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ABSTRACT


The proposed high-level nuclear waste repository at Yucca Mountain relies heavily on the corrosion resistance of waste packages (WP) emplaced in tunnels bored through tuffaceous rock for adequate performance during the anticipated 10,000 years regulatory period.  Present WP design uses a ~20-mm-thick outer shell of Alloy 22 as the main corrosion-resistant barrier.  The operating conditions may include an initial high-temperature (>96 ºC) pulse that will last approximately several hundred to a thousand years.  Shields are envisioned to prevent water from directly dripping on the WP.  However, recent findings suggest that deliquescent salts and other contaminants on the WP surfaces may cause liquid water to form there, even at high temperatures.  Current performance projections predict that during the anticipated regulatory period localized corrosion modes will be unlikely and that the Alloy 22 barrier will degrade primarily by very slow uniform dissolution, essentially under passive surface conditions.  A review is presented of the assumptions and experimental findings leading to those projections, as well as a discussion of findings of a recent Workshop on the challenges involved in extrapolating limited information on corrosion behavior over an extremely long service period that extends beyond the time frame of common engineering experience.  Potential mechanisms for deterioration of the passive regime that may be encountered under those circumstances are discussed.  

INTRODUCTION


A unique feature of nuclear waste disposal is that the long life of some of the radionuclides requires anticipating the behavior of a repository over many thousands of years, which is beyond any previous technical experience.  Performance-analysis calculations of the proposed Yucca Mountain repository (PYMR) indicate that widespread corrosion penetration of the waste package (WP) shell during the first 10,000 years of operation could seriously compromise repository performance [1].  In the present PYMR concept, the corrosion-resistance burden of the WP rests mainly on a ~20-mm-thick outer shell made of the Ni-Cr-Mo-W superalloy Alloy 22 (for conservatism, the corrosion resistance of other metallic WP components is ignored in current durability projections).  The projected corrosion behavior of Alloy 22 under PYMR conditions is discussed below. 

SERVICE ENVIRONMENT


A detailed description of the PYMR is available in the Yucca Mountain Project (YMP) literature [2], and only relevant highlights will be mentioned here.  The WPs are to emplaced in horizontal tunnels bored through tuffaceous rock.  Shortly before repository closure, Ti alloy drip shields are to be installed over the WP (without touching it) to protect it from direct dripping of water that may seep at the tunnel crown.  No backfill of the tunnels is planned at present. The projected WP environment is predominantly gaseous but with possible contact with rock dust and condensed water from the surrounding rock.  The water in the rock pores is near neutral and typically contains only 20 - 200 parts per million of aggressive anions (e.g., Cl-) [3], but evaporative concentration or deliquescense phenomena may create a greatly enriched solution on the surface of the metal (although also increasing the concentration of  potentially inhibiting ions, such as NO3-).  An ambient air-ventilation period (tens of years or more) before repository closure is to be followed by a period of centuries or longer at temperatures near or above boiling (96 oC for pure water at the repository elevation), eventually decaying back to ambient temperatures.  The projected peak WP temperature depends on repository design and operation parameters yet to be decided.  In one alternative of interest (which will be called here the "hot" repository mode), the projected peak WP surface temperature is on the order of 160 oC and the WP surface remains above boiling for about 1,300 years.  In another alternative (the "cold" mode), the peak WP temperature never reaches above boiling.  Projected peak temperatures of the tunnel wall are in either case a few C degrees lower than the peak WP temperatures. 

EXTRAPOLATION CHALLENGES


Because of the extremely long life required for the WP wall, localized (and potentially rapid)  modes of corrosion, such as pitting or crevicing, could be very detrimental.  Uniform corrosion at higher than very low rates could be equally damaging.  Accordingly, research sponsored by the repository planners [4] has sought to ascertain that for periods amply exceeding 10,000 years under the expected environmental conditions (i) localized corrosion would be very unlikely and (ii) in the absence of localized corrosion, the resulting uniform dissolution rate would be small enough that the Alloy 22 shell would not be penetrated. 


The requirement for a low uniform dissolution rate is particularly demanding because of the unprecedented long time period involved. A time-averaged corrosion rate as low as 1 m/year would mean losing half of the 20-mm shell thickness in 10,000 years for a typical WP, but complete thickness loss in many WPs is likely because of the inevitable variability of corrosion rate in any complex system [5].  Thus, corrosion rates should be substantially less than 1 m/year if widespread penetration of the WP outer shell were to be avoided over such long times.  Under projected repository conditions, the surface of Alloy 22 is expected to be in the passive regime, thus achieving the desired low uniform corrosion rates.  Extremely low corrosion rates (e.g., < 0.1 m/y) have been demonstrated for passive Alloy 22 for periods of years [4], as indicated later, and for other passive alloys over a period of 100 years or so [6].  


