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Alloy 22 (UNS N06022) is the the corrosion barrier of the double-wall 
waste package (WP) for the disposal of high-Gel nuclear waste at the proposed Yucca Mountain 
repository. A probabilistic temperature-dependent general corrosion model for the WP outer barrier 
(WPOB) was developed based on the 5-year weight-loss'measurements of Alloy 22 crevice samples. 
The 5-year corrosion rate distribution is represented by a Weibull distribution, with scale factors = 8.88, 
shape factor b = 1.62, and location factor 1 = 0. The temperature-dependence of the general corrosion 
rate was modeled using an Arrhenius relation. An activation energy of 25.91 * 2.46 kJ/mol was 
determined from the corrosion rates obtained from the short-term polarization resistance data for Alloy 
22 specimens tested for a wide range of sample configurations, metallurgical conditions, and exposure 
conditions (temperature and water chemistry). Analysis of the data from the current study and the 
literature indicates that the activation energies of general corrosion rate of highly corrosion resistant Ni- 
Cr-Mo alloys including Alloy 22 are similar and do not change significantly, as the general corrosion 
rate decreases with the exposure time. 

The 5-year corrosion rates were conservatively selected for extrapolation over the repository 
time scale. Because of very low general corrosion rates of the WPOB for the conditions expected in the 
proposed repository, the WP performance will not be limited by general corrosion for the repository 
regulatory time period. The current conservative approach for the constant (time-independent) general 
corrosion rate at a given temperature provides an additional confidence for the general corrosion model. 

Keywords: Alloy 22, general corrosion model, waste disposal container corrosion, high-level nuclear 
waste, uncertainty analysis 
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INTRODUCTION 

The current waste package (WP) design for the high-level nuclear waste disposal at the 
Yucca Mountain repository, which is located in unsaturated geologic media, calls for a doubl 
disposal container underneath a protective drip shield (DS).' Alloy 22 (UNS N06022) is the 
material for the outer shell of the WP, and stainless steel is for the inner shell. The Alloy 22 
package outer barrier (WPOB) is the corrosion barrier of the WP. The stainless steel inner shell is for 
structural support and not considered as corrosion barrier. 

barrier (WPOB) at its open-circuit corrosion potential (Ecow). General corrosion of the WPOB in the 
proposed repository can occur when a liquid film exists on the surface. At a given surface temperature, 
the existence of liquid water on the waste package surface depends upon the hygroscopic nature of salts 
and/or minerals deposited on the surface. In the presence of such a deposit, a liquid-phase can be 
established at a higher temperature and lower RH than otherwise possible. General corrosion of the 
WPOB is assumed to occur at any RH above the corros'ion initiation RH threshold (RHlhresho/d) and 
progress uniformly over a large surface. 

The general corrosion rates of the Alloy 22 WPOB are expected to be extremely low for the 
conditions expected in the proposed repository. However, because failure of the WPOB by general 
corrosion could result in large perforations in the container wall, careful assessment of the general 
corrosion process and a predictive model with high confidence are required. This paper discusses the 
general corrosion model of the Alloy 22 WPOB developed for the waste package performance 
assessment in the proposed repository, which feeds to the total system performance assessment (TSPA) 
of the 

General corrosion (or passive corrosion) is the uniform thinning of the waste package outer 

CONCEPTUAL MODEL AND DATA ANALYSIS 

The general corrosion of highly corrosion-resistant alloys such as Alloy 22 is governed by the 
transport properties of reacting species (e.g., metal ions, oxygen ions, vacancies, and interstitials) in the 
very thin (typically a few nanometers), compact, adherent passive film that forms on the alloy surface in 
contact with the corrosive environment and the dissolution rate of the passive film. These processes are 
influenced by the characteristics of the passive film, electrochemical potential across the film, and the 
chemistry of solution contacting the film.5'8 Chromium and nickel oxides, which are the major 
constituents of the passive film of nickel-chromium-molybdenum alloys like Alloy 22,9 are stable and 
exhibit extremely low dissolution rates over a wide range of solution chemistry. The transport 
properties of the reacting species and reaction rates in the passive film are considered thermally 
activated processes, so the general corrosion rate of the Alloy 22 WPOB is expected to have a certain 
level of temperature dependency. 

of Alloy 22 samples from the Long-Term Corrosion Testing Facility (LTCTF). The general corrosion 
model implemented in the TSPA assumes that general corrosion of the WPOB progresses uniformly 
over a large surface. The general corrosion rate is temperature dependent, and for a given temperature, 
it is assumed to be constant (i.e., time-inde~endent).~ Therefore, for a given temperature, the depth of 
penetration or thinning of the WPOB by general corrosion is equal to the general corrosion rate at that 
temperature, multiplied by the time duration that the waste package surface is at that temperature. This 
model assumption is. considered conservative because the general corrosion rate of metals and alloys 
tend to decrease with time. 

5-7, 10-16 

The general corrosion model for the WPOB is based on the five-year weight-loss measurements 
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Long-Term Weight Loss Data from LTCTF 

The general corrosion rate of Alloy 22 was obtained from the weight loss measurements of 
sample coupons using immersion tests at the LTCTF according to ASTM G 1. The LTCTF is equipped 
with an array of fiberglass tanks. Each tank has a total volume of approximately 2000 L and is filled 
with approximately 1000 L of aqueous test solution. The solution in a particular tank is controlled at 
either 60 or 90 “C, covered with a blanket of air flowing at approximately 150 cm3/min, and agitated. 
Creviced samples and weight loss samples of Alloy 22 are mounted on insulating racks and placed in the 
tanks. Approximately half of the samples are submersed, half are in the saturated vapor above the 
aqueous phase, and a limited number are at the water line. Note that condensed water is present on 
specimens located in the saturated vapor.I7 

The weight loss measurement testing includes a wide range of plausible generic test media, 
including simulated dilute water (SDW), simulated concentrated water (SCW), and simulated acidified 
water (SAW). The target compositions of three of these solutions are summarized in Table 1. The SCW 
test medium is three orders-of-magnitude (1 OOOx) more concentrated than the water from well J- 13 near 
the repository site, and is alkaline (target pH approximately 10). The SAW test medium is three orders- 
of-magnitude (1000~) more concentrated than J-13 well water, and is acidic (target pH approximately 
2.7). The concentrated solutions are intended to mimic the evaporative concentration of the electrolytes 
on the hot waste package surface. Details of the facility and tests are described el~ewhere.’~, I8 

