NUCLEAR WASTE PACKAGE CORROSION BEHAVIOR IN THE PROPOSED YUCCA MOUNTAIN REPOSITORY 
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ABSTRACT

The corrosion performance of spent nuclear fuel waste packages is becoming  increasingly important in establishing the viability of the proposed Yucca Mountain repository system.   Current package concepts propose the use of a 2 cm thick nickel-base superalloy (Alloy 22) shell as the main barrier to prevent corrosion penetration over many thousands of years.  The expected package service conditions, as well as their variability and  uncertainty, are discussed.  The electrochemical conditions known to be responsible for passive behavior and its breakdown in Alloy 22 and similar alloys are examined in the light of the predicted repository environment. Durability prediction approaches and their conclusions are considered.  Efforts to determine the relative impact of localized modes of failure and uniform passive dissolution on package durability are reviewed, along with open issues in need of  resolution and alternative package designs.  The basic question of the validity of extrapolating corrosion behavior over many times the duration of the present base of experience is addressed.   

REPOSITORY SYSTEM

The proposed Yucca Mountain repository system [1] is to contain about 7(104 MTUB of nuclear waste, most of which will be spent nuclear fuel (SNF) from civilian reactors.  Present design calls for the use of about 104 cylindrical waste packages, most containing up to 21 pressurized water reactor (PWR)  SNF assemblies or 44 boiling water reactor (BWR) SNF assemblies.  The packages are to be placed in single rows within tunnels ("drifts") excavated in the unsaturated zone rock of Yucca Mountain, at a level 300 m below the top of the mountain and 300 m above the water table.  The rock is primarily welded tuff, from the consolidation of volcanic ash deposited about 107 years ago.  The rock pores are at present about 80% saturated with water with  pH7.8  and a composition resembling that of well J-13 water (principal anions besides bicarbonate in ppm : 7 Cl -,  2 Fl-, 22 SO42-, 6 NO3-  [2] ). 


The following describes anticipated repository events.  As the waste packages are emplaced, the drifts will be sealed and the repository will be monitored for a period that may be as long as 300 years.  Heat from the waste packages (1 to 20 KW typical per package at time of emplacement) will heat the rock adjacent to the drifts and evaporate the pore water.  The heat pulse eventually vanishes because the  thermal output of the waste packages decreases exponentially with a half life of 50-100 y.  After the heat pulse, the water movement within the mountain should begin to return to a regime representative of  long term trends.  The Yucca Mountain site is presently exposed to low annual precipitation (150 mm/y), but the long term average is projected to be several times greater.  The percolation flux at the repository horizon is projected to have a long term average of about 40 mm/y (significantly more than estimated until recently).  Much of this flux is expected to be diverted around the drift walls by capillary action, but some will seep directly onto the waste packages.


The purpose of the repository is to protect people from harmful radionuclide releases for an extended period of time (e.g. (104 y).  The repository has been conceived using a defense-in-depth strategy, in which consecutive geologic barriers (intervening rock hindering water transport, chemical trapping, distance) work together with multiple engineered barriers (the waste package walls, the nuclear fuel sheaths, and the ceramic nature of the spent nuclear fuel itself).  However, the present high percolation flux estimates and uncertainty in saturated zone water transport indicate that the geologic barriers can be relied upon for defense to a lesser extent  than was recently anticipated.  This has placed an increased performance burden on the engineered system, and especially the corrosion resistance of the waste package walls since design latitude resides there. Total System Performance Assessment (TSPA) [3] model calculations project that repository performance is severely degraded unless  the waste packages are virtually immune to corrosion penetration for the first several thousand years,  and that the median time for corrosion penetration is on the order of 105 y or better. 

WASTE PACKAGE DESIGN 

Present (late 1998) waste package design specifies a typical 2 m outer diameter,  an 5 m length, and a shrink-fit two-shell wall.  The outer shell (100 mm thick) is A516 carbon steel, and the inner shell (20 mm thick) is Alloy  22.C  The outer shell is primarily intended to provide mechanical resistance against rock fall and handling stresses, while the inner shell is to provide most of the corrosion resistance.  The corrosion performance of the waste package will be determined by the service environment, the physical arrangement of the system, and the material properties.  These factors and their uncertainties are discussed below.

