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ABSTRACT
The risk associated w ith the performance of Alloy 22 w aste package (WP) in the potential
repository for high-level nuclear w aste at Yucca Mountain w as assessed using the NRC’s Total-
system Performance Assessment (TPA) Code. The high temperature (above 100° C)
deliquescence relative humidity from mixed salt deposits on the WP surface was evaluated by
low ering the critical relative humidity (RH.ica) for aqueous corrosion to (35 - 60) pct. For the
base case values of the critical potential for localized corrosion, the estimated dose increased
from 0.05 to 1 mrem/year in 10,000 years by altering RH.;i.4- For the modified case the
estimated dose increased to 3.8 mrem/year at 10,000 years w ithout low ering RH,;i1icai- With the
addition of nitrate as an inhibitor, the estimated dose decreased to 0.03 mrem/year at 10,000
years. Giving credit to the remaining surface area of the WP after failure by localized corrosion
reduces the estimated dose from 4 mrem/year to 0.4 mrem/year. Anodic sulphur segregation
at the interface of metal and passive film and subsequent spalling of passive film may enhance
uniform corrosion. The cyclic process of fast active corrosion upon sulfur segregation follow ed

by slow passive corrosion upon repassivation is unlikely to reduce significantly the WP lifetime.



INTRODUCTION

An important attribute of the high-level w aste (HLW) disposal programin the U.S. is the
estimated long lifetime of w aste packages (WPs). It has been proposed that the WP be
constructed of Alloy 22, a Ni-Cr-Mo (Ni-22Cr-13Mo-3W-4Fe) alloy know n to be resistant to
localized corrosion in chloride containing environments. The WP performance in the potential
Yucca Mountain (YM) repository has been assessed with mathe matical models of various WP
corrosion modes in conjunction w ith various models representing the behaviors of geology,
hydrology and other components of engineered barrier system (EBS). The NRC’s Total-system
Performance Assessment (TPA) Code (i.e., Code) utilizes several mathe matical models,
incorporating geological, hydrological and chemical effects, to evaluate risk to the public from
the WP failure . The Code allows to perform sensitivity analyses to estimate how changes in
the environment of the inside of YM could affect the corrosion behavior of Alloy 22 WP, over a
time period of 10,000 years. The results are expressed in terms of ‘risk’ (the likelihood times
consequences of the radionuclide release). The WP failure is defined as occurringw hen the
thickness of the outer container (approximately 2 cm) of the WP is penetrated by a corrosion
process. This may occur as a result of localized corrosion or accelerated uniform corrosion

through the rolled and machined cylindrical shell portion of the container.

After the ventilation period and repository closure, WP surface temperatures above 100°C are
expected for several hundred years. During this period, w ith the drip shields (DSs) diverting the
dripping groundw ater, mineral dusts w ill possibly deposit in the adsorbed thin film of w ater on
the hot WP surface 2. In the absence of the DS protection, the groundw ater will directly drip on
the hot WP surface provided that the drift w all temperature is below boiling. These two
processes may result in mixed salt deposits on the WP surface, which in turn may concentrate

dripping groundw ater, decrease the deliquescence relative humidity (RH), and increasing the



boiling point of the solution **!. Because the deliquescence relative humidity is dependent on
the composition of the mixed salts, the deliquescence points of different compositions of
groundw ater over a broad range of RH values w ere input to the Code. Inthe absence of
inhibitors to the WP corrosion, tw o sets of chloride chemistry w ere considered as (i) unmodified
base case and (ii) modified case, that included different sets of data and data regressions for
mill annealed and w elded Alloy 22 under the same aqueous conditions. In these two cases,
failure of the WP by a single through w all penetration w as conservatively assumed to provide no
protection for the WP contents. In order to calculate the effect of partial credit for WP after
failure, the Code w as programmed to measure radionuclide releases from the container w ith
varied amounts of corroded area by localized corrosion as pitting as w ell as stress corrosion
cracking. Crediting the remaining surface areafollow ing the corrosion process was an effective
way to accomplish meaningful comparisons of results and interpreting associated risk. The
presence of nitrate, w hich is know n to inhibit crevice and pitting corrosion in chloride containing
environments, w as simulated in the Code by modifying parameters used to deter mine the

initiation of localized corrosion.