The nominal dimensions of the weight loss coupons and crevice coupons are 2 inch x 1 inch x 
1/8 inch (approximately 50 mm x 25 mm x 3 mm) and 2 inch x 2 inch x 1/8 inch (50 mm x 50 mm x 3 
mm), respectively. The coupons have a 0.3 12 inch (7.9 mm) diameter hole in the center for sample 
mounting. For each coupon type, there were two variants, mill annealed (MA) and as-welded (ASW). 
The coupons were fabricated from Alloy 22 plate stock. All weight loss coupons were affixed using an 
insulating %-inch (12.7 mm) diameter ceramic washer, while all crevice coupons were affixed using a 
%-inch (1 9.1 mm) diameter ceramic crevice former. The purpose of the crevice former was to create an 
environment that might induce corrosion at the contact interface, or under occluded conditions.” 

After an approximate five-year exposure to each solutiodenvironmental condition, the 
specimens were removed from their respective test vessel to determine the corrosion rate by weight loss. 
In all of the tested conditions, the coupons were covered with deposits. Therefore, the coupons were 
cleaned prior to final weighing. Cleaning was carried out using ASTM G 1. Details of the cleaning 
processes are described by Wong et a1.I8 

from weight loss data with the following general formula: 
Five-Year Weight Loss Data Analvsis. The general corrosion rate of Alloy 22 was calculated 

8 7 . 6 ~ 1 0 ~ .  AW 
p . A . t  

Corrosion Rate = 

where 87.6 x lo9 is the proportionality constant (nm.hour.year-’.cm-’), Aw is the weight loss in grams 
after 5-plus years, p is the density of Alloy 22 (8.69 g/cm3), A is the exposed surface area of each coupon 
(cm2), and t is the exposure time (hours). The weight-loss samples tested in the water-line condition 
were included in the liquid phase samples for the model analysis. Details of the general corrosion rate 
calculations are described el~ewhere.~’ ’* The numerical values of the calculated general corrosion rates 
are given by Ref. [7]. 

distribution functions (ECDFs) of the calculated rates. In constructing the ECDFs, the cumulative 
The general corrosion rates of the coupons were analyzed with “empirical” cumulative 
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probability values of the general corrosion rate (except the upper and lower bounds) were calculated by 
the following plotting  position^,'^ i.e., 

i - 0.5 q. =- 
n 

where qi is the cumulative probability of the th largest event (e.g., general corrosion rate) and n is the 
total number of data points. The above plotting position formula was originally developed by Hazen 
and has been considered a traditional choice for probability plotting.20 The probability scale is divided 
into n equal intervals with midpoints. The probability increases in equal steps of I/n, beginning with 
1/2n, which is slightly above zero, and ending with I-I/Zn, which is slightly below one. The ECDFs 
developed using the above plotting position formula are to present the data trends and comparative 
analysis of the effect of various experimental factors on the general corrosion rate, such as for the 
solution chemistry, temperature, and metallurgical condition. The ECDFs are not intended for detailed 
quantitative analysis for the general corrosion rate data. 

The ECDFs for the general corrosion rates of the weight-loss specimens are shown in Figures 1 - 
A to 1-D. As shown in Figure 1-A, there is no significant temperature effect on the general corrosion 
rate for the two temperature conditions, except the 90 "C rates above the 75th percentile being higher 
than the corresponding 60 "C rates. Figure 1 -B shows that the corrosion rates were generally lower for 
the specimens exposed to vapor than those immersed in liquid, regardless of the test temperature or 
electrolyte solution. There appeared to be no weld effect on the corrosion rate for the weight loss 
coupons (Figure 1-C). Although the appearance and amount of deposits on the coupons were different, 
as shown in Figure 1 -D, the calculated corrosion rates for the three different solutions were not 
significantly different, except the upper percentile rates for the SCW solution, which are higher than 
those of the other two solutions (SDW and SAW). The individual corrosion rates for the weight loss 
coupons ranged from 0-12 d y r  with the lowest rates observed for the coupons in the SDW solution 
(Figure 1-D). 

The ECDFs for the general corrosion rates of the crevice coupons are shown in Figures 2-A to 2- 
D for comparative analyses of the effect of various experimental factors on the general corrosion rate. 
Compared to the weight loss coupons, the crevice coupons showed diminished effect of temperature 
(Figure 2-A) or condition within the tank (i.e., vapor phase or immersion) (Figure 2-B). Similar to the 
weight loss coupons, there appeared to be no weld effect on the corrosion rate for the crevice coupons 
(Figure 2-C). As shown in Figure 2-D, the crevice coupons showed more pronounced effect of the 
solution chemistry than the weight loss coupons. The individual corrosion rates for the crevice coupons 
ranged from 0-23 d y r  with the highest rates observed in the SAW solution vessels and, again, the 
lowest rates observed in the SDW solution vessels. 

The ECDFs for the general corrosion rates of all the weight-loss and crevice samples, regardless 
of the test medium or temperature, are shown in Figure 3. In general, the crevice coupons exhibited 
corrosion rates 2-5 times higher than the weight loss coupons in the same solutions. Stereomicroscopic 
and scanning electron microscopic (SEM) observations of both weight loss and crevice specimens 
indicated little or no corrosion for Alloy 22. The machining grooves remained uniform and sharp 
throughout each coupon." It is not yet clear why the corrosion rates of the crevice coupons were higher 
than those of the weight loss coupons because crevice corrosion was not observed in any of the tested 
coupons. It is possible that a different surface finish treatment used for the crevice samples may have 
caused the different (i.e., higher) measured corrosion rates. However, it is noteworthy that among all 
test specimens, a maximum corrosion rate of only 23 d y r  was observed." As will be discussed later, 
the mean corrosion rate of the crevice samples is 7.24 d y e a r ,  and the standard deviation is 4.98 
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d y e a r .  For the weight-loss samples the mean corrosion rate is 2.75 &year, and the standard 
deviation is 2.74 d y e a r .  

components and other materials in the emplacement drift, and mineral deposits from evaporative 
concentration of the solutions in contact with the waste package could form crevices on the waste 
package surface. The conceptual model for the waste package degradation analysis conservatively 
assumes that crevices can exist over the entire surface of the waste p a ~ k a g e . ~  Therefore, the corrosion 
rate distribution for the crevice coupons shown in Figure 3 was used for the general corrosion model of 
the WPOB. 