CORROSION BEHAVIOR

The Heat Pulse - Generally Dry Conditions

The repository would consist of approximately 100 parallel drifts, each about 1 km long. As soon as all packages within a drift are emplaced, the drift is closed off.  After drift closure the package wall temperature is projected to increase over a few years to a peak value in the range of 150oC to 250oC and then decrease slowly as the fuel decays [4].  The package wall is projected to stay above the boiling temperature of water for a period on the order of 102 to 103 y.  The peak temperature and time above boiling depend on the overall repository layout (average quantity of SNF per unit area, traditionally expressed as MTU per acre), the package makeup, and  position within the repository.   During the above-boiling period the atmosphere around the packages is projected [3] to consist mostly of water vapor (all other gases being nearly completely displaced by the water evaporated from the surrounding rock).  A large scale drift test is in progress to assess the validity of these projections.  As the rock temperature returns to values below boiling, some of the evaporated water will return to the repository horizon together with that of the normal percolation  flux.


During much of the heat pulse the external surface of the package is expected to experience relatively mild corrosion since an adsorbed water layer of only molecular dimensions is anticipated to exist there.  Direct oxidation of steel at these moderate temperatures and atmospheric composition is also anticipated to be very slow [5].  Recent thermogravimetric  measurements with carbon steel and previous literature evidence support these expectations [6].  However, the amount of water in contact with the metal surface could be significant even when the temperature is above boiling if hygroscopic deposits develop on the packages during the preclosure period or afterward from tunnel collapse.  Another potential source of water during the heat pulse could be localized water reflux through rock fractures, as localized drips or even  hot water jets impinging on individual packages.  This type of event could be highly damaging but hard to forecast with the near field predictive models presently available.

Post Heat Pulse Period - Wet Conditions

Corrosive conditions are expected to enter the  most severe phase when the decreasing drift wall temperatures begin to cross the boiling range and liquid water seeps onto the hot package surfaces.  Oxygen partial pressure is also expected to approach normal conditions at this time.  As water reaches some of the packages, evaporation should increase the concentration of dissolved salts.  When the outer package temperature becomes low enough to retain a layer more than  a few µm thick of the resulting concentrated solution, appreciable corrosion of the carbon steel is anticipated. The carbon steel corrosion may be generalized (moderate to low solution pH) or in the form of pitting (higher pH and abundant electrolyte). Estimates of carbon steel corrosion rates under these conditions are subject to much uncertainty, but there is general agreement that perforation of the outer shell of packages subject to liquid water contact could result after periods ranging from 101 y to >103 y [7].  


Exposure of the Alloy 22 shell can happen early enough to involve surface temperatures  near the boiling range initially, and a potentially aggressive hot and wet local environment lasting a considerable number of years afterwards.  Although standards for repository performance have yet to be set, successful repository performance in its present conception appears to depend in large part on the ability of the inner shell alloy to resist corrosion penetration during this period and beyond, toward a typical median service life of (105 y or more.

Service Environment of the Exposed Inner Shell

Since corrosion susceptibility is expected to be greatest at  high liquid temperatures, it is worthwhile paying attention to the environment that may be prevalent on the exposed inner shell alloy surface when the packages are still hot.  The first Alloy 22 surface spots uncovered by breaches in the carbon steel layer are likely to experience an environment resulting from evaporative concentration of the seepage water, plus any additional ionic contribution from carbon steel corrosion products.  For some time after the first outer wall penetration much of the  Alloy 22 surface is expected to be still directly facing the shrink-fit carbon steel, with very narrow gaps in between.  Water is likely to work its way into these mixed-metal crevices, creating there another localized environment.  At later stages the outer wall could possibly be completely consumed, leaving the still unpenetrated  inner wall in contact with a mixture of wet carbon steel corrosion products and rock and concrete particles from collapsed tunnel walls.  Alternatively, localized corrosion may penetrate the inner wall at some stage before massive loss of the outer shell.


Environments potentially  aggressive to Alloy 22 are expected to result from some of the conditions indicated above.  The presence of carbon steel corrosion products in combination with possibly high Cl- concentrations from evaporative accumulation could result in the formation of ferric chloride and consequent pH reduction by hydrolysis in the bulk liquid in contact with the Alloy 22 surface.  Preliminary estimations of the pH that may develop under these extreme conditions suggest a value  2 [7], but it is expected that detailed chemical calculations and experiments will be conducted by the Department of Energy (DOE) to establish the likelihood of these or still lower pH values.  In addition to metal freely exposed to bulk liquid, narrow crevices may form if portions of the Alloy 22 surface were partially covered (by a combination of tunnel wall fragments and prior corrosion products, or at metal/metal laps due to manufacturing).   Even in the absence of iron corrosion products,  these crevices in combination with external oxidizing conditions could create microenvironments more aggressive than the bulk solution and facilitate localized corrosion [8].  The mixed-metal (carbon steel /Alloy 22) crevices could also result in aggressive microenvironments, although it is likely that the corrosion inside may affect primarily the carbon steel side of these crevices as long as electronic contact exists between both shells. 