The corrosion potential w as calculated in the Code on the basis of a kinetic expression for the
cathodic reduction of oxygen and w ater and the passive current density for the anodic
dissolution of Alloy 22. Empirically derived equations calculated the dependence of critical
potentials for localized corrosion on environmental parameters. The repassivation potential as
the critical potential for localized corrosion depends on chloride concentration and te mperature

and is given by

Eerit = Eent(T) + B(T)log[CI] (1)



Where E°«(T) and B(T) are linear functions of temperature. The unmodified base case
parameters considered a limited set of data to define the repassivation potential as a function of
chloride concentration and temperature. Modified case parameters corresponded to refining the

empirical correlation to define the repassivation potential.

To complement results from the sensitivity studies using the Code, a separate mathe matical
model w as constructed to assess the effect of enhanced uniform corrosion. A simple
calculation w as conducted to estimate how afast (active or non-passive) and slow (passive)
cyclic corrosion process, possibly due to anodic sulfur segregation in the alloy, could affect the
WPlifetime. The premise of this assessment is that anodic sulfur segregation w ould possibly
occur at the interface of the metal and the passive film causing the passive oxide layer to spall
off ™. Enhanced or accelerated uniform corrosion w ould then occur in these regions for a
period of time before the passive layer can reform. This process could periodically repeat
depending on the passive corrosion rate of Alloy 22 and processes that promote segregation of

sulfur.

METHODS

Critical relative humidity, RH,ica1, is input to the Code that determines the relative humidity (RH)
necessary to have a sufficiently thick w ater film on the WP that wiill support corrosion reactions.
For most metals, the value of the RH,;.4 is similar and usually in the range of 60 to 70 percent
(pct). Deliquescence of dust or salt deposits from evaporated seepage w aters may reduce the
RH..icai- The value of the RH, ;.o Was altered to simulate deliquescence of mixed salts and

evaluate their effects on the overall repository performance. As the Code processes a set of



given environmental RH values expected during the disposal time, if the RH is higher than the
RH..i.a fOr aqueous corrosion, the WP container wiill start degrading by aqueous corrosion. The
corrosion mode (uniform or localized) is determined using a comparison of the critical potential
for crevice corrosion to the corrosion potential and is described in subsequent paragraphs. The
base case value of RH,;;.. (60-65) pctwas altered to (35-60) pct, to reflect the scope of
different mixed salts and their deliquescence points °. The aqueous chemistry for the WP
surface from mixed salt deposits is likely dominated by alkaline brines of Na*/K" containing CI’
and NO;™ anions, and near neutral Mg?*/Ca** chloride-dominated brines as a minor brines .
The deliquescence point of mixed salts is low er than the deliquescence point of binary mixtures
] At relatively high temperatures localized corrosion could take place because the
repassivation potential decreases significantly w ith increasing temperature. Although localized
corrosion data of Alloy 22 or C-4, w hich is a similar alloy in corrosion resistance to Alloy 22, are
available in mixed brines, some uncertainties exist especially at temperatures greater than 100
°Cin the mixed salt brines. Therefore, the sensitivity study is conducted assuming localized

corrosion would occur.

The dependence of the critical potential on chloride concentration and temperature is given in

Equations (1), (2), and (3).

Eeit(T) =A; +A, T (2)

B(T)=B; +B, T (3)

The terms E°,;(T) and B(T) are linear functions of temperature. A, and A, are parameters in the
intercept term, and B, and B, are parameters in the slope term. These relationships are based
on experimental data for mill annealed Alloy 22 in pure chloride solutions. Below Table (1)

provides the unmodified base case parameters and the more recently modified parameter



inputs to the Code. Figure (1) is the repassivation potential as a function of temperature for mill

annealed Alloy 22 in pure chloride solutions.