In the post-closure repository environments, contacts of the waste package with the structural 

Short-Term Polarization Resistance Data 

The temperature-dependence of the general corrosion rate was determined from the corrosion 
rates obtained from the short-term polarization resistance data for Alloy 22 specimens tested for a range 
of sample configurations, metallurgical conditions, and exposure conditions (temperature and water 
chemistry). The polarization resistance of the samples was measured after 24-hour exposure of the 
samples in open-circuit potential in the test environments. Detailed descriptions of the tests and data 
were reported in a number of  publication^.*^-^^ The values of the corrosion rates that were obtained from 
the tests were documented el~ewhere.~ Note that the corrosion rates from the polarization resistance 
measurements were for a comparative analysis to extract the temperature dependence of the corrosion 
rates. The measurements were not intended for obtaining the absolute values of the corrosion rate. 

Figure 4-A shows the temperature dependence of corrosion rates of MA Alloy 22 samples 
measured by the polarization resistance technique over the temperature range from 45 to 170 "C. The 
corrosion rates for the ASW samples and ASW plus thermally aged samples are shown in Figure 4-B for 
the temperature range from 75 to 120 "C. The "aged" samples were treated for 173 hours at 700 "C 
prior to the electrochemical testing. A trend line was drawn for the data in each figure for better 
visualization of the temperature dependence of the rate data. The numerical values of the corrosion rate 
data in the figures are found in the Ref. [7]. 

Although there is a spread of the data for a given temperature, Figures 4-A and 4-B clearly show 
a consistent trend of the temperature dependence of the corrosion rates measured by the polarization 
resistance. It is also shown that the corrosion rates and their temperature dependence of the ASW and 
ASW plus thermally aged samples (Figure 4-B) are comparable to those of the MA samples (Figure 4- 
A). There are no significant differences in the 24-hour corrosion rates for the samples with different 
metallurgical conditions (Le., MA, ASW, and ASW plus thermally aged). Therefore, the corrosion rate 
data for all the samples with the three different metallurgical conditions were combined to estimate the 
temperature dependence of the WPOB general corrosion because their corrosion rates are all 
comparable. 

UNCERTAINTY ANALYSIS OF 5-YEAR GENERAL CORROSION RATE DATA 

The 5-year data were used for the general corrosion model for the WPOB, therefore it is 
important to adequately quantify the uncertainty associated with the data and propagate it into the 
general corrosion model. 

the samples due to the extremely low corrosion rates of the alloy in the test media. Measurement 
Most of the uncertainties were from insufficient resolution of the weight-loss measurements of 
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uncertainty was the main source of uncertainty. The method used in measurement uncertainty analysis 
is discussed in detail, and this is important because it enables sound interpretation of the general 
corrosion data shown in Figure 3 and its use in the waste package degradation analysis in the proposed 
repository. 

Xl ,X2,  ..., XN through a functional relationshipfdefined as follows: 
Consider a measurand Y is not measured directly, but is determined from N other quantities 

y =f (X , ,X , ,  X,> (3) 
An estimate of the measurand Y, denoted byy, is obtained using input estimates x I , x 2 ,  ..., xN for the 
values of N input quantities X,,X,, X,. The output estimate y ,  is given by 

y=f(x1,x2, (4) 
The combined uncertainty of the measurement result y, designated by Ay, is given by Eqn. (9, the law 
of propagation of uncertainty.*’ 

In Eqn. (9, the partial derivatives 

associated with the input estimate 

af 
di 

- are the sensitivity coefficients, Ax, is the standard uncertainty 

x i ,  and Ax,x, is the estimated covariance associated with xi and x 
J 

Now refer to Figure 5 for a schematic of the Alloy 22 sample used in the weight-loss 
measurement in LTCTF. Therefore the exposed surface area of the sample is 

A = 2ab+ 2bc + 2ac - [;2]+n-dc - 

Referring to Eqn. (1) and letting the dependent variable y be the 5-year general corrosion rate measured 
in the LTCTF, the equation for the general corrosion rate is expressed as follows: 

dP W 

2ab+2bc+2ac-  
y=z= (7) 

where y = corrosion rate in cm per hour, w = total weight loss for 5 years in grams, p= density in grams 
per cubic centimeter, and t = time of exposure in hours. The combined uncertainty of the measurement 
result y ,  the corrosion rate, is calculated using the law of propagation of uncertainty (Taylor et al. 1994, 
Appendix A): 

Ay = ($)2Aw2 +($)2Ap2 + ( z ) 2 A t 2  +($)2Aa2 + ( g ) 2 A b 2  + ( g ) ’ A c 2  + ( g ) 2 A d 2  ( 8 )  

where we consider that w, p, t, a, b, c, and dare independent, hence the covariance terms disappear. 
The partial derivatives are: 
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dv 1 

A W 

dp p2 x t 2ab+ 2bc + 2ac - [$) + de) 

dv W * -  - -  - 

2ab + 2bc + 2ac - [ $) + d e ]  

.3,- 2w(b + c) 

.3,- 2w(a + c )  

.3,- w[2(a + b)  +A] 

(9) 

The maximum error in the corrosion rate is estimated by calculating numeric values of the partial 
derivatives from expected values of the independent variables, multiplying each partial derivative by the 
corresponding error (ie., standard uncertainty) associated in the independent variables (Aw, dp, At, ha, 
Ab, and Ac), and summing the resulting products. 

numeric values of the partial derivatives from expected values of the input variables and their estimated 
standard uncertainties. Those values and intermediate calculation steps are summarized in Table 2. 