However, corrosion protection of otherwise reactive metal by a passive layer over thousands of years in a potentially moist environment is a phenomenon that does not seem to have any documented natural or man-made analog.  Heretofore unknown corrosion modes could appear, depending on how the passive layer behaves after centuries or millennia of evolution, as exemplified by the following speculative scenarios:  (i) in a steady-state regime, the barrier layer would dissolve on the electrolyte side and build up on the alloy bulk side, effectively sweeping into the metal and encountering a growing number of microstructural features.  One can speculate that the effect could be cumulative, eventually enhancing ionic transport across the layer [7];  (ii) passive corrosion could proceed at different rates for various alloy components, leading to accumulation of vacancies at the barrier layer-metal interface. After a long enough time, oxide spalling could ensue, with consequent increase of the average rate of corrosion compared with that at earlier times [8];  (iii) as time passes, the corrosion products from passive dissolution could accumulate on the WP surface, creating a relatively thick layer of likely hydrated metal ions.  If this layer acted as an anion-selective membrane it could  promote localized corrosion [9,10];  (iv) because of the high Mo content of Alloy 22, transpassive dissolution may develop at modestly noble potentials at a rate that would be negligible in an industrial application but unacceptable in the repository.  The neutral-to-high solution pH projected by some performance-analysis calculations could be a factor in promoting this mode of degradation [11].


In contrast to conditions at the PYMR, concepts for repositories with copper alloy WPs in reducing environments derive a measure of technical confidence from the observation of native copper in geologic analogs [12].  In those cases, thermodynamic immunity or possibly transport-limitation phenomena on a macroscopic scale may be at work, not metallic passivity.  Establishing confidence in the development of sustained, extremely low corrosion rates under passive conditions is therefore an important extrapolation challenge in the present PYMR concept. 


The need to project into the far future challenges also the localized corrosion assessment.  Performance analysis for the PYMR uses a threshold-potential criterion to evaluate whether pitting of crevicing corrosion may develop:  An estimation is made of the value of the open circuit potential (OCP) of the Alloy 22 surface in the electrolyte that may form there.  Localized corrosion is ruled out if the estimated OCP does not exceed an independently estimated threshold potential, Ecrit, for sustained localized corrosion.  This type of approach has been very useful in design for corrosion control in normal technical experience, where design service life is on the order of decades.  For the passive behavior itself, however, there is no confidence-building experience or analog available for extrapolating this approach to many thousands of years, especially considering the added severity from a long initial heat pulse.  Even if a threshold potential concept were fully applicable over long times, uncertainty remains over the values the potentials involved may have. Slow, long term excursion of the open circuit potential in the noble direction could result from, for example, deposition over long times of passive corrosion debris on the WP surface with consequent increase in cathodic efficiency.


Another form of localized corrosion, Stress Assisted Corrosion (SAC), could result from residual stresses in the WP at untreated or improperly treated closure welds [4].  This issue has been addressed by WP designers, who specify post-fabrication annealing and laser-peening to reduce residual tensile stresses to very low levels.  Such approaches obviate the similarly difficult task of projecting SAC behavior over long times under significant stress-intensity conditions.  Although SAC will not be addressed further in the present discussion, it may become an important factor, pending continuing research and is being considered in more detail elsewhere [13]. 


Recent findings in research on both uniform corrosion under passive conditions and localized pitting or crevicing corrosion are highlighted in the next section, followed by a discussion of open issues and possible directions for future investigation.

HIGHLIGHTS OF RESEARCH FINDINGS

Uniform Corrosion

Various research organizations have conducted corrosion-rate measurements of Alloy 22 in the passive regime over very short test times (hours-weeks) at temperatures and environments relevant to repository conditions, using electrochemical techniques, such as polarization resistance and potentiostatic polarization.  The test results [3] suggest that corrosion rates of Alloy 22 in the long term would be below ~0.1 m/y.  Gravimetric tests using corrosion test coupons were started by the U.S. Department of Energy (DOE) approximately four years ago in a facility that consists of aerated bathtub-size tanks that are maintained at either 60ºC or 90ºC [4].  The tanks are partially filled with water that contains various amounts of dissolved salts found in the water below the water table at Yucca Mountain.
  Coupons are placed below the water line, at the interface between the water and the vapor space, and in the vapor space.  These tests are scheduled to continue for many more years.  Measurements of Alloy 22 coupons removed after two years indicate corrosion rates that are also below ~0.1 m/y (or even much lower, depending on how the effect of inorganic deposits on the coupon surface is incorporated in the calculations), near the gravimetric detection limit.  Within the relatively narrow range of temperatures and solution compositions studied at the test facility, there seem to be no discernible effects of solution composition, vapor space, interface, or direct liquid immersion placement, or temperature.  There is, however, limited evidence of an increase of corrosion rate under passive conditions with temperature from some of the short-term electrochemical experiments [4] that suggests an activation energy on the order of 30 kJ/mole.   No localized corrosion of Alloy 22 has been observed in the gravimetric test facility, consistent with the expectations from the electrochemical testing findings described in the Localized Corrosion section below. 