Table (1) Repassivation Potential Parameters for the Unmodified Base Case and the Modified

Case
Parameter (units) A, (mMVgyp) A, (mV/C) B, (mV) B, mV/°C)
Base 2006.0 -15.2 -590.7 4.3
Modified 1541.0 -13.1 -362.7 2.3
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Figure (1) Repassivation Potentials as a Function of Temperature for Mill Annealed Alloy 22 in

Pure Chloride Solutions "

The chloride concentration w as systematically varied. - The concentrations of other anions
found in J-13 w ellw ater were maintained at low values such that the influence of sulfates,
bicarbonates, nitrate, and fluoride w as likely minimal. It is know n from experimental evidence

as shown in Figure (2) below that above a nitrate to chloride concentration ratio of 0.2 (w hich



would be about 0.1 M nitrates) inhibits localized corrosion for both w elded and mill annealed
Alloy 22. Sufficient concentrations of nitrate to chloride that inhibit localized corrosionw ere
simulated using a constant value of the repassivation potential w ith a value of 250 mV vs. SCE

(500 mV vs. SHE).

For the unmodified base case and the modified case, no creditw as given to the remaining
surface area follow ing penetration of the WP by localized corrosion. To be more realistic,
another factor was changed in the Code to study the effect of localized corrosion on the
radionuclide release through perforations expected from localized corrosion, giving credit to the
remaining surface area. As the Code does not have this factor in conjunction w ith the WP
corrosion, itw as simulated by controlling the exposed surface area of spent nuclear fuels w ith
Cladding Correction Factor in the Code. This Cladding Correction Factor simulates the actual
exposed surface area of spent nuclear fuels to the aqueous environment. To credit the surface
area thatw ould remain in the WP after pitting (regardless of crevice corrosion) approximate
determination of pit size and density w as needed. These w ere determined from the literature to
be only in certain small areas to be the size betw een 10* to 10" cm, and the density betw een
10" to 10? per cn? of the WP surface area for various alloys and environmental conditions .
An example of the density and the size of pits from generic potentiodynamic tests are shown in
Figure (3). The resulting fraction of the exposed surface area is in the range of 10 to 1 by
combining pit size and pit density, w hich is the parameter changed in the Code. Similarly, the
release from stress corrosion cracks were also tested using the literature data ). The fraction
of the exposed surface area from stress corrosion cracking, ~1.1x10*, w as encapsulated in the
pitting fraction. This value w as obtained from about 25 cracks of the size, 1.02 cn?, with

respect to WP surface are of 2.3x10° cn?.
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Figure (3) Examples of Size and Distribution of Fits. Pit diameter vs. Time for 18Cr-12Ni-2Mo-
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A calculationw as performed to assess the effect of slow and fast cyclic process of uniform
corrosion on the WP lifetime. A transient enhanced dissolution process could occur due, for
example, to anodic sulfur segregation at the metal-oxide interface or film spallation. Jones
estimated that it w ould take approximately 180 years to forma mono-layer of sulphur at the
metal-oxide interface in nickel-based alloys containing 100 appm sulphur, assuming a uniform
corrosion rate of 102 um/year . Enhancement of the corrosion rate depends on the
persistence of a sulfur compound (such as nickel sulfide) in the metal film. It is unlikely that
sulfur compounds could persist in Ni-Cr-Mo alloys. The presence of molybdenum counteracts
the effect of sulfur possibly by the formation of soluble molybdenum-sulfur compounds ".
Thus, sulfur is removed from the system at a rate proportional to the rate of molybdenum
dissolution. On the other hand, chromiumhas a low affinity for sulfur, but high affinity for
oxygen; thus, the formation of chromium oxide competes w ith the formation of sulfur
compounds. Given the abundance of oxygen and the presence of molybdenum in Alloy 22, the
stability of sulfur compounds in the filmfor extended periods is unlikely. A protective oxide film
should eventually form after the sporadic occurrence of enhanced dissolution rates due to
anodic sulfur segregation, if this process were to occur. It has been argued that film spalling
could also occur due to the accumulation of metal vacancies at the metal-filminterface resulting
from the passive dissolution process . Ako, a protective oxide must re-form after a transient

state of free dissolution.

