, such as the composition, thickness, or morphology. Such changes to the oxide film may
be quantified and possibly linked to the onset of degradation mechanisms. Little work has been
reported on (i) the relationship, if any, between the environmental conditions where stress
corrosion cracking of Alloy 22 can occur and (ii) the characteristics of the oxide film. In this
chapter, characterization of the oxide film on Alloy 22 is presented. The objective was to
compare the oxide film compositions formed under conditions that are known to promote stress
corrosion cracking with the oxides formed under benign conditions. Oxide films were produced
under controlled conditions in a range of solutions and included conditions where stress
corrosion cracking has been observed. The compositions of the oxide films were determined
using x-ray photoelectron spectroscopy. The composition as a function of oxide layer thickness
was determined by progressively sputtering through the oxide film. Emphasis was placed on
the concentration profile of the major alloying elements (nickel, chromium, and molybdenum).

4.1 Material and Surface Analysis Method

The chemical composition of Alloy 22 used in this study is provided in Table 2-1. All specimens
were tested in the mill-annealed condition. Test specimens measuring 19 x 13 x 4 mm
[0.75 x 0.51 x 0.16 in] were machined from a 12.7-mm [0.5-in] plate. The specimens were
polished to a 2,000-grit finish and ultrasonically cleaned in acetone and deionized water.
Specimens were immersed in 350 mL [0.09 gal] of test solution contained within a glass test cell
with a polytetrafluoroethylene lid. The test cell was also fitted with a platinum counter electrode,
a water-cooled Luggin probe with a saturated calomel electrode used as a reference, a purge
tube with sintered glass frit, a gas outlet with a water trap, and a thermowell for the thermometer
and the platinum resistance temperature device. Tests were conducted at 95 'C [203 'F] in
solutions deaerated with high purity nitrogen. The testing conditions considered the boiling
point of the test solutions and the increased susceptibility to stress corrosion cracking at
elevated temperature, as well as the results of slow strain rate tests in simulated concentrated
water and variations of this solution. The simulated concentrated water contained sodium (Na*),
potassium (K'), chloride (CI-), fluoride (F-), nitrate (NO3 , sulfate (SO42-), and bicarbonate
(HCO-). The concentrations of these species are shown in Table 2-3. A summary of the
Alloy 22 specimens analyzed by x-ray photoelectron spectroscopy is given in Table 4-1. These
conditions included the effect of potential and CI-, HC0 3 , and NO3-, which are the anions
identified as critical species in terms of stress corrosion cracking and localized
corrosion susceptibility.

Specimens were held potentiostatically at 100 or 400 mVSCE for 7 days. Following potentiostatic
polarization, the test specimens were removed from the test cells and gently rinsed in deionized
water. The specimens were then analyzed using x-ray photoelectron spectroscopy for the
concentration depth profiles of the surface oxide film. Depth profiles were obtained by
progressively alternating argon sputtering and spectroscopic analyses. The concentration for
each element was calculated from the total peak area of the corresponding core-level peak and
corrected with the sensitivity factor (Moulder, et al., 1992). The oxidation states of each element
were determined from curve fits of individual high-resolution spectra.
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Table 4-1. Summary of X-Ray Photoelectron Spectroscopy Results of Alloy 22
Electrochemically Treated in Various Deaerated Solutions at 95 OC [203 OF]

Oxide Film Presence of
Potential SCC* Thickness Cr20 3-Rich

Solution (mVSCE) Expected? Observations nm [mil] Layer?

None (air- None No Thin oxide with 1.7 Yes
formed oxide) chromium, nickel, and [6.7 x 10-5]

molybdenum

0.028 M NaCI 100 No Thin oxide with 5.4 Yes
chromium, nickel, and [2.1 x 10-4]
molybdenum

SCWt 100 No Thick oxide with 40 No
reduced chromium [1.6 x 10-']
concentration

SCWt 400 Yes Very thick oxide with 280 No
reduced chromium and [1.1 x 10-2]
molybdenum
concentrations

[C[-] as in 400 No Thick oxide with 120 Yes
SCWt chromium, nickel, and [4.7 x 10-3]

molybdenum

[HCO;] as in 100 No Thin oxide with 15 Yes
SCWt chromium, nickel, and [5.9 x 10-4]

molybdenum

[HCO3-] as in 400 Yesf Thick oxide with 150 No
SCWt reduced chromium and [5.9 x 10-3]

molybdenum
concentrations

[CI-] + [HCO 3-] 100 No Thick oxide with 90 Yes
as in SCWt chromium, nickel, and [3.5 x 10-3]

molybdenum

[CI-] + [HCO3-] 400 Yes Thick oxide with 170 No
as in SCWt reduced chromium and [6.7 x 10-3]

molybdenum
concentrations

[CI-] + [NO 3 -] 400 No Thick oxide with 40 Yes
as in SCWt chromium, nickel, and [1.6 x 10-3]

molybdenum

*SCC-stress corrosion cracking

tSCW-simulated concentrated water
tMinor transgranular cracking, mostly on side surface
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According to Moulder, et al. (1992), the error in x-ray photoelectron spectroscopy analysis is
material dependent and ranges from 10 to 20 percent. The sputtering rates were calibrated by
conducting depth profiling through an SiO 2 film under the same sputtering conditions.

4.2 Oxide Film Concentration Profiles

The x-ray photoelectron spectroscopy analyses of the control specimen with an air-formed oxide
and the specimen treated under potentiostatic condition at 100 mVSCE in a 0.028 M NaCI
solution are shown in Figures 4-1 and 4-2, where atomic concentrations of major alloying
elements and their species contributions are provided (Dunn, et al., 2005c). The relation
between sputtering time and equivalent depth was calculated using a sputtering rate of
2.27 nm/min [8.94 x 10-5 mil/min] obtained from an SiO 2 film under the same sputtering
conditions. In both specimens, three regions can be defined in the concentration depth profiles:
the outer contamination layer (I), the inner passive layer (11), and the base material (111). The
high carbon concentration on the as-treated surface (Region I) was caused by atmospheric
contamination during transfer of the specimens in air. Region II represents the passive film,
where a mixture of nickel and chromium oxides is present. The passive film grown at
100 mVSCE in 0.028 M NaCI had a high ratio of chromium to nickel at the outer side and a
decreased ratio at the inner side of the film. Nevertheless, the concentration depth profiles
show an increased chromium concentration, but low nickel and molybdenum concentrations, in
the passive film compared to the bulk alloy, as denoted in Figure 4-2. Additionally, the outer
side of the film is rich in chromium oxides, primarily Cr 20 3. The thickness of the passive film
was determined by the depth at which the nickel concentration reached a constant value. From
this criterion, the passive film formed on the electrochemically treated Alloy 22 surface at
100 mVSCE is approximately 5.4 nm [2.1 x 10' mils]. Unlike the electrochemically treated
Alloy 22 specimen, the ratio of chromium to nickel remains low across the passive layer in the
air-grown oxide film that is rich in metallic nickel with a low Cr20 3 concentration. The air-formed
oxide film on the control specimen is approximately 1.7 nm [0.67 x 10-4 mils].

The concentration depth profiles for the specimens tested in simulated concentrated water are
shown in Figures 4-3 and 4-4. The analysis of the specimen polarized at 100 mVSCE
(Figure 4-3) shows a strong signal for carbon in the outer contamination layer. Under the
contamination layer, the oxide film has low signals for chromium, nickel, and molybdenum.
A significant increase in the nickel concentration was observed at depths greater than 15 nm
[5.9 x 10-4 mils]. The chromium concentration in the oxide formed in simulated concentrated
water is about five times lower than the chromium concentration in the dilute (0.028 M CI-)
solution. The oxide formed in simulated concentrated water is approximately 40 nm
[1.6 x 10-' mils], significantly thicker than the oxide formed in the dilute Cl- solution. At a
potential of 400 mVSCE (Figure 4-4), the oxide film is approximately 280 nm [1.1 x 10-2 mils].
The oxide thickness increases by a factor of seven compared to the oxide formed at 100 mVSCE
in simulated concentrated water. Low chromium and molybdenum concentrations are obvious
in the outer 200 nm [7.8 x 10' mils] of the thick oxide. Neither case has a distinct Cr 20 3-rich
underlayer evident at the outer surface.

