




Each waste package would have outer and inner lids at each end of the cylinder. The outer 

(closure) lids would be made of Alloy UNS-N06022. The inner lids would be made of Modified 

Stainless Steel Type 316 (UNS 31600). The loading end of the waste package has a third flat 

closure lid made of Alloy UNS-N06022, which would be placed between the inner lid of 

stainless steel and the outer lid of Alloy UNS-N06022. This flat middle closure lid provides an 

extra barrier against a potential release caused by a breach of the outer lid, such as by stress 

corrosion cracking (SCC) in the closure weld region. The outer lid closure weld region will be 

stress mitigated. The current baseline process is laser shock peening but an alternative process 

(controlled plasticity burnishing) is also under evaluation. 

The discussion on SCC in this paper is limited to the Alloy UNS-NO6022 waste package 

outer barrier (WPOB). The stainless steel structural material is not modeled since the waste 

package performance assessment does not take corrosion-resistance credit from the stainless steel 

inner barrier of the WP. The stress relevant to SCC in waste packages is primarily the residual 

tensile stress induced by the welding processes. The entire waste package will be heat treated 

(annealed) to eliminate the weld residual tensile stresses before the loading of waste contents and 

welding of the closure lids at the loading end. Therefore, the principal areas of SCC concern are 

the closure welds of the waste package at the loading end (once the stress mitigated layer depth is 

removed by general corrosion) since they are not post-weld heat treated. In addition, for low 

probability seismic events, SCC can potentially occur at seismically damaged regions of the 

waste package and a seismic crack density model is described that accounts for the effective 

through-wall crack opening area per unit area of seismic damage. The treatment of SCC 

described in this paper for the closure lid weld region is illustrated by the flow diagram shown in 

Fig. 2. 
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Fig. 2. Flow Diagram for Treatment of Stress Corrosion Cracking. 

CRACK INITIATION 

SCC has historically been separated into “initiation” and “propagation” phases (Jones and 

Ricker 1987). For the purpose of lifetime modeling, it is appropriate to associate initiation with 

microscopic crack formation at localized corrosion or mechanical defect sites. In the area of 

environmentally assisted cracking (such as SCC), coalescence of microscopically small cracks 

will take place and develop into deeper cracks. Andresen and Ford (1988) used a crack size of 

0.05 mm (50 pm) as an equivalent defect from which to start propagating SCC cracks. 

For a given alloy, microstructure and environmental condition - and in the absence of 

cyclic stresses - initiation of SCC will not occur on a ‘smooth surface’ if the surface stress is 

below a threshold value defined as the threshold stress (ASM International 1987). SCC crack 

initiation measurements under constant, active load conditions obtained at GE Global Research 

Center are summarized in Fig. 3, where the measurements of crack initiation stress are presented 

as applied stress ratio (the ratio of applied stress to yield strength) vs. time-to-failure (or total 

exposure time without failure) for specimens subjected to over 21,000 hours of exposure in a hot 

concentrated salt solution (pH = 10.3 at 105OC). This solution is a more dilute version (15% of 
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apex. Specimens were 0.125-inch thickness and were bent using a 1-inch diameter mandrel. The 

most recent inspection after 4844 hours exposure showed no evidence of stress corrosion crack 

initiation. 

In the case of seismic related impact damage generated residual stresses, if the resultant 

calculated outer Alloy 22 surface residual stress in the damaged areas exceeds the 90% of yield 

strength initiation criterion, a high density network of through-wall SCC is assumed. This crack 

network is based on a close packed hexagonal array of cracks with crack spacing equal to the 

barrier thickness and the crack opening dimension proportional to the tensile stress normal to the 

crack plane. This conservative total crack opening area per unit area of seismic damage is used 

as a scaling factor applied to the seismically damaged areas to obtain the total area through which 

radionuclides can be potentially released. Depending on Alloy 22 barrier temperature (and 

resultant yield strength) when the impacts occur, the calculated crack area density can vary from 

about 1E-02 to 3E-03 or less than about one one-hundreth of the total damaged area. 

SLIP DISSOLUTION/FILM RUPTURE MODEL FOR SCC CRACK GROWTH 

As stated earlier in this paper, initiation is associated with microscopic crack formation at 

localized corrosion or mechanical defect sites. Following initiation of single or multiple cracks, 

SCC develops by transitioning to small crack growth, coalescence of multiple (if initiated) 

microscopically small cracks, and transition to deep crack response. At any stage, the crack may 

either arrest or continue to propagate. A lifetime crack propagation prediction model can be 

developed via a fundamental understanding of the cracking mechanism. For the systems of 

interest, the slip dissolutiodfilm rupture mechanism has been chosen. This cracking mechanism 

has been successfully applied to model SCC for stainless steel, low-alloy steel, and nickel-based 

alloys in light water reactor environments (Ford and Andresen 1988; Andresen and Ford 1988). 