Localized Corrosion

DOE has sponsored research to determine the range of OCP that may develop at the WP wall and the proposed repository regimes where localized corrosion would or would not occur.  To be conservative, experimentation has focused on crevice conditions.  Much of the information used for those determinations was obtained from conventional cyclic polarization experiments on Alloy 22 at temperatures ranging from 30°C to 120°C in environments representing concentrated solutions [4] (both from below the water table and from rock pores).  In these experiments, the Ecrit values were found to be always at least several hundred mV higher than the OCP estimated from the same experiments.  Other work sponsored by DOE showed by means of cyclic polarization and potential step experiments that crevice corrosion could be sustained on Alloy 22 at ~90oC at potentials closer to the anticipated OCP when the Cl- concentration in the bulk solution was greatly in excess of that of beneficial anions (e.g., NO3-) [14].  However, environments with high ratios of Cl- to beneficial anions have been deemed by DOE, for performance modeling purposes, to be unrepresentative of WP service conditions.


Work conducted by the Center for Nuclear Waste Regulatory Analyses (CNWRA, located at Southwest Research Institute and funded by the U.S. Nuclear Regulatory Commission) has used potential step methods that also indicate highly noble critical  (repassivation) potentials for Alloy 22 at high temperatures (e.g., 95oC), except at Cl- concentrations that were very high (e.g., ~4M) and much in excess of beneficial anion concentrations [3,15].  CNWRA tests of Ni-Cr-Mo alloys with potential hold times in the month-years range have shown that localized corrosion was sustained at potentials just above the repassivation potential determined in shorter-term (hours) tests, supporting the validity of repassivation potentials as approximate critical potentials [15].  Recently, concern also has been expressed by other investigators [16] about possible localized corrosion of Alloy 22 from elements such as As, Hg, and Pb, which are present in ppb or ppt levels in the rock pore water.  Investigations are being conducted at various laboratories to determine if these elements could become sufficiently enriched to be detrimental under repository conditions.

Most estimates of what the OCP of Alloy 22 may be under expected repository conditions are based on experiments of very short duration (hours in the case of cyclic polarization experiments, months in other cases) in comparison to the repository time frame.  At present, OCP values on the order of ~ -100 mV (Ag/AgCl/KCl sat.) are considered likely for fresh samples and test solutions [4,17].  Experiments are in progress to measure OCP of samples exposed for a few years in the DOE coupon test facility described in the “Uniform Corrosion” section [17].  Early results have revealed instances of Alloy 22 specimens still in the passive condition but with OCP as high as ~+350 mV (Ag/AgCl).  Potentials that high could be of concern because they approach the observed range of Ecrit values.  However, there are indications that electrolyte contamination (especially Fe ions) from other alloys in the same tank may have created an environment unrepresentative of the WP surface [17].   

DISCUSSION

Anticipated Corrosion Environment and Processes 

The  research highlights described above indicate that Alloy 22 has remained in the passive state for up to several years under the conditions tested.  The metal-dissolution rates in those experiments were in the desired low value range.  The localized-corrosion experiments indicated, using a critical potential concept, that crevice corrosion (and by inference, pitting corrosion as well) is very unlikely under the conditions tested.  The tests sought to address conditions that were representative of, or more severe than some of the environments expected to develop at the WP surface.To evaluate how well those findings support adequate WP corrosion performance, one should consider whether the information to date covers the necessary breadth of anticipated possible service environments and material conditions and whether any important long-term corrosion mechanisms have been ignored.  Consideration of how adequately relevant conditions are covered has led to ongoing action by DOE to expand the information base [18], such as the work on the effect of trace elements mentioned earlier.  In another example, recent analyses and calculations have shown that highly deliquescent species (e.g., tachyhydrite) may be present in pore water when evaporated to near dryness. [19].  Those species, if present in the dust that will deposit on the WP during and after the ventilation period, could promote the formation of liquid-water solutions even at temperatures as high as ~165 oC, which could mean the possibility of aqueous corrosion during much, if not all, of the heat pulse, even in the "hot" repository concept.  As a result, experiments for determining passive dissolution rates and especially susceptibility to localized corrosion now are being planned to cover a higher temperature range than earlier investigated.  Such investigations are part of establishing that the WP shell materials satisfy the necessary short-term conditions for adequate performance and should be continued to reduce uncertainty to a level appropriate for decision-making. 