The x-ray photoelectron spectroscopy result for the specimen potentiostatically held at
400 mVSCE in a 0.19 M CI- solution {i.e., the same [CI-] as simulated concentrated water with no
other anions} at 95 0C [203 'F] is shown in Figure 4-5. Compared to the oxide produced in
simulated concentrated water at the same potential, the oxide produced in 0.19 M Cl- is thinner
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{approximately 120 nm [4.7 x 10-3 mils]} and contains a significant concentration of chromium.
The contribution of chromium oxides predominated in the outer layer. Note that the chromium
concentration is lower than that measured in the dilute (0.028 M CI-) solution at 100 mVSCE. The
concentration of molybdenum is also lower than that observed in the oxide film developed in the
dilute CI- solution.

Data for the specimens prepared in a 1.14 M HCO 3 solution (i.e., the same HCO 3-
concentration as in simulated concentrated water with no other anions) at 95 °C [203 OF] is
shown in Figures 4-6 and 4-7. The oxide film formed at 100 mVSCE is approximately 15 nm
[5.9 x 10-4 mils] and is rich in chromium oxides. At a potential of 400 mVSCE (Figure 4-7), the
oxide film thickness is approximately 150 nm [5.9 X 10-3 mils], similar to the oxide produced in
0.19 M CI- at the same potential. In contrast to the data for the 0.19 M CI- solution shown in
Figure 4-5, the oxide produced in the HCO 3- solution has low chromium and molybdenum
concentrations. The distinct Cr20 3-rich underlayer is also not evident. The oxide produced in
the 0.19 M CI- solution contains about 10 at% chromium. Taking this value as a point for
comparison, the oxide produced in 1.14 M HCO 3- solution does not reach 10 at% until a depth
of approximately 120 nm [4.7 x 10-3 mils]. For oxide produced in the simulated concentrated
water solution at 400 mVSCE, a chromium concentration of 10 at% was not observed until
sputtering had removed more than 250 nm [9.8 x 10-3 mils]. The oxide produced in the HCO 3-
solution also has a slightly higher nickel concentration compared to the oxide formed in
simulated concentrated water.

Figures 4-8 and 4-9 show the concentration depth profiles for the specimens treated in a
0.19 M CI- plus 1.14 M HCO 3- solution {i.e., the same [CI-] + [HC03-] as simulated concentrated
water with no other anions} at 95 'C [203 OF]. The oxide films formed in the 0.19 M CI- plus
1.14 M HCO3 solution at 100 and 400 mVScE are almost the same as those formed in the
HCO 3- solution (see Figures 4-6 and 4-7) except for a much thicker oxide produced at
100 mVSCE in the 0.19 M CI- plus 1.14 M HCO 3- solution. The oxide film is approximately 90 nm
[3.5 x 10- 3 mils] at 100 mVSCE and 170 nm [6.7 x 10-3 mils] at 400 mVSCE.

The concentration depth profile for the specimen potentiostatically held at 400 mVSCE in a
0.19 M Cl- plus 1.10 M N03- solution {i.e., the same [CI-] + [N0 3 ] as simulated concentrated
water with no other anions} at 95 'C [203 OF] is shown in Figure 4-10. Compared to the oxide
produced in the 0.19 M CI- solution at the same potential, the oxide produced in 0.19 M CI- plus
1.10 M NO3- is thinner {approximately 40 nm [1.6 x 10-3 mils]} and contains a significant
concentration of chromium and a distinct Cr20 3-rich underlayer.

4.3 Oxide Film Characteristics and Stress Corrosion Cracking

The effect of simulated groundwater chemistry variations on the electrochemical response and
stress corrosion cracking susceptibility of Alloy 22 has been investigated, as discussed in
Chapter 2. Results of cyclic potentiodynamic polarization tests in simulated concentrated
water-based solutions are shown in Figure 2-4. The cyclic potentiodynamic polarization curves
obtained in simulated concentrated water and simulated concentrated water without either NO3,
F-, or S042- had an anodic peak at 250 mVSCE with a peak current density of approximately
10-3 A/cm 2 [0.93 A/ft2], but those obtained in simulated concentrated water without HCO 3- did
not exhibit the characteristic anodic peak at 250 mVSCE. Slow strain rate tests in simulated
concentrated water and variations of this solution showed that HCO3 is the predominant
constituent needed to promote stress corrosion cracking in simulated concentrated water.
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Stress corrosion cracking in simulated concentrated water was also found to be dependent on
potential. The maximum stress corrosion cracking susceptibility occurs at potentials in the
range of 350 to 400 mVSCE. The anodic peak at 250 mVSCE seems to be related to the
electrochemical conditions required to promote stress corrosion cracking when the oxide film is
ruptured at high anodic potentials.

Analyses of the passive films formed on Alloy 22 have shown that the composition and structure
of the passive films depend largely on the pH of the solution and the applied potential
(Bechtel SAIC Company, LLC, 2004c). Lloyd, et al. (2003) analyzed the passive films on the
Alloy 22 specimens potentiostatically treated in a solution of 1 M NaCI plus 0.1 M H2SO 4 (pH 1)
using x-ray photoelectron spectroscopy and time-of-flight secondary ion mass spectroscopy.
They reported that the passive oxide films were composed of a molybdenum-rich outer layer
and a chromium- and nickel-rich inner layer. The oxide film thickness increased slightly with
increasing applied potential from 2.0 nm [7.9 x 10' mils] at 156 mVSCE to 2.8 nm [1.1 x 10-4
mils] at 656 mVSCE. DOE conducted a series of investigations to characterize the oxide films
formed on Alloy 22 as a function of pH and applied potential (Bechtel SAIC Company, LLC,
2004c). A thin oxide film ranging from 2 to 5 nm [7.9 x 10-5 to 1.9 x 10-4 mils] formed in the
passive region at pH levels of 3 and 8. The oxide films were composed primarily of Cr20 3. At or
near transpassive conditions at pH 8, the surface films were observed to have two distinct
layers: a conformal, chromium oxide-rich inner layer of about 4 nm [1.6 x 10-4 mils] and a
porous, nickel oxide-rich outer layer with a thickness of about 30 to 40 nm
[1.2 to 1.6 x 10' mils].

4.4 Discussion and Conclusions

In this study, the characteristics of oxide films produced in simulated concentrated water and
variations of this solution are dependent on both potential and solution composition, as
summarized in Table 4-1. Thicker oxides were observed at an anodic potential of 400 mVSCE

rather than at 100 mVSCE . The composition of the solution was also a factor in the oxide film
thickness. At a potential of 400 mVSCE, relatively thin oxides ranging from 40 to 120 nm [1.6 to
4.7 x 10-3 mils] were observed after potentiostatic polarization in the 0.19 M CI- and
0.19 M Cl- + 1.10 M NO3 solutions. Thicker oxides {1 50 to 170 nm [5.9 to 6.7 x 10-3 mils])
were produced in the 1.14 M HCO3 and 0.19 M CI- + 1.14 M HCO3 solutions, and the thickest
oxides {280 nm [1.1 x 10-2 mils]} were produced in the simulated concentrated water solution.