Upon examining the sensitivity coefficients in Eqn. (8), it was found that Ay was most sensitive 
to the estimate of AW . Because of its importance, a detailed description of how Aw was calculated is 
described. The balance used to measure the weight of the specimens displays mass measurements to 
four decimal places. For instance, a four-digit readout might indicate a mass of 60.2675 g for the weight 
of a specimen. The balance probably employs the standard round-off practice, and the displayed number 
is derived from a value that lies between 60.26745 g and 60.26755 g. The mass has an equal probability 
of lying between those two numbers. This would indicate that the error term has a uniform distribution. 
If we let w, = original weight of specimen and wz = final weight of specimen, then wI =pl  + lo4&, and 

The combined standard uncertainty in the corrosion rate is estimated with Eqn. (8) by calculating 
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4 w2 =p2  + 10 E ~ .  That is, the mass = true mass + error term, and El - U(-0.5,0.5), and 
- U(-0.5,0.5). The weight loss due to corrosion is 

4 w = w ,  -w2 =(Dl -p2)+10- (E, - -E2 ) ,  

where ( ,u, - p 2 )  is the true difference in mass and 1 0 4 ( ~ ,  --E*) is the error term. The error term (E, - - E ~ )  

has a triangular distribution22 between -1 and 1, i.e., (E, --E~) - Triangular (-1, 1, 0). For this 
distribution the standard deviation is 

1 
s = - = 0.41 & 

Therefore Aw = 0 . 4 1 ~ 1 0 - ~  g. The summary of the measurement uncertainty analysis for the 5-year data 
based upon this method is shown in Table 3. 

crevice samples and 0.3 14 &year in the case of weight loss samples. These estimates correspond to 
one standard deviation (1 6. Therefore, for the crevice samples, about 3 percent of the variation in the 
measured general corrosion rate is due to the measurement uncertainty, and 97 percent of it is from the 
variations of the corrosion rate among the specimens. For the weight loss samples, most of the variation 
(about 89 percent) in the measured corrosion rate is due to variations among the specimens, and the rest 
is from measurement uncertainty. Because only about 3 percent of the total variation in the measured 
general corrosion rate of the crevice samples is due to the measurement uncertainty, all (1 00 percent) of 
the measured variation is considered to be due to the variability in the general corrosion processes. For 
the waste package degradation analysis in the proposed repository, the general corrosion rate variability 
is applied among waste packages to be modeled and local areas on a single waste package. 

The combined standard uncertainty is estimated to be approximately 0.185 &year in the case of 

MODEL DEVELOPMENT AND ANALYSIS 

The temperature dependence of general corrosion rate is represented with an activation energy 
according to the Arrhenius relation. 

(18) 
C ln(R,) = C, +A 
T 

RT is temperature-dependent general corrosion rate in &year, T is temperature in Kelvin, and CO and 
CI are constants. Now, let the general corrosion rate distribution measured from the weight loss data of 
the 5-year crevice specimens (see Figure 3) represent the distribution of long-term general corrosion rate 
of the WPOB at 60 "C. This model approach is reasonably bounding because the general corrosion rates 
for crevice specimens are generally higher than those of plain weight-loss specimens (ie., with no 
crevice). Therefore, 

ln(Ro) = C, + 
To (= 333.15K) 

Co = In(&) -~ L, 

333.15 

(19) 

where R, is a distribution to represent the general corrosion rate distribution from the weight loss of the 
5-year crevice samples (see Figure 3) at To = 333.15 K (60 "C). Substituting for CO in Eqn. (18), we get 
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1 1 1 
ln(R,) = ln(R,)+C,(- -~ 

T 333.15 

Eqn. (214 is the general corrosion model for the WPOB. This model approach is justified 
because, as discussed later, the temperature dependence of general corrosion rate of Alloy 22 does not 
change significantly, as the general corrosion rate decreases with the exposure time. 

short-term polarization resistance data for Alloy 22 specimens tested for a range of sample 
configurations, metallurgical conditions, and exposure conditions (temperature and water chemistry) 
(Figures 4-A and 4-B). Because there are no significant differences in the 24-hour corrosion rates for 
the samples with different metallurgical conditions (i.e., MA, ASW, and ASW plus themally aged) 
(Figures 4-A and 4-B), the corrosion rate data for all the samples with the three different metallurgical 
conditions were combined to estimate the temperature dependence of the WPOB general corrosion. 
From fitting the data to the Arrhenius relation of Eqn. (18), the temperature-dependence term (Cl) was 
determined to have a mean of -31 16.47 and a standard deviation of 296.47. Normal distribution was 
considered for the parameter in the regression analysis. According to the Arrhenius relation, CI = -E,/R, 
where E, is the activation energy (J/mol), and R is the universal gas constant (8.3 14 J.mol-'.K-'). This 
temperature dependence corresponds to an activation energy of 25.91 * 2.46 kJ/mol. Further analysis of 
the residuals showed that the errors are normally distributed. 

The 5-year corrosion rate data for the Alloy 22 crevice samples were analyzed to determine the 
theoretical distribution for R, that best fits the data. The following three goodness of fit tests were 
performed for the data analysis: the Chi-square test, the Kolmogorov-Smirnov test, and the Anderson- 
Darling test. All the statistical tests indicated that the Weibull distribution best fits the 5-year corrosion 
rate data. Therefore it was decided to use a Weibull distribution. To estimate the parameters of the 
Weibull distribution, the method of Maximum Likelihood Estimator (MLE) was used. A Weibull 
distribution, with scale factors = 8.88, shape factor b = 1.62, and location factor I = 0, best fits the 
corrosion rate distribution. Therefore R, is expressed as follows.23 

The temperature-dependence term (Cl) is determined from the corrosion rates obtained from the 

1 Ro = s 
1-P  

wherep is the cumulative probability, and s and b were defined and their values were given above. The 
cumulative distribution function of R, is given in Figure 6. 

As stated above, the entire variance of R, represents the variability of the general corrosion 
process. It is recommended that the general corrosion rate variability be applied among the waste 
packages to be modeled and also to local areas on an individual waste package. The entire variance of 
the temperature dependence term (C,) is due to uncertainty, and the uncertainty is limited to f 3 standard 
deviations. Therefore the lower bound of the activation energy of the model is 18.53 kJ/mol, and the 
upper bound is 33.29 kJ/mol. 

Figures 7-A, 7-B, and 7-C show the cumulative distribution functions (CDFs) of the model 
outputs (RT) at temperatures of 25, 50, 75, 100, 125 and 150 "C for the activation energy of 18.53 kJ/mol 
(lower bound), 25.91 kJ/mol (mean), and 33.29 kJ/mol (upper bound) respectively. The model results 
for the elevated temperatures assume the passivity of the alloy is maintained at those temperatures. It is 
noted that the model results in the figures are for the entire variance of R, due to the variability in the 
general corrosion process (see Table 3 and associated discussions above for additional details on the 
basis for the corrosion rate variability). -Therefore the CDFs of the model calculated general corrosion 
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rates in the figures represent the range of the variable general corrosion rates of the WPOB at each 
exposure temperature of interest, for the C, values under consideration. 