One possible exposure regime involves the accumulation of a large pool of high ionic conductivity, shared by both carbon steel and Alloy 22 still in good electronic contact.  Under those conditions the system should develop, outside crevices,  a nearly uniform mixed potential dictated mostly by the corrosion potential of active carbon steel (several hundred mV below SCE).  While those conditions last, the Alloy 22 would be effectively cathodically protected by the corroding outer shell,  the protection being primarily by preventing the initiation of pitting or crevicing [9,10].  That desirable regime was initially thought to be an important contributor to package durability.  However, it is uncertain  how prevalent and lasting the assumed physical arrangement would be in actual packages.  Even if this arrangement  were to exist it would last only for a fraction of the life of the outer shell,  a time too short compared with the desired package life.  Thus, bulk cathodic protection credit is no longer invoked in TSPA projections as an important factor in package durability [3]. 


The presently used,  more conservative scenario assumes that even if good electronic contact between both metals still persists, electrolytic contact between them is poor (at least outside any remaining mixed metal crevices).  Under those conditions a free Alloy 22 surface would have an open circuit potential essentially unaffected by the presence of the residual carbon steel.  That open circuit potential could be as high as (0.3 V  (SCE) if the oxygen content of the atmosphere around the package has returned to near normal conditions and outer shell corrosion products do not contribute to the water chemistry [3, 10].  


If iron corrosion products and high Cl-  concentrations were present, an extreme scenario could include the formation of ferric ions and a much more oxidizing environment, with potentials conceivably several hundred mV above the value indicated above.  If those oxidizing conditions were present the stage for crevice corrosion may be set.   Spontaneous pitting at free surfaces might  also develop under more severe external conditions.  In addition, stress corrosion cracking cannot be completely ruled out as the present design precludes post closure-weld annealing to remove residual stresses.   The likely performance of Alloy 22 in these cases is discussed in a following section.  Effects from radiolysis in aerated water have been dismissed because of reduction of the gamma flux by the package wall [3], but no detailed investigation of this issue exists to date. 


Regardless of whether aggressive localized corrosion takes place, the inner shell would still slowly degrade by passive dissolution.  This mode of corrosion, normally neglected in thick engineering components, is important here in view of the extremely long durability requirements.

Corrosion Resistance of the Proposed Inner Shell Material

Alloy 22 derives its corrosion resistance from its high Cr, Mo, and W content in a Ni base composition, remaining passive over a wide range of composition, temperature, and potential conditions.  Exposure to aerated hot water with a composition similar to that of the rock pore water has resulted in negligible corrosion rates,  typical of  passive dissolution ( <0.1 µm/y) [11].  The alloy has been found to have similar low corrosion rates  also when exposed at 90o C to aerated solutions equivalent to pore water concentrated by a factor of 103 [3,11].  These results and similar observations of low corrosion rates mostly in the passive condition have been compiled by the DOE and are shown in Figure 1 [3]. “Lead-in-pencil” tests have shown that pitting in solutions with 4 M Cl- was not maintained below a very high potential (+829 mV(SCE)) [12].   Crevice corrosion resistance under similar conditions has also been excellent, with the possible exception of very tight metal-Teflon crevices in potentiodynamic tests extending to +600mV (SCE) in pH 2.5 solutions with  4 M Cl- at 95o C [12].  Alloy 22 does not appear to be susceptible to microbiologically influenced corrosion [7].


Alloy 22 does shows pitting and generalized corrosion if exposed to simultaneous extremes of pH, Cl- concentration and temperature.  For example, at 100oC solutions with 3 % HCl cause corrosion rates of > 100 µm/y [13].  Stress corrosion cracking tests in hot acidic brine (90 oC, pH 2.7 and 5% NaCl) have shown instances of crack growth under high stress intensities [14].
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Projected Alloy 22 Performance in the Repository

The performance results described above show little indication that  Alloy 22 would experience passivity breakdown under most of the anticipated repository service conditions.  Uniform corrosion or pitting could take place at open surfaces if extremes of low pH (e.g. 1 or less) and high Cl- concentrations were to develop, but unless calculations and tests in progress establish it, the occurrence of that environment  may be considered unlikely.   Likewise, there is no indication that crevice corrosion would occur unless the electrolyte outside the crevice already contains very high  chloride concentrations, the crevices are very tight,  and the external electrode potential approaches/exceeds the oxygen evolution potential.  While Cl- accumulation is likely and tight crevices possible, there is little indication at present that sufficiently high electrode potentials will develop.  Stress corrosion cracking remains a possibility and some concern has been expressed as to the need to further assess the risk for this mode of deterioration [7].  However, analyses by the DOE [3] suggest that critical crack sizes are not likely to be attained with the shell dimensions considered.  These considerations have been reflected in the corrosion models of the current DOE TSPA [3] of the repository, which assign very low probability for a localized corrosion generating event (as well as decreasing rates of localized corrosion penetration with time) and project that a large majority of inner shell penetrations will take place by generalized corrosion. 