In addition to the oxide layer thickness, the more significant features of the oxide film are the
composition and structure of the oxide. The thin air-formed oxide is rich in chromium. Oxides
grown in the 0.19 M Cl- and 0.19 M CI- + 1.10 M NO3 solutions also contain significant
chromium. The composition of the oxide films formed in solutions that do not contain HCO3 are
dependent on potential. At high potentials, the oxide contains significant chromium; however,
the concentration of nickel is reduced. The composition of the oxide produced at 100 mVSCE in
simulated concentrated water has significantly lower chromium and nickel concentrations
compared to the oxides formed in the 1.14 M HCO3 and 0.19 M Cl- + 1.14 M HCO3 solutions.
Nevertheless, a distinct chromium oxide (presumably chromium-rich M20 3) underlayer is evident
on all the Alloy 22 specimens electrochemically treated at 100 mVSCE, except for the specimen
treated in simulated concentrated water. No stress corrosion cracking was observed in any
these cases. Additional investigation is needed to assess whether the absence of a Cr 20 3-rich
underlayer is a sign of incipient stress corrosion cracking. At a potential of 400 mVSCE, stress
corrosion cracking of Alloy 22 was observed in simulated concentrated water and the

4-15



1.14 M HCO3 and 0.19 M Cl- + 1.14 M HC0 3 solutions. The susceptibility to stress corrosion
cracking may be related to the thick oxide film that contains very low chromium and
molybdenum concentrations. In the 0.19 M CI- and 0.19 M CI- + 1.10 M N0 3 solutions, the
oxide film contains approximately 10 at% chromium. The presence of the distinct Cr203

underlayer is also evident in both cases. No stress corrosion cracking was observed. Oxide
film composition profiles for the specimens prepared in simulated concentrated water and the
1.14 M HC0 3 and 0.19 M CI- + 1.14 M HC0 3 solutions at 4 0 0mVSCE are similar. In all cases
where Alloy 22 was observed to be susceptible to stress corrosion cracking, oxide films have
low chromium and molybdenum concentrations without the evidence of the distinct Cr 203
underlayer; however, the simulated concentrated water solution produced a thicker
chromium-depleted oxide.

The results of surface analyses on Alloy 22 show that oxide films formed in the HC0 3 solutions
at potentials that promote stress corrosion cracking are significantly thicker and have reduced
chromium and molybdenum concentrations compared to passive films grown under benign
conditions. HC0 3 ions may also play a significant role in the loss of a protective Cr20 3 film on
the alloy surface, which implies that loss of Cr20 3 causes stress corrosion cracking of Alloy 22.
With the presence of the predominant Cr20 3-rich underlayer, no stress corrosion cracking
was observed.
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5 STRESS CORROSION CRACKING MODEL FOR ALLOY 22 IN THE
POTENTIAL YUCCA MOUNTAIN REPOSITORY ENVIRONMENT

This chapter describes an abstracted model for the onset of stress corrosion cracking of
mill-annealed Alloy 22. Based on the model, an approach is developed to estimate the
probability of stress corrosion cracking initiation as a function of the chemical composition of
in-drift water that may contact the waste package.

Experimental studies conducted by the U.S. Department of Energy (DOE) and by the Center for
Nuclear Waste Regulatory Analyses (CNWRA) suggest that the stress corrosion susceptibility
of Alloy 22 is low in the repository setting. The objectives of the presented work are twofold.

Using the available experimental data, develop a model for the initiation of stress
corrosion cracking of mill-annealed Alloy 22 in the repository environment. The model
incorporates the effects of solution composition, temperature, and pH.

Estimate the probability for establishing environmental conditions that could induce the
stress corrosion cracking of the waste package outer barrier material Alloy 22. Stress
corrosion cracking of Alloy 22 could lead to cracks on the waste package surface, and
they could be a potential pathway for radionuclide release to the geosphere.

5.1 Assumptions

The model abstraction for stress corrosion cracking has been developed with the following
assumptions

When suitable environmental conditions are present on the waste package surface in
the repository, stress corrosion cracking instantaneously initiates.

Stress, strain rate, and initiation site requirements for stress corrosion cracking
are ignored.

There is enough groundwater contacting the waste package surface to support
electrochemical reactions.

5.2 Criterion and Conditions for Stress Corrosion Cracking

Stress corrosion cracking is postulated to occur when Alloy 22 is anodically polarized above a
minimum potential, denoted as Escc. In other words, the corrosion potential, Eo, must exceed
Escc for cracking to initiate, or

Ecorr - Escc0 (5-1)

Equation (5-1) represents the electrochemical criterion for initiating stress corrosion cracking.
Stress corrosion cracking is assumed to initiate when the appropriate environment is present. It
is acknowledged that initiation site, initiation time, stress, strain rate requirements also exist, but
are conservatively ignored.
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5.2.1 Environmental Conditions

Thermodynamic simulations of brine compositions that result from evaporation in the
emplacement drift at 110 0C [230 'F] suggest that concentrated solutions could develop during
the thermal pulse with a pH ranging from 6 to 12 (Dunn, et al., 2005c; Pensado, et al., 2006).
Carbonate and bicarbonate ions are present in these brines, but only in very low concentrations
near pH 6. In addition, speciation calculations were carried out using MINTEQA2 (Allison
Geoscience Consultants, Inc., 2003) to determine the concentrations of bicarbonate and
carbonate ions in chloride solutions. Speciation calculation for solutions containing 1.0 mol/L
NaCI, carbonate, and bicarbonate ions at 95 0C [203 °F] were performed. These calculations
were used to determine the critical value of pH when the combined concentration of bicarbonate
and carbonate ions exceeded 10-' mol/L. The 10-' mol/L is an arbitrary value selected to
distinguish solutions with insufficient concentration to support stress corrosion cracking. The
solution was titrated with hydrogen and hydroxide ions to vary the pH.

Bicarbonate and carbonate ion concentrations were calculated for fixed values of the partial

pressure of carbon dioxide (denoted by Pco 2 ) equal to 10-5,1 0-', and 10-2 atmosphere

[1.47 x 10-4, 4.65 x 10-', and 0.147 psi], and the results are presented in Figures 5-1, 5-2, and

5-3, respectively. Pco2 is equal to 10-'.' atmosphere [4.65 x 10-' psi] under ambient

conditions. As seen in Figure 5-1 {Pco 2 equal to 10-5 atmosphere [1.47 x 10-' psi]), the critical

value of pH (when the combined concentration of bicarbonate and carbonate ions is greater
than 10-' mol/L) is between 9 and 10. In the parallel set of calculations represented in

Figure 5-2 { Pc0 2 equal to 103 .5 atmosphere [4.65 x 10-' psi]}, the lower bound for pH is equal

to 8.5. Similarly, the critical pH is 7 (Figure 5-3) when Pco2 is equal to 10-2 atmosphere [0.147

psi]. The results show that the critical pH value decreases with increasing Pco 2 . Further, the

speciation calculations also show that the concentration of bicarbonate and carbonate ions is
negligible in acidic environments (i.e., solutions with a pH less than 6 at 100 0C [212 'F]).

5.2.2 Corrosion Potential Model

Dunn, et al. (2005c) developed a corrosion potential equation for Alloy 22 in the Yucca
Mountain repository environment. The corrosion potential is given by the following equation.