25 "C is from 1.7 to 3.2 &year (mean 2.4 ndyear), and that of the 99th percentile rate is from 5.6 to 
10.4 &year (mean 7.6 &year). For 100 "C the uncertainty range of the 50th percentile general 
corrosion rate is from 14.5 to 25.7 &year (mean 19.3 &year), and that of the 99'h percentile rate is 
from 46.7 to 82.7 nm/year (mean 62.1 &year). In addition, for 150 "C and assuming the passivity of 
the alloy is maintained, the uncertainty range of the 50th percentile general corrosion rate is from 29.4 to 
91.3 &year (mean 5 1.8 &year), and that of the 99th percentile rate is from 94.6 to 294 &year 
(mean 167 &year). 

the passivity, the total penetration depth by general corrosion over 10,000 years, using the 50th percentile 
general corrosion rate of 51.8 &year for the mean activation energy (25.91 kJ/mol), is only 518 pm 
(about 0.5 mm). Using the 99.99th percentile rate (a reasonable upper bound rate) of 256 nrn/year at 150 
"C for the mean activation energy, the total penetration depth by general corrosion is only 2560 pm 
(about 2.6 mm). For the upper bound activation energy (33.29 kJ/mol) as additional conservatism, the 
total penetration depth by general corrosion over 10,000 years, using the 50th percentile general 
corrosion rate (91.3 d y e a r )  is 913 pm (about 0.9 mm), and the total penetration depth using the 
99.99'h percentile general corrosion rate (45 1 &year) is 45 10 pm (about 4.5 mm). This bounding 
analysis clearly demonstrates that the waste package performance in the repository is not limited by 
general corrosion. 

The model results show that the uncertainty range of the 50th percentile general corrosion rate at 

For a constant waste package surface temperature of 150 "C and assuming the WPOB maintains 

MODEL EVALUATION 

The general corrosion model for the WPOB is temperature dependent, and for a given 
temperature, it is assumed to be constant (i.e., time-independent). Temperature dependence of the 
passive corrosion rate of Alloy 22 was also reported by other investigators. Dunn et a1.I' found a 
temperature dependence of the passive corrosion rate of Alloy 22 in low salinity solutions (0.028 A4 [Cl- 
I), but no temperature dependence at higher salinities (4.0 M [Cl-I). Based on the passive current 
densities of Alloy 22 measured in 5 M LiCl solutions with small amounts of [SO,] and [NO,] added," 
an activation energy of 36 kJ/mol was estimated.27 The same analysis also estimated an activation 
energy of 32 kJ/mol from the measured passive current densities of Alloy 22 in the solutions of 1 M 
NaCl at pH 1 . I 4 ,  l 5  An activation energy of 19 kJ/molI2 was estimated for Alloy C-4 from the corrosion 
rates from weight loss measurements of the alloy measured over a period of 3 to 5 years at temperatures 
in the range of 90 to 200 "C in saturated Mg2+-dominated brines.I6 A recent study reported activation 
energies of 26.8 kJ/mol for MA Alloy 22 multiple crevice assembly (MCA) samples and 24.9 kJ/mol for 
ASW Alloy 22 MCA  sample^.'^ The activation energies were from the corrosion rates based on the 
weight loss measurements in the BSW solutions at temperatures from 60 to 105 "C over a period of 8 
weeks. 

As indicated by the literature data cited above, the temperature dependence of general corrosion 
of Alloy 22 and other similar corrosion resistant Ni-Cr-Mo alloys is about the same, even for 
considering differing test conditions (especially solution chemistry and sample condition) employed in 
the tests. Also, as shown for the 5-year weight loss data and the corrosion rates from the polarization 
resistance measurements, there is no significant dependence of the general corrosion rate of Alloy 22 on 
the metallurgical conditions and sample geometry. In addition, the range of the activation energy (1  8.53 
to 33.29 kJ/mol, mean 25.9 kJ/mol) of the general corrosion rate of Alloy 22 obtained in the current 

CORROSION12004 Paper No. 04699 10 of 25 



study is similar to those from other investigators cited above. It is noted that the activation energies of 
general corrosion rate of highly corrosion resistant Ni-Cr-Mo alloys are similar and not affected 
significantly by the exposure time in the test environments considered. That is, the temperature 
dependence of general corrosion rate of Alloy 22 does not change significantly, as the general corrosion 
rate decreases with the exposure time. 

Because of extremely slow corrosion rates of Alloy 22, there are little data for Alloy 22 in the 
scientific literature that could be used to evaluate the general corrosion model. However, similar passive 
corrosion behavior has also been observed for nickel-chromium-molybdenum type corrosion-resistant 
alloys. For example, Alloy C is found to retain a very thin passive film, indicated by the retained 
mirror-like finish after 44 years of exposure at Kure Beach to a marine environment (i.e., salt air with 
alternate wetting and drying as well as the presence of surface deposits).28 More recent examination of 
specimens from this alloy after more than 50 years of exposure indicates that the samples continue to 
maintain a mirror-like finish and passive film behavior.29 Under these same conditions, the less 
corrosion-resistant Alloy 600 exhibited a corrosion rate of 8 &year after 36 years of exposure.28 This 
long-term corrosion rate is consistent with the model prediction. The 50th, 95th and looth (theoretical 
maximum) percentile rates at 25 "C for the mean activation energy (25.91 kJ/mol) predicted by the 
general corrosion model are 2.4, 5.8 and 26.4 nm/year respectively (see the 25 "C model result CDF in 
Figure 7-B). For the lower bound activation energy (18.53 kJ/mol) those rates predicted by the model 
are 3.2, 8.0, and 36.1 d y e a r  respectively (see the 25 "C model result CDF in Figure 7-A). As 
discussed above, general corrosion behavior of corrosion resistant Ni-Cr-Mo alloys are similar. These 
long-term results provide corroborative support for the expected excellent long-term passive corrosion 
behavior of Alloy 22 under chloride-containing aqueous environments that are relevant to the repository 
exposure conditions. 