Recent Views on Other Possible Corrosion Processes 

Considering possibly ignored long-term processes deserves special attention because they involve more directly the extrapolation challenges mentioned earlier in this paper.  Those challenges cannot be resolved merely by the short-term data available but instead require thorough questioning of possible processes and application (or development) of adequate fundamental understanding.  Some of those issues were addressed in a recent Workshop on Long-Term Extrapolation of Passive Behavior [20], sponsored in July 2001 by the NWTRB.  A panel of 14 outstanding corrosion scientists was asked two questions that may be summarized as follows:

In the first question, the premise was that the WP service environment is, as suggested by much of the available evidence, conducive to spontaneous passivation of a recently prepared Alloy 22 surface.  The passive regime thus initiated had continued for several hundreds or even thousands of years so that the passive corrosion penetration had reached a substantial depth (e.g., > 10m).  The panelists were asked to propose any mechanism(s) they deemed plausible that would cause the long-term corrosion rate of the Alloy 22 shell to increase, after such prior penetration, so that sustained corrosion rates (maybe no longer uniform) would exceed ~1 m/y. The speculative scenarios listed in the “Extrapolation Challenges” section were given as examples for optional consideration. 

In the second question, the premise was that short-term evidence indicated that under expected service conditions, the open circuit potential at the package surface would stay significantly more negative (by a few hundred mV or more) than the critical potential deemed necessary for development of stable localized corrosion.  The panelists were asked to propose any mechanism(s) they deemed plausible that would cause, over long periods of time, shifts in the open circuit potential and/or the critical potential so that stable localized corrosion could develop.  Furthermore, they were asked whether a localized-corrosion process could be proposed that could develop over long times so that initiation and propagation were not amenable to description in terms of a critical potential.  For focusing discussion, the scope of the question specifically excluded SAC processes. 

For each question, the panelists were asked to assume the repository, WP configuration, and environments indicated earlier in this paper, operating in the “hot” peak temperature mode, and postulating that some electrolyte was present at the WP surface for much of the time.  Suggestions of research that could test the validity of any proposed mechanisms were requested as well.  The oral deliberations during the Workshop have been transcribed and are available for public view [21].  In addition, most participants have prepared brief papers [20].  The following presents highlights of the panelists’ responses.

In responses to the first question, the panelists gave much attention to the possibility of transpassive dissolution as a long-term mechanism for increase in the passive-corrosion rate (resembling speculative scenario (iv)).  Most opinions held that the large potential shift to achieve transpassive dissolution of Cr oxide was unlikely but that possible Mo-transpassive behavior, which needs a lower shift in the noble direction, should be examined carefully. Mechanisms for OCP elevation that could trigger transpassive behavior were considered and are addressed via the second question.  

Fundamental approaches using variations of the Point Defect Model (PDM) [22] were presented to evaluate the possible accumulation of vacancies followed by spalling at the metal-film interface, the value of the steady-state passive current and its temperature dependence, the development of the OCP, and the extent of Cr-transpassive behavior.  Those approaches can  make only crude specific predictions at present, but point the way to experiments that could provide the necessary parameter values to refine forecasts.  For example, prolonged experiments for measuring the extent of preferential evolution of components in Alloy 22 could provide necessary input for determining whether a vacancy-accumulation mechanism (as in scenario (ii)) could be detrimental in the repository time frame.  Likewise, precise determination of steady-state passive dissolution rates and their temperature dependence under selected regimes could allow for calibration of the PDM-derived models and reduce uncertainty when extrapolating to repository conditions and time frame. Application of the limited information available to date suggested that total outer-shell corrosion loss after 10,000 years service would be less than 2 mm, with modest dependence on peak WP surface temperature and little likelihood of Cr-transpassivity. However, these model projections did not include possible effects of the presence of a correspondingly thick external layer of passive-dissolution debris. 