IInH n rf C°bul(T)

Eco. Eaa- EeI EaT + RT In [H+] ( PO2 no iref bulk
O Zrr efF prefFTraef rLfF 11atm) ija C"0bulk(Tr , (5-2)rr Zr r Fr, Zr r' a[ 02l reo,
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E aa

Zr
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*0Ia

ref
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F

,k (T)

C0,uk (Tref)

ref

T
niH no
Po 2

- activation energy for the anodic current density, J/mol

- effective activation energy, J/mol

- number of electrons in the cathodic reaction, 4

- reference temperature, K

- anodic current density at reference temperature, Coul/(m2yr)

- reference current density, Coul/(m2yr)

- Faraday constant
- oxygen concentration in solution as a function of temperature, mol/kg

- oxygen concentration in solution at the reference temperature, mol/kg

- effective charge transfer coefficient, dimensionless

- reference temperature for anodic current density, K

- temperature of the system, K
- dimensionless constants
- partial pressure of oxygen, 0.21 atmosphere [3.09 psi]
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Table 5-1 lists the parameters for Eq. (5-2). This equation was derived from electrochemical
kinetics expressions, and the parameters were selected to be consistent with experimental
corrosion at low and high pH and at various temperatures (Dunn, et al., 2005c). The calculated
corrosion potential as a function of pH at various temperatures is presented in Figure 5-4. As a
first approximation, a sharp transition in the corrosion potential is assumed to occur at pH 6,
although it should be a smooth transition as a function of pH. This transition is attributed to
different regimes of the cathodic (reduction) reaction. Hydrogen ion reduction reaction is
dominant at low pH values, while oxygen reduction dominates at high pH values. As seen in
Figure 5-4, the corrosion potential is below 0.3 V with respect to the standard hydrogen
electrode for the pH range of 6 to 14.

5.2.3 Stress Corrosion Cracking Data and Model Abstraction

The model abstraction was based on analysis of the slow strain rate test data in Table 5-2. The
table lists the slow strain rate test data collected at Lawrence Livermore National Laboratory
(Estill, et al., 2002; King, et al., 2004) and at CNWRA (reported in Chapter 2). In Table 5-2, the
normalized sample failure time has been denoted by t/tfair where tf is failure time in the solution,
and tfair denotes the failure time in air. An 80 percent normalized time-to-failure criterion
(i.e., tltair < 0.8) was used as a metric to define the occurrence of stress corrosion cracking.
The model was adjusted to also include data points when stress corrosion cracking was
observed for tair > 0.8. The corrosion and applied potentials reported by Estill, et al. (2002)
and King, et al. (2004) are with respect to the saturated silver/silver chloride electrode.

These potential values are converted to the standard hydrogen electrode (SHE) scale by adding
0.197 V. The applied potentials reported in Chapter 2, which were reported using the saturated
calomel electrode scale, are converted to the standard hydrogen electrode scale by adding

Table 5-1. Values of Parameters in Eq. (5-2) to Calculate Corrosion Potential

Parameter Value at pH < 6 Value at pH > 6

Ea (kJ/mol) 44.7 44.7

E~e (kJ/mol) 40 40

ia [Coul/(m2yr)] 3,200 3,200

Ta f (K) 368.15 368.15

"ref (K) 298.15 298.15

pref 0.01287 0.0248

nH 0.0256 0.01897

iref [Coul/(m2yr)] 7.57 x 109 5.51 x 109

n. 0.01287 0.0248
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0.241 V. For the experimental data points where shallow incipient cracking was reported by
Estill, et al. (2002) and King, et al. (2004), it was assumed that no stress corrosion
cracking occurred.

Environmental conditions that promote stress corrosion cracking are identified from the
available slow strain rate test data. The tests conducted (Estill, et al., 2002) in simulated acidic
water (pH = 3) at the corrosion potential, as well as under anodic polarization, did not show any
sign of stress corrosion cracking susceptibility for mill-annealed Alloy 22. There is practically no
bicarbonate at this pH. Similarly, the slow strain rate test data in basic saturated water
(pH = 12-13) did not exhibit stress corrosion cracking (King, et al., 2004). As shown in

Figure 5-2 { PCo2 equal to 10-3. atmosphere [4.65 x 10' psi]}, bicarbonate ions exist at

concentrations lower than 10-6 mol/L below pH 6 in chloride solutions. Moreover, Estill, et al.
(2002 ) and King, et al. (2004) observed stress corrosion cracking only in simulated
concentrated water where bicarbonate ions predominate in the solution. In Chapter 2, the effect
of simulated concentrated water and its ionic constituents on stress corrosion cracking is
reported. Slow strain rate tests were conducted on mill-annealed Alloy 22 at 95 0C [203 OF]
while polarizing the alloy samples in the range of 0.056 to 0.356 VscE. The experimental studies
concluded that bicarbonate plus chloride ions are necessary for stress corrosion cracking.

The Esoc dependence on temperature is determined by plotting the applied potential Eapp as a
function of temperature (Figure 5-5), where solid symbols represent the occurrence of stress
corrosion cracking. In Figure 5-5, Eapp versus temperature is reported for solutions containing
bicarbonate and carbonate ions. A straight line is fitted between Eapp = 0.597 VSHE at 65 0C

[149 °F] and Eapp = 0.497 VSHEat 85 0C [185 OF] to define the minimum polarization to induce
stress corrosion cracking. The ratio ttair equals 0.79 for these two data points.
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Table 5-2. Slow Strain Rate Test Data for Mill-Annealed Alloy 22

Stress
pH T Ecorr Eapp Corrosion

Environment (Initial) (°C) (VsHE) (VSHE) tIltf Cracking

1* 4 M NaCI 6 98 -0.126 0.547 > 1 No

2* Saturated CaGa2  6 120 0.057-0.017 Ecorr > 1 No

3* Simulated acidified water 3 63 0.19-0.557 Eo, 0.95 No

4* Simulated acidified water + 3 76 0.191-0.567 Eco, 1 No

0.005% Pb(N0 3)2
5* Simulated acidified water + 3 76 0.196-0.547 Er > 1 NO

0.005% Pb(N0 3)2

6* Simulated acidified water + 3 95 0.107-0.597 Ecorr 0.95 No
0.005% Pb(N0 3)2

7* Basic saturated water-[N0 3 + 13 98 -0.043 to Eco, 0.99 No
so,42-] -0.023

8* Basic saturated water-[N03- + 13 105 -0.133 0.297 0.97 No
s o ,2 -

9* Basic saturated water-[NO 3- + 13 98 -0.048 0.397 0.98 No
s o ,2 -]

10* Basic saturated water 13 105 -0.104 0.597 0.95 No

11* Basic saturated water 13 105 -0.126 0.597 0.80 No

12* Basic saturated water-NO3 13 105 -0.138 0.597 0.93 No

13* Basic saturated water-SO4
2- 13 105 -0.117 0.597 0.96 No

14t Simulated concentrated water 9-10 90 0.029 -0.803 0.89 No

15t Simulated concentrated water 9-10 90 0.054 Eco, > 1 No

16t Simulated concentrated water 9-10 86 0.074 0.174 0.94 No

17t Simulated concentrated water 9-10 73 -0.044 0.297 0.97 No

18t Simulated concentrated water 9-10 73 -0.027 0.397 -§ Yes

19t Simulated concentrated water 9-10 73 0.025 0.397 0.94 No

20t Simulated concentrated water 9-10 89 0.053 0.397 0.90 No

21t Simulated concentrated water 9-10 85 0.015 0.497 0.79 Yes

22t Simulated concentrated water 9-10 75 0.003 0.514 0.94 No

23t Simulated concentrated water 9-10 50 0.068 0.597 0.89 No
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Table 5-2. Slow Strain Rate Test Data for Mill-Annealed Alloy 22 (continued)