A recent study reported weight loss measurements of MA and ASW Alloy 22 MCA specimens 
after exposure to the BSW solutions at temperatures from 60 to 105 "C over a period of 8 weeks.I3 
From the 8-week weight loss measurements, an average general corrosion rate of 75 nm/year at 60 "C 
and 300 d y e a r  at 105 "C were reported for the Alloy 22 MCA specimens. The model calculated 50th, 
95th and looth percentile rates at 60 "C for the mean activation energy (25.91 kJ/mol) are 7.1, 17.5 and 
79.1 &year respectively. For the 105 "C condition, the model calculated 50th, 95th and 1 OOth percentile 
rates are 21.6, 53.2, and 241 &year respectively for the mean activation energy (25.91 kJ/mol), and 
29.6, 73.1, and 330 d y e a r  respectively for the upper bound activation energy (33.29 kJ/mol). 
Although the upper bound rates of the model are consistent with the data, it appears the model predicted 
general corrosion rates are generally lower than the 8-week exposure data. However, considering the 
shorter-term nature of the data (compared to the 5-year data used in the model), the model results are in 
a good agreement with the data obtained from the repository relevant exposure environment. 

As discussed earlier, the general corrosion model for the WPOB assumes that for a given 
temperature, the general corrosion rate is constant (ie., time-independent). However, the general 
corrosion rates of metals and alloys tend to decrease with the exposure time. This is shown in Figure 8 
for the mean general corrosion rates of Alloy 22 at 90 "C, measured with different techniques. The 
exposure time ranges from one day to 5-plus years exposure at the LTCTF. Each data point for the 6- 
month, I-year, and 2-year weight loss measurements in the figure is the mean of at least 144 ~amples.~' 
The 5-year general corrosion rate shown in the figure is the mean of the weight-loss measurements of 59 
crevice samples from the LTCTF (see Table 3). These data shown in the figure are summarized in 
Table 4. A trend line was drawn for the data for a better visualization of the data trend. The trend of 
decreasing general corrosion rate with time is consistent with the expected corrosion behavior of passive 
alloys such as Alloy 22 under repository-type aqueous conditions. 
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The time-dependent general corrosion behavior of the WPOB was not implemented in the 
general corrosion model because the constant (time-independent) rate model (for a given temperature) is 
more conservative and should bound the general corrosion behavior of the WPOB over the repository 
time period. The 5-year corrosion rates were conservatively selected for extrapolation over the 
repository time scale. The current conservative approach for the constant (time-independent) general 
corrosion rate at a given temperature provides an additional confidence for the general corrosion model 
used for the waste package degradation analysis. 

S ~ M & c o N C L u s I O N S  

Alloy 22 (UNS N06022) is the erial for the outer shell of the double-wall waste 
package (WP) for the disposal of high-levelhtrd&r waste at the proposed Yucca Mountain repository. 
The Alloy 22 waste package outer barrier (WPOB) is the corrosion barrier of the WP, and the stainless 
steel inner shell is for structural support. Corrosion performance of the WPOB depends on the integrity 
of the thin, compact, adherent passive film formed on the alloy surface in contact with the exposure 
environments in the repository. 

open-circuit corrosion potential (Ecorr), and can occur in the proposed repository when a liquid film 
exists on the surface. In the post-closure repository environments, contacts of the waste package with 
the structural components and other materials in the emplacement drift, and mineral deposits from 
evaporative concentration of the solutions in contact with the waste package could form crevices on the 
waste package surface. The conceptual model for the waste package degradation analysis 
conservatively assumes that crevices can exist over the entire surface of the waste package. 

A probabilistic temperature-dependent general corrosion model for the WPOB (Eqn. 2 1) was 
developed for the waste package degradation analysis in the proposed repository. The general corrosion 
model is based on the 5-year weight-loss measurements of Alloy 22 crevice samples from the Long- 
Term Corrosion Testing Facility (LTCTF). The 5-year corrosion rate distribution is represented by a 
Weibull distribution, with scale factors = 8.88, shape factor b = 1.62, and location factor I = 0. The 
entire variance of the distribution represents the variability of the general corrosion process. 

relation. An activation energy of 25.91 f 2.46 kJ/mol was determined from the corrosion rates obtained 
from the short-term polarization resistance data for Alloy 22 specimens tested for a wide range of 
sample configurations, metallurgical conditions, and exposure conditions (temperature and water 
chemistry). The entire variance of the activation energy is due to uncertainty, and the uncertainty is 
limited to f 3 standard deviations. Therefore the lower bound of the activation energy of the model is 
18.53 kJ/mol, and the upper bound is 33.29 kJ/mol. 

Alloy 22 and other similar corrosion resistant Ni-Cr-Mo alloys is about the same, even for widely 
varying test conditions (especially solution chemistry and sample condition) and exposure time 
employed in the tests. The range of the activation energy of the Alloy 22 general corrosion rate (18.53 
to 33.29 kJ/mol, mean 25.91 kJ/mol) obtained in the current study is consistent with the literature data. 
It is noted that the activation energies of general corrosion rate of highly corrosion resistant Ni-Cr-Mo 
alloys including Alloy 22 are similar and do not change significantly, as the general corrosion rate 
decreases with the exposure time. 

General corrosion (or passive corrosion) of the WPOB is the uniform thinning of the barrier at its 

The temperature-dependence of the general corrosion rate was modeled using an Arrhenius 

Analysis of the literature data has shown that the temperature dependence of general corrosion of 
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The general corrosion model implemented in the waste package degradation analysis assumes 
that general corrosion of the WPOB progresses uniformly over a large surface. For a given temperature, 
the general corrosion rate is assumed to be constant (i.e., time-independent). Therefore, for a given 
temperature, the depth of penetration or thinning of the WPOB by general corrosion is equal to the 
general corrosion rate at that temperature, multiplied by the time duration that the waste package surface 
is at that temperature. This modeling approach is considered conservative because the general corrosion 
rate of metals and alloys tend to decrease with time. 

proposed repository, waste package performance is not limited by general corrosion for the repository 
regulatory time period. This has been demonstrated with the bounding analyses in this paper. 

The time-dependent general corrosion behavior of the WPOB was not implemented in the 
general corrosion model because the constant (time-independent) rate model (for a given temperature) is 
more conservative and should bound the general corrosion behavior of the WPOB over the repository 
regulatory time period. The 5-year corrosion rates were conservatively selected for extrapolation over 
the repository time scale. The current conservative approach for the constant (time-independent) general 
corrosion rate at a given temperature provides an additional confidence for the general corrosion model 
used for the waste package degradation analysis. 