The rate of slow corrosion (CR;) times the period of time for slow corrosion (Ct,), plus the rate of
fast corrosion (CR) times the period of time for fast corrosion (Ct;), equals the amount corroded

(i.e., penetration depth).

Penetration Depth =X [CR, * Ct, + CR:* Ct{] (4)



The fast corrosion rate w as estimated from the current transient prior to repassivation after
immersing bare metal coupons. This current transient also gives the times for fast corrosion.
An example of the anodic current transient and total charge transfer as afunction of time is
show n in Figure (4) for Alloy 22 at 100 mV vs. SCE in 0.028 M Chloride solution at 95 C!"). The
slow corrosion rate is obtained from potentiostatic tests " and the slow corrosion time is
obtained by extrapolating the sulphur segregation time postulated by Jones ! to the slow
corrosion rate. Fast corrosion rates and times w ere varied to study the effect on the WP

lifetime.

10



- _5 _ x . .
108 7 0.16
= |
_ 108 3 —0.12 2
e , 8
g = = %
B . 3
2 107 008 o
8 3
O 10® - 004 F
L e e For ane DEoR Y 0
‘ 0100 - 200 o800 _ 400

' . Tmehows

Figure (4) Anodic Current Density and Total Charge as a Function of time Measured on Alloy

22 at 100 mVsce in 0.028 M Chloride Solution at 95 °C "]

ANALYSIS RESULTS AND DISCUSSION

The Code w as run in the base case with a changed range of RH.ii.o fOr localized corrosion to
incorporate the high temperature deliquescence RH of mixed salts. With the greater range of
RH.;i.a the Code calculated an estimated dose of about 1 mrem/year by 10,000 years as
show n in Figure (5). This is in contrast to the unmodified base case (i.e. RH,ica = (60—65) pct
which resulted in an estimated dose of 0.05 mrem/year. Using the modified case of the
repassivation potential w ith the base case range of RH, ;.o Values, an estimated dose of 3.8

mrem/yr w as obtained at 10,000 years as show n in Figure (6).

11



1
0.9 "‘
0.8

0.7
Dose, mrem/yr 0.6

0.5
0.4

0.3
0.2 #
0.1
0 “d +

0.00E+00 2.00E+03 4.00E+03 6.00E+03 8.00E+03 1.00E+04 1.20E+04

Time, yrs
Figure (5) Estimated Dose in the Base Case of Repassivation Potential with a Changed Range

of RHeritical, (35 — 60) pct, to Incorporate the High Temperature Deliquescence RH of Mixed Salts

—e
Pog

Dose, mrem/yr

05

0 T T T
0.00E+00 2.00E+03 4.00E+03 6.00E+03 800E+03 1.00E+04 1.20E+04

Time, yrs

Figure (6) Estimated Dose in the Modified Case of Repassivation Potential w ith No Changed

Range of RHcritical

12



When the WP container is breached, it is assumed that all the spent nuclear fuel assemblies in
each WP wi ill be exposed for dissolution as bare matrices of spent nuclear fuels and no credit is
given to the remaining surface area follow ing localized corrosion. In the Code, Cladding
Correction Factor can be used to assign the remaining surface area. Because the low
deliquescence RH is mainly derived from near neutral Mg?*/Ca®" chloride-dominated brines that
are not considered dominant brines, a low but finite probability exists for the aqueous corrosion
at high temperatures (120-160 °C) 2. Therefore, it is expected that the current exercise with
modified distribution of RH..a Would not be very unrealistic_although it is likely to be still

aggressive.

The calculation resulted in an estimated dose of 0.03 mrem/year at 10,000 years w ith nitrates
as an inhibitor as show n in Figure (7). The DS w as not included to add conservatism.
Incorporating the nitrate effect substantially changed the estimated dose using the modified
repassivation potential. It is expected that other anions such as carbonates, bicarbonate, and to
a lesser extent sulfate may also enhance the passivity. Silica may deposit as a protective

barrier too.
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0.00E+00 2.00E+03 4.00E+03 6.00E+03 8.00E+03 1.00E+04 1.20E+04