Stress
pH T Ecorr Eapp Corrosion

Environment (Initial) (°C) (VsHE) (VsHE) ttair Cracking

24t Simulated concentrated water 9-10 65 -0.02 0.597 0.79 Yes

25t Simulated concentrated water 9-10 73 0.025 0.597 0.73 Yes

26t Simulated concentrated water 9-10 73 0.104 0.597 0.73 Yes

27t Simulated concentrated water 9-10 86 0.028 0.597 0.61 Yes

28t Simulated concentrated water 9-10 22 0.154 -0.803 0.81 No

29t Simulated concentrated water 9-10 22 0.1 0.553 0.95 No

30t Simulated concentrated water 9-10 22 0.131 -0.303 0.94 No

31t Simulated concentrated water 9-10 22 0.121 Ecor - No

32t Simulated concentrated water 9-10 22 0.088 0.488 0.94 No

33t Simulated concentrated water 9-10 22 0.069 0.597 1.00 No

34t 4 M NaCI 6.2 98 -0.126 0.546 0.81 No

35t 1 M NaCI 6.9 90 0.093 0.597 - No

36t 1 M NaF 10 22 0.038 -0.803 0.93 No

37t 1 M NaF 9.2 85 0.33 0.33 0.90 No

38t 1 M NaF 7.6 90 -0.047 0.597 0.90 No

391 Simulated concentrated water 8.9 95 - 0.597 0.77 Yes

40t Simulated concentrated 8.7 95 - 0.597 0.77 Yes
water-N03-

41t Simulated concentrated 8.7 95 - 0.597 0.84 Yes
water-SO 4 2-

42t Simulated concentrated 8.7 95 - 0.597 0.77 Yes
water-F-

434 Simulated concentrated 8.8 95 - 0.597 0.73 Yes
water-NaCI

441 Simulated concentrated 8.6 95 - 0.597 0.96 No
water-HCO3,-_1_

454 HCO 3- as in simulated 8.6 95 - 0.597 0.97 No
concentrated water

461 CI + HCO3- as in simulated 8.7 95 - 0.597 0.76 Yes
concentrated water
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Table 5-2. Slow Strain Rate Test Data for Mill-Annealed Alloy 22 (continued)

Stress
pH T Ecorr Eapp Corrosion

Environment (Initial) (*C) (VsHE) (VSHE) t~tfar Cracking

47t 2.2 m CI + HCO 3- (as in 8.7 95 - 0.597 0.65 Yes
simulated concentrated water)

48t 0.5 m CI- + HCO 3 (as in 8.8 95 - 0.597 0.73 Yes
simulated concentrated water)

49t NaCI + NaNO 3 (as in simulated 9.4 95 - 0.597 0.98 No

concentrated water)

50t 3.8 M NaCI + 0.38 M NaNO 3  9.8 95 - 0.597 0.99 No

514f 3.8 M NaCI + 0.38 M NaNO 3  9.8 95 - 0.397 1.01 No

521 3.8 M NaCI + 0.38 M NaNO 3  8.2 95 - 0.597 1.01 No

534 3.8 M NaCI + 0.38 M NaNO 3  8.2 95 - 0.397 0.97 No

54t 7.6 M NaCl + 0.38 M NaNO 3  7.0 95 - 0.597 1.01 No

55t 4.2 M CI- + HCO3- (as in 8.8 95 - 0.597 0.51 Yes
simulated concentrated water)

56t 7.2 m CI- 7.0 95 - 0.597 1.02 No

57t 7.2 m CI + HC0 3 (as in 8.7 95 - 0.597 0.41 Yes
simulated concentrated water)

58t 7.2 m CI- + HCO3- (as in 8.7 95 - 0.497 0.62 Yes
simulated concentrated water)

59t 7.2 m Cr + HCO 3 (as in 8.5 95 - 0.397 0.91 Yes
simulated concentrated water)

60f 7.2 m CI + HC0 3 (as in 8.6 95 - 0.297 1.03 No
simulated concentrated water)

614t 2.2 m CI- + HCO3- (as in 8.7 75 - 0.597 0.73 Yes
simulated concentrated water)

62t 2.2 m Cl + HCO 3 (as in 8.7 55 - 0.597 0.91 Yes
simulated concentrated water)
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Table 5-2. Slow Strain Rate Test Data for Mill-Annealed Alloy 22 (continued)

Stress
pH T Ecorr Eapp Corrosion

Environment (Initial) (°C) (VSHE) (VSHE) t/tfair Cracking

634: 2.2. m CI- + HCO3 (as in 8.7 22 - 0.597 0.92 No
simulated concentrated water)

64t: 2.1 m HCO3 7.8 95 - 0.597 0.82 Yes

654: 0.125 m CI- + 2.1 m HCO 3  8.7 95 - 0.597 0.73 Yes

664: 0.25 m CI + 2.1 m HCO- 8.6 95 - 0.597 0.52 Yes

67t: 0.5 m CI- + 2.1 m HC0 3  8.5 95 - 0.597 0.39 Yes

68t: 2.2 m CI + 2.1 m HC0 3  8.6 95 - 0.597 0.39 Yes

69t: 2.2 m CI + 0.55 m HC0- 8.7 95 j - 0.597 0.66 Yes

* Estill, J,C., K.J. King, D.V. Fix, D.G. Spurlock, G.A. Hust, S.R. Gordon, R.D. McCright, and R.B. Rebak.

"Susceptibility of Alloy 22 to Environmentally Assisted Cracking in Yucca Mountain Relevant Environments."
Proceedings of the CORROSION 2002 Conference. Paper No. 535. Houston, Texas: NACE International. 2002.
1-King, K.J., L.L. Wong, J.C. Estill, and R.B. Rebak. "Slow Stain Rate Testing of Alloy 22 in Simulated
Concentrated Ground Waters." Proceedings of the CORROSION 2004 Conference. Paper No. 548. Houston,
Texas: NACE International. 2004.
tThis report.
§Missing values denoted by a dash (-).

The following expression is obtained by the, linear fit

Eapp (VSHE) = [1 - 0.0084 (T - 65)] 0.597 (5-3)

The dependence of Escc on pH is shown in Figure 5-6, where stress corrosion cracking only
occurs at pH values ranging from 8.5 to 10.5 and potential above 0.4 VSHE.

Nitrate ions inhibit localized corrosion (Dunn, et al., 2005c), but their effect on the stress
corrosion cracking of Alloy 22 in bicarbonate-chloride solutions is unknown. Experimental
results reported in Chapter 2 strongly suggest that bicarbonate, carbonate, and chloride ions
are required for stress corrosion cracking to occur; therefore, it was assumed that both
carbonate and bicarbonate with chloride must be present in the environment for stress corrosion
cracking. It was also assumed that a minimum amount of total carbonate ion concentration
{[HC03-] + [C032]} and minimum chloride concentration are needed for stress corrosion
cracking to occur.

In Figure 5-7, Eapp is plotted as a function of Cl-/(HCO3-+CO 3
2-). Data points for test solutions

without bicarbonate ions were excluded, and only data points with temperatures higher than
65 'C [149 'F] are presented. The horizontal dashed line in the figure demarcates the region
where stress corrosion cracking is observed.

The linear fit represented by Eq. (5-3) was vertically lowered by 0.05 VSHE for estimating Escc.
This resulted in slightly lower values (0.05 VSHE) of Escc than Eapp, where stress corrosion
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cracking has been experimentally observed. A lower value is adopted to predict conservative
values of Escc. Moreover, the strain rate used in these tests may not be slow enough to initiate
stress corrosion cracks during the duration of the test. Thus, the following empirical equation
for threshold stress corrosion cracking potential as a function of temperature is proposed

Escc (VsHE ) = [1 - 0.0084(T - 65)] 0.55 (5-4)

where T is temperature in degrees Celsius. Equation (5-4) is valid between 65 and 85 0C

[149 and 185 OF]. Extrapolation to higher temperatures underestimates Esoc. At 95 0C [203 OF],
the computed value of Escc using Eq. (5-4) is 0.4 VSHE.

In summary, besides Ecorr exceeding Escc {Eq. (5-1)}, the solution must contain bicarbonate,
carbonate, and chloride ions for stress corrosion cracking to initiate. The experiments
conducted so far show that minimum chloride concentration in the solution should be greater
than 0.09 M. However, a precise determination of the minimum concentration of total carbonate
ions {[HC03-] + [CO32-]} is not yet available.