The documented rates of uniform corrosion when the alloy is passive are extremely low, and apparently moderately affected by temperature and solution ionic content in the range of conditions of interest (Figure 1, not considering the 10% FeCl3 results).  Nominal estimates of the time for passive dissolution consumption of the 2 cm Alloy 22 wall can be made by  linear extrapolation of the mean observed rates, yielding values on the order of 105 y (or more at lower temperatures). 


Based on the above, the available information does not reveal easily occurring conditions leading to passivity breakdown of Alloy 22 in repository service, leaving passive dissolution as the most likely mechanism of inner shell deterioration.  This in turn  leads to the extrapolation  that package lifetimes will be compatible with successful repository performance. 

Extrapolation of corrosion behavior and service time frame

Expectations of adequate corrosion resistance in the repository must be tempered by taking into consideration uncertainties in the service environment and about the corrosion response of the material.  Environmental uncertainties have been described earlier.  Their impact may be interpreted as putting an additional burden on the performance of the material, by forcing conservative  assumptions of more severe service conditions. 


Uncertainty about corrosion response can be divided into issues concerning known and unknown mechanisms of deterioration.  Among the first, there is still paucity of information on the behavior of Alloy 22 in expected repository environments (especially on open circuit potential development and on possible in-crevice conditions, as well as for stress corrosion cracking). The DOE’s ongoing research programs are addressing this uncertainty.


A more serious difficulty is posed by the possibility of unknown modes of damage.  Alloy 22 has been in use in commercial quantities only since the early 1980s.  The corrosion behavior projections in the previous section involve the implicit assumption that findings derived from experimental observations obtained during the last two decades (and only during the last few years for repository-specific environments) will continue to be applicable over an extremely long time period. The excellent localized corrosion resistance displayed by  Alloy 22 can be viewed in that context simply as  negative results from a series of laboratory tests and industrial performance observations that are (compared with the repository service time frame) short term.


It is true that the results from laboratory experiments have been interpreted in the light of current mechanistic understanding of localized corrosion phenomena, which benefits from several decades of advancement in corrosion science.  However, such basic questions as the precise role of Mo on improving pitting/crevicing, or the uniqueness of a pit/crevice repassivation potential are still a matter of frequent debate in the technical literature [7,15,16]. 


Underlying the overall problem is the concern that unknown forms of long-term deterioration may exist that are not anticipated by present mechanistic understanding or by direct empirical observation.  This is of special interest in the present case since Alloy 22 and similar materials depend for long-term corrosion resistance on the permanence and regeneration of a thin (as little as a few nm) passive layer on its surface [17].  


Noble metal alloys have retained their integrity over extremely long periods of time, as native metals in geologic formations and as archaeological artifacts.  This is to be expected from  thermodynamic stability of the bulk material in the surrounding environment rather than from passivity.  In contrast, alloys of otherwise reactive metals that resist corrosion in aggressive environments primarily because of the presence of a passive layer have been in documented use only during the last one hundred years or so.  While that level of experience is amply adequate for applications in typical industrial time scales, extrapolation to repository time frames should be carefully studied. 


Figure 2 illustrates graphically the nature of the extrapolations that may be involved even if the assumption is made that the main mode of wastage is passive dissolution.  The diagonal line represents the nominal service life that can be achieved with the corrosion penetration rate indicated in the horizontal axis and an inner shell thickness of 20 mm.  The "Ground Truth" zone  represents the available service time experience with industrial alloys that rely on passivity for corrosion protection (roughly the 20th century). The "Desired" zone represents the waste package performance demands in the present repository projections where, due to typical uncertainties and variabilities, median inner shell durabilities much shorter than 105 years would seriously compromise the ability to keep releases within anticipated goal limits.  Clearly, there is a three order of magnitude gap between desired Alloy 22 performance and that directly demonstrated  for alloys that use a comparable protection mechanism.  The gap would be even greater if only the experience directly pertinent to Alloy 22 were considered. The arrows, E and G,  exemplify  typical sensitivity limits for short term electrochemical techniques and 
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Figure 2    Service life extrapolation regimes.  E and G exemplify sensitivities of short term electrochemical and gravimetric measurement techniques, respectively. 

gravimetric coupon tests to evaluate average corrosion rates.  Those values indicate that present measurement methods are fully sufficient to detect when average corrosion rates may exceed the maximum values compatible with the desired service life.  However, those tests could only reveal negative performance situations but could not guarantee future alloy behavior. 