Time, yrs
Figure (7) Estimated Dose w ith Nitrates as an Inhibitor
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The data that w ere used to calculate the nitrate effect using the modified repassivation
potentials results from an experiment w here the chloride concentration w as held constant and
the concentration of nitrates w as varied for welded and mill annealed Alloy 22 materials. Above
a nitrate to chloride concentration ratio of 0.2 (w hich w ould be about 0.1 M nitrate), localized
corrosion was inhibited. The repassivation potential increases w ith nitrate concentration and
reaches a value in the range of 250 mV vs. SCE (500 mV vs. SHE) prior to complete inhibition
of localized corrosion. If the constancy of the repassivation potential from the experiment w ith
nitrates is applied to this equation, the repassivation potential for mill annealed Alloy 22 at 95°
Cis estimated to be 296mV vs. SCE. Although the corrosion potential can increase as time
elapses, it is unlikely for localized corrosion to occur with a nitrate to chloride concentration ratio
above 0.2. Modification of the repassivation potential parameters w as performed to explore the
effect of aw ide range of temperature and the nitrate to chloride ratio. Incorporating the nitrate
effect substantially changed the estimated dose using the modified repassivation potential

equation.

To be more realistic by giving credit in the radionuclide release to the unaffected remaining
container surface area after localized corrosion, Cladding Correction Factor w as changed in the
Code. The results are show n in Figure (8). The curve on the top is the run w ith the modified
case of repassivation potential w ithout credit to the remaining surface area. The curve on the
bottom has the added fraction of surface area exposed from localized corrosion as 10 to 1.
This range of the fraction of surface area exposed was obtained from the square of pit size
times the pit density. The data on the pit size and pit density w ere given in the previous section
as (10*-10")cmand (10" - 10%)/c?.  With the surface area credit, the maximum estimated
dose decreases from about 4 mrem/year to about 0.4mrem/year. Similar results w ere obtained
for release from stress corrosion cracks. Uncertainties exist for the fraction of surface area

exposed from localized corrosion. The values of the fraction of surface area exposed, 107 to 1,

14



are postulated for the sensitivity studies. Experimental values for Alloy 22 in the YM
environment are not available. How ever, most of similar data in literature w ere obtained under
applied potentials. Under open circuit conditions below pitting potential (or break dow n
potential) and above the repassivation potential, continuous increase of pit generation and
eventually total metal consumption is unlikely to occur. While under applied potentials the
generation and propagation of pits are accelerated, pits could be stifled under open-circuit free
conditions, as potential drops and throw ing pow er decreases. Evidence in some alloys
indicates stifling of localized corrosion under the open circuit conditions '*'%. In addition, the
aqueous corrosion conditions in thin film of w ater are generally know n to be less conservative.
For example, the separation of anode and cathode and reduced aqueous conductivity may
promote stifling of localized corrosion too. Additionally, pitting corrosion is expected to occur in
the crevice. If the crevice area is limited, the fraction of surface area exposed would be limited
even though pits are generated continuously. The potential stifling of pits and the limited

crevice area appear to limit the fraction of surface area exposed.
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For the mathematical calculation involving cyclic processes of slow and fast corrosion, the WP
will be breached w hen the combined processes of slow and fast corrosion eventually corrodes
through the WP. On the graph show n in Figure (9), lifetime is on the y-axis. Fast corrosion time
on a log scale is the x-axis. The points are at the different fast corrosion times and the different
curves represent different fast corrosion rates. The fast corrosion rates were varied from 10 to
102 cmyear; the fast corrosion times w ere varied from 1.19x10* to 1.19 year. The reference
fast corrosion rate w as obtained from the current transient of Figure (4). The transient total
charge before the steady state w as divided by the transient time to get the reference fast
corrosion rate. It was ~ 1.04x10™* cm/year. A perturbation to 10? cm/year is made to include
uniform corrosion rates w here the passive film is not stable. Whereas the current transient

curve of Figure (4) w as obtained from the tests w ith air-exposed coupons, the cyclic process
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due to the oxide spallation w ould expose more pristine surface. This will in turn increase the
transient current. Nevertheless, 102 cm/year is an unrealistically extreme value to see the
functional behavior of the penetration depth of Equation (4). A reference fast corrosion time
was also obtained fromthe current transient curve of Figure (4). The transient time before the
steady state was 0.0119 years. A perturbation w as made from this reference value to see the

sensitivity of the potential effects of segregated sulfur or corrosion potential variation.