Other necessary conditions for stress corrosion cracking include high enough stresses to initiate
cracking and, possibly, specific microscopic sites to favor crack initiation.
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5.3 Electrochemical Detection of Stress Corrosion
Cracking Domain

Fracture mechanics tests to measure the crack growth rate and slow strain rate tests are both
time-consuming methods to assess the stress corrosion cracking susceptibility of a given
material. Therefore, it is desirable to use an efficient electrochemical method to detect a range
of potential and environmental conditions that may promote stress corrosion cracking as a
screening test prior to conducting slow strain rate tests. Potentiodynamic polarization was used
as a faster and nondestructive method to detect solutions feasible for stress corrosion cracking.
These tests were performed with Alloy 22 cylindrical samples. Potentiodynamic polarization
tests reported in Chapter 2 show a characteristic anodic peak at a potential close to the
potential at which stress corrosion cracking occurs. Potentiodynamic polarization tests in
bicarbonate-free solutions did not exhibit the anodic current peak. Work on stress corrosion
cracking of low strength ferritic steel in various environments also showed a characteristic
current peak in anodic polarization measurements (Parkins, 1977), suggesting a correlation with
feasible environments for stress corrosion cracking. The anodic peak in ferritic steels is related
to the active passive transition, whereas for Alloy 22, it is a result of a change in passive oxide
film. Nevertheless, the approach adopted in this report follows the work of Parkins (1977).

Anodic polarization curves of Alloy 22 in solutions containing 0.5 M NaCI and varying
concentrations of bicarbonate and carbonate ions are presented in Figure 5-8. These tests
were performed at 95 'C [203 'F] using a scan rate of 0.167 mV/s. The test solution was
prepared by dissolving sodium chloride, sodium bicarbonate, and sodium carbonate salts in
deionized water. The initial total carbonate concentration was 0.74 M for all solutions. The
initial and speciated concentrations of ionic species in test solutions are provided in Table 5-3.

The potential was measured with respect to the saturated calomel electrode, and test solutions
were purged with nitrogen to remove dissolved oxygen. The potential locus of the anodic
current peak is hypothesized to correlate with E.cc. A plot of the peak potential, Epeak, versus the
ratio of bicarbonate to carbonate ion (HC03-/CO32-) is displayed in Figure 5-9(a). Similarly, /peak

as a function of HCO 3-/CO32- is shown in Figure 5-9(b). Results show that the peak potential is
0.05 VSCE for HCO3-/CO 3

2- equal to 0.03, but increases to 0.2 VSCE with the addition of
bicarbonate in the solution. Epeak increases slightly with increasing bicarbonate ions as a result
of increasing HC0 3 /C 3 2-. Conversely,/peak attains a maximum at HC0-CO3

2- equal to 1.55.

The current is very low in the absence of the bicarbonate ion. To understand the role of a
chloride ion on /peak) cyclic potentiodynamic polarization tests were performed with varying
concentrations of chloride ion for an initial HCO3-/C0 3 ratio equal to 2. The results are shown
in Figure 5-10, where /peak is presented as a function of chloride concentration. As seen in
Figure 5 -1 0 ,/peak monotonically increases with chloride. This result is consistent with results
presented in Chapter 2, where VtVair decreased monotonically as a function of chloride
concentration in bicarbonate solutions.

Potentiodynamic polarization tests were also performed in basic saturated water and simulated
acidified water at 95 'C [203 'F]. Anodic polarization curves did not exhibit any characteristic
peak. In both solutions, the bicarbonate ion was absent. Specimens tested using the slow
strain rate tests in basic saturated water and simulated acidified water also did not show stress
corrosion cracking susceptibility (see Table 5-2), supporting the hypothesis that solutions
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Table 5-3. Initial and Speciated Concentrations in Test Solutions at 95 °C [203 *F]. Cyclic Potentiodynamic Polarization
Tests for Mill-Annealed Alloy 22 Were Carried Out in These Solutions.

Initial Solution Composition Speciated Concentration

Data NaCI NaHCO 3  Na2CO 3  HC03-/ CI- CO3- HC0 3  HCO3-/ Epek 'Peak

No. (mol/L) (mol/L) (mol/L) C0 3'- (mol/L) (mol/L) (mol/L) C0 3
2 - (VSCE) (mA/cm')

1 0.5 - 0.740 0.0 0.5 0.653 0.022 0.03 0.044 6.96 x 10-2

2 0.5 0.247 0.493 0.5 0.5 0.449 0.235 0.52 0.192 5.75 x 10-1

3 0.5 0.370 0.370 1.0 0.5 0.337 0.350 1.03 0.191 8.30 x 10-'

4 0.5 0.444 0.296 1.5 0.5 0.271 0.420 1.55 0.215 8.31 x 10-1

5 0.5 0.494 0.246 2.0 0.5 0.225 0.466 2.07 0.202 5.90 x 10-1

6 0.5 0.555 0.185 3.0 0.5 0.169 0.523 3.08 0.253 7.27 x 10-'

7 0.5 0.74 - I- 0.5 0.099 0.499 5.00 0.262 6.56 x 10-1
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promoting stress corrosion cracking can be efficiently discriminated using potentiodynamic
polarization tests.

5.4 Risk Assessment of Stress Corrosion Cracking

The probability of the establishment of environmental conditions feasible for stress corrosion
cracking is estimated using the criteria presented in Sections 5.1 and 5.2. The approach is
similar to the one adopted by Dunn, et al. (2005c) for localized corrosion. Stress corrosion
cracking requires initiation sites, appropriate stress levels, groundwater that contains
bicarbonate, carbonate, and chloride ions, and a high corrosion potential. As explained
previously (Dunn, et al., 2005c; Pensado, et al., 2006) brines could develop on the waste
package due to continuous evaporation of seepage.

To estimate probability distributions of ionic concentrations and pH of brines formed by
evaporative processes, thermodynamic simulations at 110 0C [230 'F] were implemented
(Dunn, et al., 2005c). The initial solution state for these simulations was defined by the
composition of ambient pore waters from the Yucca Mountain rock. Final brines were classified
as (i) calcium chloride, (ii) neutral, and (iii) alkaline. The chemical divide concept complemented
the thermodynamic simulations to derive frequencies of the three brine types (frequencies
dependent on the initial pore water compositions considered in the analysis). These
frequencies and the distributions of ionic concentrations and pH for the individual brine types
were used to derive aggregated distribution functions (Dunn, et al., 2005c) to represent feasible
solution compositions in the repository at 110 'C [230 'F]. Correlations exist between the pH
and chloride concentration (chloride concentrated systems are more likely acidic calcium
chloride brines) and between the pH and the total carbonate concentration (carbonated
solutions tend to be alkaline), and these correlations were preserved in the form of rank
correlations. The pH of the calcium chloride and neutral brines is less than 7, which could drive
high corrosion potentials; however, bicarbonate and carbonate concentrations are extremely
low in these brines. The corrosion potential, Ecorr, as a function of pH at 90 0C [194 'F] and at
110 °C [230 'F] is presented in Figure 5-11 (a and b), respectively. The three curves for the
corrosion potential correspond to anodic current densities equal to 5 x 10', 10-8, and
2 x 10- A/cm 2 [equivalent to 1,600, 3,200, and 6,400 Coul/(m2yr)]. Dotted lines represent the
stress corrosion cracking potential, Esc, equal to 0.32 VSHE at 110 0C [230 'F] and 0.43 VSHE at
90 °C [194 'F]. The upper bound in the corrosion potential was derived with an anodic current
density equal to 5 x 10-9 A/cm 2.

At 90 °C [194 °F], Ecorr exceeds Escc only at pH less than 6 [Figure 5-11 (a)], where stress
corrosion cracking is not possible due to the low concentration of bicarbonate and carbonate.
The separation between Es and Ecorr for pH > 6 further increases with decreasing temperature.

Ecorr exceeds E0cc at pH > 6 only at temperatures greater than 100 00 [212 'F]. Therefore, stress
corrosion cracking is not likely to initiate below 100 'C [212 'F].