Paradoxically, materials with lesser corrosion resistance could involve smaller extrapolation uncertainty because of their much longer service experience base.  For example,  some human-made iron alloys have survived in some oxidizing environments for thousands of years, experiencing  corrosion rates that are greater than those of passive Alloy 22 but that are still  moderate.  Metallic meteorites (generally Fe-10% Ni) may have retained physical integrity in natural environments for periods that are comparable to or exceed the desired range in Figure 2. These materials could require impractically large shell thickness to survive the hot and wet conditions inherent in the present repository design, but may represent workable options in alternative designs with a lower waste placement  density [18] (discussed in the next section).

             Significant reduction of extrapolation uncertainty could be accomplished by focused investigation of the fundamental aspects of long term permanence of passivity [17,20].  For example, as passive dissolution progresses, successive generations of the passive layer are created and dissolved, sweeping inward through the alloy's microstructural features.  Second phase precipitates and other lattice defects may affect or bypass the passive layer [20,21].  There is little evidence at this time as to whether these events result in a steady state regime or could cause an adverse cumulative effect over extremely long times. These and similar issues should be explored.  In any event, discovery of long term analogs that demonstrate long term passive behavior would do much to reduce concerns about extrapolation.  Josephinite, a terrestrial native nickel-iron with high Ni content (e.g. 70%), may merit study [22].   A separate and potentially important issue is the effect on passivity of changes in the microstructure of the corrosion resistant alloy as low temperature annealing progresses over extremely long time periods. 

Alternative Package and Repository Designs

Alternative package designs are under consideration [23], addressing some of the concerns expressed in the previous sections.   One concept is to place the carbon steel shell inside the Alloy 22 shell, thus eliminating the possibility of formation of large amounts of ferric chloride on the Alloy 22 surface while still retaining considerable mechanical strength.  Another concept is to use two different corrosion resistant alloys (for example Alloy 22 and a Ti alloy)  for the inner and outer shells.  This alternative would eliminate the potential ferric ion problem and also provide defense in depth by using materials with different deterioration modes.  Titanium alloys, however, also depend on long term stability of the passive regime and have a relatively short experience history, so that questions about extrapolation uncertainties arise similar to those for Alloy 22 . 


Possibly more promising  alternatives include also manipulation of the service environment.  By reducing the overall placement density (for example from  85 MTU/acre to 50 MTU/acre) the period at near-boiling temperatures would be significantly reduced with consequent reduction of environmental aggressivity [18].  This should in turn minimize the probability for localized corrosion initiation and, as indicated earlier,  potentially allow the consideration of materials with less demanding but better known long term performance.   Lower peak operating temperatures could be also achieved by manipulating the placement schedule, providing ventilation during (and extending the length of) the pre-closure period, and by means of natural convection ventilation systems.

CONCLUSIONS
1)
The repository concept poses an unprecedented corrosion forecasting problem.  There is high service environment uncertainty, with possibility of aggressive conditions at least for part of the waste packages.  Present uncertainty on the effectiveness of geologic barriers requires waste package survival for extremely long times (e.g. median time for penetration >105 years) for successful repository performance.

2)
Projected package durability depends mainly on the corrosion performance of the 2 cm Alloy 22 inner shell.  Alloy 22 has shown little tendency to localized corrosion under conditions similar to those projected for the alloy surface by performance assessment models of the repository.  Durability projections assume uniform corrosion at rates representative of passive dissolution.  Under those assumptions, projected lifetimes for most packages are  on the order of  105 years or more.

3)
The service life expectations create an extremely large extrapolation gap between engineering experience and required behavior.  Extrapolation uncertainty must be reduced by fundamental research and examination of possible long term analogs.  

4)
Alternative repository and package designs may reduce service environment aggressivity and create additional defense in depth, thus reducing the burden on extrapolation uncertainty.
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Figure 1  Summary of data on generalized corrosion rate of Alloy 22 [3].
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BAn MTU (metric ton uranium) of waste is the amount of waste that contained one metric ton of uranium before irradiation.


CAlloy 22   (UNS N06022) has a nominal weight % composition of 56 Ni, 22 Cr, 3 Fe, 13 Mo, 3 W and 2.5 max Co.
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