Because of very low general corrosion rates of the WPOB for the conditions expected in the 
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TABLE 1 
TARGET CHEMICAL COMPOSITIONS OF THE ELECTROLYTE SOLUTIONS (MG/L) 

EMPLOYED IN THE WEIGHT LOSS MEASUREMENT OF ALLOY 22 SAMPLES. 

Simulated Dilute Simulated Concentrated Simulated Acidified 
Water (SDW) Water (SCW) Water (SAW) 

60 & 90 "C 

Ion 

60 & 90 "C 60 & 90 "C 

Basic Saturated 
Water (BSW) 

-- 

I K I  34 I 3400 I 3400 I 91100 I 
~~~ 

Na 409 

Ma 1 

40,900 37,690 230400 

< I  1000 0 

I Ca I 0.5 I < I  I 1000 I 0 I 

CI 

Nos 

so4 
HCOq 

I F 1  14 I 1400 I 0 I 1800 I 
178600 67 6700 24,250 

64 6400 23,000 176800 

167 16,700 38,600 16100 

947 70.000 0 21 4300 

27 (60 "C) 
49 (90 "C) 

I 

PH 1 9.8 - 10.2 9.8 - 10.2 

27 (60 "C) I 27 (60 "C) 
7100 

2.7 >I2 

49 (90 "C) 
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TABLE 2 
SUMMARY OF MEASUREMENT UNCERTAINTY ANALYSIS CALCULATION STEPS FOR 

EXPOSURE IN LTCTF. 
CORROSION RATES BASED UPON WEIGHT LOSS MEASUREMENTS AFTER 5-YEAR 

I Uncertainty Analysis of 5-Year Weight-Loss Measurement Data I 
I Parameters I Units I Crevice Samples I Weight-Loss Samples I 

W 9 0.00187 0.00036 

P g/cm3 8.69 8.69 

t hour 43800 43800 

a cm 5.08 5.08 

b cm 5.08 2.54 

C cm 0.3048 0.3048 

d cm 0.7925 0.7925 

Aw g 4.1 00E-05 4.100E-05 

AP g/cm3 0.1 0.1 

At hour 24 24 

Aa cm 0.00254 0.00254 

Ab crn 0.00254 0.00254 

I AC I cm I 0.00254 I 0.00254 I 
Ad crn 0.00254 0.00254 

Surface Area cm2 57.5787 30.2239 

ayaw 4.563E-08 8.693E-08 

aY/af -9.819E-12 -3.601 E-I2 

I JY/Jt I I -1.948E-15 I -7.145E-16 I 
ayiaa -1.596E-11 -5.891 E-I2 

ayisb -1.596E-11 -1.115E-11 

aytac -3.380E-11 -1.836E-11 

awad 2.271 E-I2 1.586E-12 
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Table 2 (continued) 

(aY/+)2AP2 

(aylat)2At2 

I Uncertainty Analysis of 5-Year Weight-Loss Measurement Data I 

9.641 E-25 1.297E-25 

2.186E-27 2.940E-28 

I Parameters I Units I Crevice Samples I Weight-Loss Samples I 

(ay/db)2Ab2 

(ay/ac)2Ac2 

1.643E-27 8.022E-28 

7.372E-27 2.174E-27 

2.239E-28 I I (ay/aa)2aaz I I 1.643E-27 I 

(ay/ad)2Ad2 

AY 

3.326E-29 1.624E-29 

cm/hour 2.116E-12 3.583E-12 

AY 

AY 

pmlyear 1.853E-04 3.138E-04 

nmlyear 0.185 0.314 

TABLE 3 
SUMMARY OF MEASUREMENT UNCERTAINTY ANALYSIS RESULTS FOR CORROSION 

LTCTF. 
RATES BASED UPON WEIGHT LOSS MEASUREMENTS AFTER 5-YEAR EXPOSURE IN 

(9) 

0.00036 

0.00187 

Sample Configuration 

(nmlyear) (nmlyear) ( n mlye a r) 

0.314 2.75 2.74 

0.185 7.24 4.98 

Weight Loss Samples 

I I Crevice Samties 

Avg. Weight Loss Mean Corrosion 
Ay I Rate 

Standard 
Deviation 
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TABLE 4 
SUMMARY OF MEAN GENERAL CORROSION RATES OF ALLOY 22 AT 90 "C VS. 

EXPOSURE TIME MEASURED WITH DIFFERENT TECHNIQUES. 

o,loo 

0.0027 

0.019 Ref. [24], Figure 2, Linear polarization resistance technique, after 1 week in 
open circuit potential in SAW, 90 "C, air purge. 

I 0.154 1 56 

0.010 

0.007 

I 0.50 I 183 

Ref. [30], Page 3-39, LTCTF weight loss data. 

This paper, Table 3. 

1 1.00 1 365 

2.30 840 

5.06 1846 

Remarks 

Ref. [31], Table 3, Potentiostatic polarization technique at 100 mVssc applied 
potential in SAW, 90 "C, NZ purge. I 0.460 

Ref. [31], Table 3, Potentiostatic polarization technique at 100 mVssc applied 
potential in SCW, 90 "C, Nz purge. ~ 1.250 1 

Ref. [32], page 97, calculated from the regression fit for the 56-day weight 
loss in BSW solution. 0.182 I I 

0.050 I Ref. [30], Page 3-39, LTCTF weight loss data. I 
0.030 1 Ref. [30], Page 3-39, LTCTF weight loss data. I 
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ECDF. 5year Alloy 22 Weight-Loss Samples 
60 'C vs. 90 'C 

0 2 4 6 8 1 0 1 2 1 4  

General Corrosion Rate (nmlyear) 

ECDF ~ 5-year Alloy 22 Weight-Loss Samples 
MA vs. ASW 

0 2 4 6 8 1 0 1 2 1 4  I General Corrosion Rate (nmlyear) 

ECDF - 5year Alloy 22 Weight-Loss Samples 
Aqueous vs. Vapor Condition 

1.00 

p 0 7 5  
a m a 

0 a 
g 0 5 0  ._ 
I m - z 2 0 2 5  

0.00 
0 2 4 6 8 1 0 1 2 1 4  

General Corrosion Rate (nmlyear) 

ECDF - 5-year Alloy 22 Weight-Loss Samples 

0 2 4 6 8 1 0 1 2 1 4  

General Corrosion Rate (nmhear) 

FIGURE 1 - Empirical Cumulative Distributions for 5-year General Corrosion Rate of Alloy 22 
Weight-Loss Samples: (A) 60 and 90 "C, (B) Vapor Phase and Aqueous Phase, (C) MA and ASW, and 