Ecorr and Eý0c as a function of pH at 110 0C [230 'F] are presented in Figure 5-11 (b). The
corrosion potential, Ecorr, exceeds E,,c at pH > 7, which suggests a positive probability for the
onset of stress corrosion cracking. Analyses in this report are aimed at estimating the
frequency of brine compositions feasible for stress corrosion cracking based on Monte Carlo
integration. Following the approach described by Dunn, et al. (2005c), 10,000 vectors {pH,
[CI-], [C032-1 + [HC03-]} were sampled from the 110 0C [230 'F] brine composition distribution
functions, preserving the relevant correlations between pH, chloride, and carbonate-bicarbonate
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Figure 5-11. Corrosion Potential, E,,,, and Critical Potential for Stress Corrosion
Cracking Initiation, E,, as Functions of pH and Temperature: (a) Temperature = 90 °C

[194 °F] and (b) Temperature = 110 =C [230 OF]

{[C0 3
2-] + [HC0 3]}. For each sample, the corrosion potential was computed as a function of pH

and the anodic current density. Uncertainty in the corrosion potential was accounted for by
sampling the anodic current density from a triangular distribution ranging from 5 x 10-9 to
2 x 10-8 A/cm 2 with a mode at 10-8 A/cm2 at a reference temperature of 95 °C [203 *F]. An
Arrhenius function estimated the anodic current density at different temperatures (Dunn, et al.,
2005c; Pensado, et al., 2002). The critical potential for stress corrosion cracking, E,, was
computed as a function of temperature, extrapolating Eq. (5-4). To account for uncertainty, Ec
was sampled from a triangular distribution with the mode value obtained using Eq. (5-3) and
with symmetrical bounds 0.05 V above and below the mode. Thus, for each sample including
the environmental terms {pH, [C[-], [C032-] + [HCO 3-]} and the electrochemical terms (reference
anodic current density and E,,), the corrosion potential, E.,, was computed and compared to
E.,. Samples satisfying E., > E,. were flagged as feasible for stress corrosion cracking.

The results of the Monte Carlo analysis are presented in Figure 5-12. The difference between
corrosion and stress corrosion cracking potentials, E~o•-E5 , is plotted versus [CO32-1 + [HCO 3-]
and pH. The vertical line at [C0 3

2-] + [HCO 3-] equal to 10'o M separates the Ca-Cl and neutral
brines from the alkaline brines in Figure 5-12(a). Approximately 70 percent of the total data
points correspond to alkaline brines. Stress corrosion cracking can only occur in slightly
alkaline brines because of the presence of sufficient concentrations of bicarbonate and
carbonate ions. Figure 5-12(a) shows that 2 out of 10,000 points satisfy the total carbonate
[C032-] + [HCO 3-] > 10-4 M and Eco, > Ecc. Figure 5-12(b) suggests this represents a lack of a
pH threshold value as criterion for stress corrosion cracking initiation.

The probability for developing of feasible solutions for stress corrosion cracking is estimated as
the fraction of points in the upper right quadrant in Figure 5-12(a). To derive a robust estimator
of the probability, the Monte Carlo analysis was repeated 100 times (in other words, Figure 5-12
was replicated 100 times with different random seeds). The probability was defined as the
average fraction of points in the stress corrosion quadrant (quadrant defined as the region
[C032-] + [HCO3-] > 10-4 M and Eco, > E,) of the set of replicas. A probability of 10-4
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was estimated with a standard error equal to 10o-5 (the standard error is defined as the standard
deviation divided by the square root of the number of replicas-I 00 in this case). Note that the
standard error is only a measurement of the mathematical convergence and not a metric of the
uncertainty in the analysis. It can be interpreted that if seepage contacts the waste package
during the thermal pulse (temperatures greater than 100 *C [212 *F]), stress corrosion cracking
will initiate in 1 out of 10,000 occurrences of seepage or seepage points. The thermal pulse
may extend for only the first few thousands of years. After the thermal pulse, the stress
corrosion cracking probability is negligible (because E., < E.). The 1 0' probability value does
not account for initiation site, stress and strain rate requirements. The probability of stress
corrosion cracking is also dependent on the probability of early drip shield failure and seepage
contacting the waste package during the thermal pulse. These combined requirements may
further lower the probability for waste packages to exhibit stress corrosion cracking. On the
other hand, the 10-4 probability estimate is a function of the solution composition distributions
and the uncertainty in E,, and E,,, Brine composition distributions are functions of the
assumed initial seepage composition distributions before evaporation. The corrosion potential
could be affected by other oxidants in addition to oxygen (and long-term processes influencing
Alloy 22 interfacial electrochemical reactions). The critical potential, E.,, could be a function of
the strain rate used in the tests. It is possible that the E,, could decrease with decreasing strain
rate. The magnitude of the effect, however, is not known without further testing. Also, since
slow strain rate experiments span only a few weeks at most, a chance exists that slowly initiated
stress corrosion cracking may go undetected. Additional experiments are needed to support or
discard current values of Ec, and E. The value of the present analysis, nonetheless, is in
providing an initial estimate of the order of magnitude of the formation chance of solutions
feasible for stress corrosion cracking. The analysis supports the present notion that stress
corrosion cracking is an unlikely process. Additional experimental characterization may further
support or refute this conclusion.
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5.5 Discussion and Conclusions

An abstracted stress corrosion cracking model was developed from the analysis of slow strain
rate test data. These data suggest that the following conditions are necessary requirements for
the initiation of stress corrosion cracking: (i) bicarbonate and chloride ions in solution and
(ii) high enough anodic potential. Speciation calculations indicate that sufficient bicarbonate
concentrations are possible in solutions with pH ranging from 7 to 11. Experimentally, stress
corrosion cracking has been detected only in solutions with pH in the range of 8.5 to 10.5.
Solutions feasible for the initiation of stress corrosion cracking of Alloy 22 can be characterized
by potentiodynamic polarization experiments. An anodic current peak in the polarization curve
appears to directly correlate to Ecc. The peak potential monotonically increases with increasing
bicarbonate concentration. The corrosion potential could exceed Escc only in low pH (pH < 6)
solutions; however, slow strain rate tests with simulated acidified water did not show any sign of
stress corrosion cracking (due to the absence of bicarbonate ions in low pH solutions).
Experimental studies reported in Chapter 4 show that a thick oxide layer forms on Alloy 22
samples at 95 'C [203 °F] in chloride solutions with bicarbonate at high anodic potentials. The
oxide exhibited reduced chromium content, indicating that stress corrosion cracking
susceptibility correlates to the composition of the oxide layer.

The corrosion potential expression [Eq. (5-2)] does not account for the presence of oxidants
other than oxygen. DOE has reported that the corrosion potential of Alloy 22 in solutions
containing nitrate and chloride includes a term proportional to the logarithm of the nitrate
concentration (Bechtel SAIC Company, LLC, 2004a). Independent experimental verification is
required to evaluate whether nitrate could be an oxidant at pH greater than 7. The effect of
possible oxidants on the corrosion potential needs evaluation to better support
risk assessments of stress corrosion cracking in the repository setting.

The probability that environmental conditions necessary for the initiation of stress corrosion
cracking could develop was estimated to be 10-4. In deriving this quantity, the probabilities of
processes such as seepage contacting the waste package surface during the thermal pulse,
initiation site, stress level, and strain rate requirements were disregarded. The probability of
waste packages to initiate stress corrosion cracking might be much less if other processes and
requirements are accounted for. A more accurate model to estimate probabilities, however,
requires additional information to account for uncertainties in stress and strain rate requirements
to initiate stress corrosion cracking. Also unknown is the probability that stresses of a certain
magnitude will develop on the waste package at the appropriate sites for initiation. The
minimum carbonate-bicarbonate concentration to promote stress corrosion cracking still
requires experimental determination. There is also uncertainty on the critical potential for stress
corrosion cracking (it is possible for this potential to be lower in slower strain rate tests than
those considered in this report). After the thermal pulse, stress corrosion cracking is not likely
to initiate given the high anodic potentials required and the low ionic strength of solutions
potentially contacting waste packages.