Panelists called attention to how little is presently known about the nature of the passive film on Alloy 22 (for example, whether it is initially crystalline and the relative sizes of its barrier and external layers).  Likewise, knowledge of the degree of uniformity that passive dissolution may have over long times is needed because that may influence the roughness of the resulting surface and the onset of mechanisms like vacancy accumulation.  Local variations in concentration of critical species like Cr at welds and at other fabrication features could promote undesirable localization of passive behavior as well.  The potentially adverse effect of transition from an amorphous to a crystalline layer was reevaluated, with consequent conclusion about the need for experiments for resolving the issue for Alloy 22 in relevant environments.  Several panelists indicated that the initial WP surface exposure to the long dry and hot pulse may create a thicker film not necessarily conducive to subsequent formation of an adequately protective layer after cooler and wetter conditions develop on the WP surface.  Those arguments underscored the importance of investigating the behavior under such a surface evolution schedule.  Panelists speculated about similar effects resulting from cyclic wet and dry conditions (as in dripping regimes or due to spatial heterogeneity in the repository).  

Long-term evolution processes during passive dissolution that could lead to localized corrosion were proposed also.  One scenario was that extended periods of passive dissolution could lead to accumulation of impurities, such as S at the passive layer/metal interface (anodic segregation [23]).  Rough calculations using assumed parameters suggested that monolayer accumulations of S could take place during the first millenium, clearly indicating the desirability of experiments for evaluating the likelihood of this phenomenon.  Other compositional changes beneath the evolving passive layer (e.g., Cr depletion) could act adversely.  The possible detrimental effect of long-term passive-dissolution debris (scenario (iii)) also was deemed worthy of experimental test.  Some panelists were concerned about detrimental synergisms from the simultaneous enrichment of Cl- and F-in the electrolyte on the WP surface, in part because of the possible incorporation of F- into the passive layer itself.  

In response to the second question, several mechanisms for long-term elevation of the OCP were considered, including the effect of radiolytic H2O2 generation early in the life of the repository and the need for more-precise quantification and forecasting of this effect.  Panelists also indicated that, independent of the nature of the species being reduced, the cathodic reaction could become increasingly catalyzed as the passive layer matures, or by effects of  Cl- and/or  F- interaction with the passive film.  Surface area increases by roughening also would increase overall cathodic efficiency under the expected, mostly activation-energy-limited, conditions.  The response of the passive layer, as an extrinsic semiconductor, to low-energy photons (possibly from secondary effects of the higher-energy gamma radiation) was proposed as another candidate mechanism for elevating the OCP.  The need for experiments for  determining the extent of these possible effects on the long-term evolution of OCP (and of the passive current density) was generally recognized. 

Crevice corrosion was considered the most likely localized-corrosion process to occur, because the pitting resistance of Alloy 22 is recognized as very high (although the possible integrated effect of metastable pitting over extremely long times merited attention).  Also mentioned were possible aggravating factors, such as gas formation in crevices, which could create extremely narrow gaps and consequently stabilize corrosion under conditions normally neglected.  Downward changes in Ecrit were considered as possible results from forming passive films after extended dry and high-temperature periods (see above).  Various panelists expressed confidence in the applicability of presently available methods for determining Ecrit (generally understood as the potential low enough to repassivate an initially active deep crevice), given that enough time and sufficient environmental severity is used in the experiment.  However, it was proposed that certain processes may not be amenable to use of an Ecrit value so determined.  Among those processes were corrosion promoted by a membrane of former passive-dissolution debris, some forms of deep intergranular corrosion, and corrosion at regions of variation in local composition created by thermomechanical treatments (forming, welding). 

CONCLUSION

Extrapolation of corrosion behavior of a passive material over an extraordinarily long time challenges the usual mindset of corrosion engineers and scientists, who are accustomed to facing design requirements of a few decades or a century at most.  There is a strong need to supplement empirical observations with a solid basis of knowledge of the fundamental processes involved.  Another potentially powerful contribution to extrapolation confidence would be documentation of suitable natural analogues showing that a metallic passive regime can be maintained over a geologic time frame [7].  

Experiments aimed at demonstrating that Alloy 22 can survive some WP service environments are being continued and expanded; if successful, they will establish a record where necessary conditions are satisfied.  Equally important, however, is a continuing search for other modes of deterioration and environmental conditions that may have been missed, as exemplified by the Workshop highlights indicated above; by other ongoing review efforts by the DOE [18]; and by investigations by other agencies [3,16].  Although extrapolation uncertainty can never be eliminated, these efforts can guide continuing work to reduce uncertainty to a level appropriate for informed societal decisions on the disposal of nuclear waste. 
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� These tests simulate water compositions based on water extracted from well J-13, which samples the saturated-rock zone near Yucca Mountain.  Recently, more attention has been paid to representing pore water extracted from rock at the repository level, which appears to be somewhat richer in Cl- and SO4- than J-13 water is. 
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