(D) Different Solution Types. 

CORROSION/2004 Paper No. 04699 20 of 25 



ECDF - 5-year Alloy 22 Crevice Samples 
60 'C vs. 90 'C 

ECDF - 5-year Alloy 22 Crevice Samples 
Aqueous ys. Vapor Condition 

0 5 10 15 20 25 

General Corrosion Rate (ndyear) 

ECDF - 5-year Alloy 22 Crevice Samples 
MAvs ASW 

1W 

2 075 z 
n 
e a 
p 050 
m 

3 0 2 5  

- 
1 - 
2 

OW 
0 5 10 15 20 

General Corrosion Rate (nm/year) 

1 W  

2 ._ 075 n m n 

e a 
m 050 
.- 
.A m - z 2 025 

OW 
0 5 10 15 20 25 

General Corrosion Rate (nmlyear) 

ECDF - 5-year Alloy 22 Crevice Samples 
Solution Types 

1 00 

$ 075 

2 
e a 
0 050 2 
m 

3 025  

- - z 

0 00 
0 5 10 15 20 25 

General Corrosion Rate (nmtyear) 

FIGURE 2 - Empirical Cumulative Distributions for 5-year General Corrosion Rate of Alloy 22 
Crevice Samples: (A) 60 and 90 "C, (B) Vapor Phase and Aqueous Phase, (C) MA and ASW, and (D) 

Different Solution Types. 

ECDF - 5-year Alloy 22 Samples 
Crevice vs. Weight-Loss Samples 

1.00 

0.75 
n. 

e 
m D 

a 
a, 0.50 > .- 
1 - 
2 3 0.25 

0.00 
0 5 10 15 20 25 

General Corrosion Rate (ndyear) 

FIGURE 3 - Empirical Cumulative Distributions for General Corrosion Rate of Alloy 22 
Weight-Loss and Crevice Samples after 5-Years Exposure in the LTCTF. 
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Temperature Dependence of MA Alloy 22 Corrosion 
(corrosion Rates from Polarization Resistance Measurements) 

1 .E+05 

e 
b 

I.E+01 L 
2.OE-03 2.2E-03 2.4E-03 2 .E-03 2 . E - 0 3  3.OE-03 3.2E-03 3. 

1/T (1IK) 

MA MCA 1M NaCl 

MA MCA 1 25M NaCl 

L MA MCA 1 25M CaCl2 

T MA MCA 2 5M CaC12 

(7 MA MCA 5M CaCIZ 

e MA MCA 7M CaCl2 

1 MA DISC 7M CaC12 

n MA Disc 8M CaC12 

x MA Disc 9M CaC12 

+ MA MCA 1 25M CaC12 N03/CI=0 01 

0 MA MCA 1 25M CaCl2 NOUCI-0 1 

0 MA MCA 5M CaC12 N03/CI=0 1 

A MA Disc 6M CaC12 N03/CI=0 1 

MA MCA 7M CaC12 N03/CI=O 1 

0 MA Disc 7M CaC12 N03/CI=0 I 

0 MA MCA 8M CaC12 NOWI=O 1 

- MA DISC 9M CaC12 N03/CI=O 1 

MA MCA 9M CaC12 N03/C1=0 1 

-1rendllne for All Data 

Temperature Dependence of ASW and ASW+Aged Alloy 22 Corrosion 
(Corrosion Rates from Polarization Resistance Measurements) 

l .E+05 

.- 
L 8 
L 

l .E+01 

- ASW Ptkm 1M NaCl 

0 ASW MCA 5M CaC12 

A ASW MCA 1M CaC12. N03/CI=1 

/ ASW MCA 5M CaC12. N03/C1=0 01 

0 ASW Prism 5M CaCI2, N03/CI=0 1 

.? ASW MCA 5M CaC12. N03/Cl=0 2 

0 ASW+Aged MCA 5M CaC12 

- 

- ASW+Aged MCA 1M CaC12. N03/C1=1 

ASW+Aged MCA 5M CaC12. N03/CI=0 0 

0 ASW+Aged MCA 5M CaC12. N03/CI=0 1 

- Trendllne for All Data 

i 
2.OE-03 2.2E-03 2.4E-03 2.6E-03 2.8E-03 3.OE-03 3.2E-03 3.4E-03 

1/T (I/K) 

FIGURE 4 - Temperature Dependency of Corrosion Rates of (A) MA and (B) ASW and ASW 
Plus Thermally Aged Alloy 22 Samples from the Polarization Resistance Measurements for Varying 

Sample Configurations in a Wide Range of Solution Chemistries. 
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A = exposed surface area in cm2 
a = length of the specimen in crn 
b = width of the specimen in crn 
c = thickness of the specimen in cm 
d = diameter of hole in cm 

FIGURE 5 - Schematic of Specimen Used in the Weight-Loss Measurements of Alloy 22 
Samples in LTCTF. 

Cumulative Distribution Function of Base Case R, 
Temperature Dependent General Corrosion Model 
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FIGURE 6 - Cumulative Distribution Function (CDF) of R, of the Temperature Dependent 
General Corrosion Model of the WPOB. 
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General Corrosion Rate CDFs at Different Temperatures 
(Lower Bound C, = 2227 06) 
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General Corrosion Rate CDFs at Different Temperatures 
(Upper Bound C, = 4005 88) 
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FIGURE 7 - Calculated Model Outputs of the Temperature Dependent General Corrosion Model 
at Different Temperatures for the Activation Energy Uncertainty Range: (A) 18.53 kJ/mol (lower 

bound), (B) 25.91 kJ/mol (mean), and 33.29 kJ/mol (upper bound). 
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Alloy 22 Mean General Corrosion Rate vs Exposure Time at 90 "C 
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FIGURE 8 - Time-Dependent General Corrosion Rate of Alloy 22 Measured with Different 
Techniques. 
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