In summary, this report describes the range of environmental and electrochemical conditions
where mill-annealed Alloy 22 could exhibit stress corrosion cracking. Stress corrosion cracking
is less likely in high pH solutions (> 7) because the corrosion potential is a decreasing function
of pH; it is recognized, however, that the effect of hypothetical oxidants such as nitrate needs
further evaluation. At low pH values where the corrosion potential could exceed Ercc,
carbonate-bicarbonate ions are present in solution only in marginal'amounts, thus limiting the
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possibility of stress corrosion cracking. The analysis developed an initial notion of the order of
magnitude of establishing the environmental and electrochemical conditions necessary for
initiating stress corrosion cracking aimed at supporting regulatory decisionmaking. The analysis
supports the notion that stress corrosion cracking is an unlikely process, but recognizes that
additional experimental characterization may further support or refute this conclusion.
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6 SUMMARY, CONCLUSIONS, AND FUTURE WORK

The U.S. Nuclear Regulatory Commission (NRC) is preparing to review a license application
that the U.S. Department of Energy (DOE) may submit for construction and operation of a
potential repository at Yucca Mountain, Nevada, for the permanent disposal of high-level waste.
Alloy 22 was selected as the outer container material for the proposed waste package based on
its corrosion resistance in a wide range of aqueous environments expected to prevail after the
dryout period. Alloy 22 is resistant to stress corrosion cracking in hot, concentrated chloride
solutions; however, under a limited range of conditions, stress corrosion cracking of Alloy 22
has been observed in environments containing chloride and bicarbonate ions at temperatures
above 60 'C [140 'F]. The initiation and propagation of'stress corrosion cracks may
significantly decrease waste package lifetimes. The DOE approach to evaluate the possible
effects of stress corrosion cracking considers crack initiation and preexisting manufacturing
flaws, stress conditions that drive crack initiation and propagation, the stress threshold that
defines crack initiation, the threshold stress intensity factor that defines propagation of both
initiated incipient cracks and manufacturing flaws, and the crack growth model based on the slip
dissolution-film rupture model that determines the crack growth rate. The welds and adjacent
regions of the Alloy 22 outer container are potential sites for stress corrosion cracking initiation.
DOE plans to use postwelding processes, such as laser peening or low stress burnishing, to
relieve the residual stresses and eliminate or delay the onset of stress corrosion cracking on the
closure welds of the waste package.

To support NRC prelicensing activities on topics important to the postclosure performance of
the potential repository, the Center for Nuclear Waste Regulatory Analyses is conducting an
independent technical assessment of the stress corrosion cracking susceptibility of the waste
package materials. Slow strain rate tests were performed in three series of tests to evaluate the
effect of simulated Yucca Mountain groundwater chemistry variations on the stress corrosion
cracking susceptibility of mill-annealed Alloy 22. In the first series of tests, the constituent
anionic species were removed selectively from simulated concentrated water. The second
series of tests evaluated the combined effect of bicarbonate and chloride ions on the stress
corrosion cracking susceptibility of mill-annealed Alloy 22. In these tests, the solution
chemistry, polarization potentials, and solution temperatures were varied. In a third set of tests,
the combined effect of nitrate and chloride ions on the stress corrosion cracking susceptibility of
mill-annealed Alloy 22 was evaluated. No stress corrosion cracking was observed in
combinations of NaCI and NaNO 3 solutions in the absence of bicarbonate ions. Analyses of the
oxide films on Alloy 22 produced under conditions where stress corrosion cracking has and has
not been observed were performed using x-ray photoelectron spectroscopy. A preliminary
stress corrosion cracking model to support total system performance assessments was
developed based on the analysis of slow strain rate test data. Besides stress level, strain rate,
and initiation site requirements, stress corrosion cracking requires high enough anodic
potentials and the presence of carbonate-bicarbonate in chloride solutions. A 10- probability
was estimated that (i) the corrosion potential may exceed the critical potential for stress
corrosion cracking and (ii) chloride solutions with sufficient carbonate-bicarbonate
concentrations may form if seepage contacts the waste package during the thermal pulse (first
few thousands of years).
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The following conclusions can be drawn from this study

(i) Stress corrosion cracking was observed in simulated concentrated water and its
variations (removal of nitrate, sulfate, fluoride, or sodium chloride) at a high anodic
potential of 356 mVSCE at 95 °C [203 OF]. The bicarbonate ion is the predominant
constituent in simulated concentrated water causing stress corrosion cracking in
conjunction with chloride. Two major constituents of the Yucca Mountain groundwater,
the bicarbonate and chloride ions, synergistically promote transgranular stress corrosion
cracking of mill-annealed Alloy 22.

(ii) Stress corrosion cracking susceptibility of mill-annealed Alloy 22 was strongly dependent
on the polarization potential. At a constant applied potential of 356 mVSCE, the
susceptibility of Alloy 22 to stress corrosion cracking decreases with
decreasing temperature.

(iii) Fabrication of the Alloy 22 outer container will require multiple processes, including
welding and solution annealing. The tensile properties of Alloy 22 are affected by
welding and postweld heat treatment. In the as-welded condition, minor transgranular
cracking was observed in simulated concentrated water at 95 °C [203 OF] and
356 mVSCE. In the welded and solution-annealed conditions, stress corrosion cracking
was observed in both simulated concentrated water and in a combination of bicarbonate
and chloride solutions at 95 0C [203 OF] and 356 mVSCE. Transgranular cracking was
observed in both the fusion zone of the weld and the base alloy.

(iv) Analyses of the oxide films formed on Alloy 22 under conditions where stress corrosion
cracking has and has not been observed were performed using x-ray photoelectron
spectroscopy. The chemical composition and thickness of the oxide film were
dependent on test conditions. Under conditions where stress corrosion cracking is
possible, the chromium concentration in the oxide film was significantly lower than the
oxide formed under benign conditions.

(v) There is a low probability that the Alloy 22 corrosion potential may exceed the critical
potential for localized corrosion and that chloride solutions with needed
carbonate-bicarbonate concentrations to promote stress corrosion cracking may form if
seepage contacts the waste package during the thermal pulse (first few thousands of
years). If seepage does not contact the waste package during the thermal pulse, the
probability appears negligible because solutions required to initiate stress corrosion
cracking would not be available. After the thermal pulse, stress corrosion cracking
initiation is severely limited by the low temperatures. The probability for waste packages
to exhibit stress corrosion cracking is constrained by stress level, strain rate, and
initiation site requirements, which probabilities were not quantified in this report.

The following activities can help to improve the analyses described in this report

(i) Slow strain rate tests (at strain rates lower than those used in this study) to further
assess the uncertainty associated with the critical potential for stress corrosion cracking
need to be conducted.
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(ii) The lower bound of bicarbonate ions in the presence of chloride ions to cause stress
corrosion cracking needs to be better defined.

(iii) Constant and cyclic loading stress corrosion cracking tests using compact tension
specimens exposed to bicarbonate plus chloride ion solutions are needed to evaluate
the stress corrosion crack propagation rate.

(iv) Potentiodynamic polarization curves of welded Alloy 22 need to be generated and
selected slow strain rate tests conducted to confirm that simulated concentrated water
and the combined bicarbonate and chloride ions have the same effect on welded alloy
as on mill-annealed Alloy 22.

(v) The effects of nitrate and other inhibitors on the corrosion potential and stress corrosion
cracking susceptibility need further study.

(vi) More complete performance assessment that incorporate stress level, strain rate, or
initiation site requirements for stress corrosion cracking should be developed.
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