The slow corrosion rate is an average value, 10* cm/year, currently used in TPA "', The slow
corrosion time is 1.8 years. From Jones’ postulate !, it w ould take about 180 years at corrosion
rate, 10° cm/year, to form a mono-layer of sulphur at the interface of the film and bare nickel-
based alloys containing 100 appm sulphur. Therefore, itw ould take 1.8 years at 10* cmvyear.
How ever in a separate presentation, Jones discussed that an alloy with 100 appm of sulfur
corroding at 10* cm/year will accumulate a monolayer of sufur on the surface in 500 years !"°.
The severe condition of 180 years at 10° cm/year w as adopted here for the purpose of the

sensitivity study.
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Sulfur Segregation

With a s mall time period of fast corrosion, the variation of the corrosion rate doesn’t change the
WP lifetime from 20,000 years. As the fast corrosion rates increase, the fast corrosion time
periods have a greater effect. The fastcorrosion rates would have to be at a rate of 10°
cmiyear for 1.19 year to decrease the WP lifetime to less than 10,000 years. Similar WP
lifetimes less than 10,000 years w ould be obtained at a rate of 102 cmyear for 0.119 years. The
condition of 102 cm/year or 1.19 years is unrealistically aggressive, considering (i) the transient
curve of Figure (4), (ii) analyses presented in Peer Review of the Waste Package Material
Performance ", and (iii) usual active corrosion rates discussed previously. Quantitative
justifications of the perturbation are not available now w ith respect to the current transient w ith

sulfur segregation at various corrosion potentials.
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CONCLUSIONS

(1) The high temperature (above 100° C) deliquescence relative humidity from mixed salt
deposits on the w aste package (WP) w as simulated by changing the critical relative humidity

(RH./iticq) for aqueous corrosion from (60—65) pct to (35-60) pct.

(2) For the base case values of the critical potential for localized corrosion, the estimated dose

increased from 0.05 to 1 mrem/year in 10,000 years w hen the RH, ;.o Was altered.

(3) For modified values of the critical potential for localized corrosion the estimated dose

increased to 3.8 mrem/year at 10,000 years even w ithout low ering RHitica-

(4) The inhibiting effects of nitrate was simulated by using a constant value for the repassivation
potential. With the addition of nitrate the estimated dose decreased to 0.03 mrem/year at 10,000

years.

(5) The beneficial effect of partial protection of the w aste package w as simulated by altering the
value of the Cladding Protection Factor. Giving credit to the remaining surface area of the
container (of the WP) after failure by localized corrosion reduces the rate of radionuclide release
and the maximum estimated dose decreased from 4 mrem/year w ith no credit to 0.4

mrem/year.
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(6) To complement results from the sensitivity studies using TPA, a separate mathematical
model w as developed to assess enhanced uniform corrosion as a result of sulphur segregation
at the interface of metal and passive film and subsequent spalling of passive film. The cyclic
process of fast active (or non-passive) corrosion follow ed by slow passive corrosion could result
in the WP lifetime less than 10,000 years at fast corrosion rate, 102 cm/year, or the transient

time, 1.19 years. How ever, 10? cm/year or 1.19 years is an unrealistically aggressive condition.

This study suggests that w ith the sufficient amount of inhibitors or by giving credit to remaining
WP surface area exposed from localized corrosion or stress corrosion cracking, the estimated
dose is less than 0.4 mrem/year. Anodic sulfur segregation is unlikely to reduce significantly the

WP lifetime.

Disclaimer: The NRC staff views expressed herein are preliminary and do not constitute a final
judgment or determination of the matters addressed or of the acceptability of a license
application for a geologic repository at Yucca Mountain. This presentation is also an
independent product of the Center for Nuclear Regulatory Analyses and does not necessarily

reflect the view or regulatory position of the NRC.
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