For constant load conditions, the crack growth rate Vt (in m d s )  is presented by the 

following equation: 
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where n is the repassivation parameter to be determined experimentally and KI is the stress 

intensity factor in MPa (m)'". The derivation of Eq. 1 can be found in Lu et al. (2003). 

For Alloy UNS-NO6022 under constant load condition, the parameter "n" can be determined 

from Eq. 1 based on crack growth rates measured at various levels of applied stress intensity 

factor, KI. According to Ford and Andresen (1988), n = 0.54 for Type 304 stainless steel in 288OC 

water. A much higher "n" value is expected for Alloy UNS-NO6022 because it is highly resistant 

to SCC. Recent SCC crack growth rate measurements from Andresen et al. (2003) were used for 

the quantification of the parameter n for the SDFR SCC model to be used for Alloy UNS- 

N06022. The test data were developed from four Alloy UNS-NO6022 compact tension fracture 

mechanics type specimens tested at llO°C in a fully concentrated mixed salt environment 

(BSW). The specimens were subjected to cyclic loading in order to initiate crack growth and then 

followed by constant loading conditions with various hold times. The set of test data to be used 

as input for establishing the value of n for Alloy UNS-NO6022 are summarized in Table 1. These 

data were selected based on a minimum hold time of 85,400 seconds (or -24 hours) because Eq. 

1 is applicable only to constant loading condition. It is unrealistic to determine the parameter n in 

this equation based on test data at relative short hold times. The only exception is the data point 

associated with specimen c144 for which the hold time is relatively short (3,000 seconds or 

approximately one hour) but cracking appeared to cease, Le., reaching the constant load state. 

Table 1. Summary of source data for Alloy UNS-NO6022 SDFR model quantification. 

Specimen Hold time, Tested stress Measured Crack Growth Calculated "n" value 
hours intensity factor, Rate, mm/s (see Note 3) 

MPa(m)"2 
cl53 CLNote l 30 2.50E-10 1.1680 

cl44 1 30 1.00E-11 Note ' 1.391 0 
cl52 24 45 1.00E-11 Note ' 1.5630 
cl52 24 45 4.00E-10 1.281 0 
Jotes: 

1. CL = Constant Load 
2. Growth rate of 1 .OE-11 is used for test results where either cracking appeared to cease or the growth 
rate seemed to arrest. 
3. Each of the values in the column "Calculated "n" value" is calculated from Eq. 1. 

cl53 CLNote 30 5.00E-10 1.1190 

It can be determined from the n values in the last column of Table 1 that the mean value 

of n, nMEAN, is 1.304 and the standard deviation (SD), nsD, is 0.160. The base case slip 

dissolutiodfilm rupture SCC model developed for Alloy UNS-NO6022, represented by Eq. 1, is 
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graphically illustrated in Fig. 4 for n values at 0.984 (-2 standard deviation), 1.304 (mean), and 

1.624 (+2 standard deviation), along with test data presented in Table 1 and the graphical 

representation of Eq. 1 for stainless steel (with n=0.54). 

Also presented in Figure 4 are independently generated crack growth rate results (listed in 

Table 2 and obtained at Lawrence Livermore National Laboratory (LLNL) in a broad range of 

brine environments with pH values between about 2.8 and 10. Excellent resistance to SCC for 

Alloy UNS-NO6022 is clearly illustrated in Fig. 4 where even the higher crack growth rates 

exhibited by the top curve of Alloy UNS-NO6022 with n=0.984 (-2 standard deviation) are about 

2 orders of magnitude lower than the crack growth rates associated with the stainless steel curve. 

As can be seen from Figure 4, there is good agreement between the LLNL data and the predictive 

curves and statistical limits based on the crack growth rate results summarized in Table 1. From 

Table 2 it can be seen that the prediction error ratio is in the range of -0.93 to 54.87. While the 

prediction error ratio is generally within the desired 2 orders of magnitude, the prediction model 

appears to have the tendency of over-prediction (with positive error ratio), Le., on the 

conservative side, rather than under-prediction (with negative error ratio). Also, for specimen 

DCT-22, the measured growth rate is below the crack growth detection limit and thus the 

comparison between measured and predicted rates is not directly relevant. Furthermore, it can be 

seen from Figure 4 that measured data fall nicely between the two bounds representing two 

standard deviations of the mean value. Thus, the good crack growth rate predictive capability of 

Eq. 1 (benchmarked with the experimental results, presented in Table 1) has been demonstrated 

with a separate set of measured crack growth rates (see Table 2, column 4). The agreement 

between the prediction and measured data shown in Figure 4 and quantitatively in Table 2 

provides important input to the validation of the SDFR model for Alloy UNS-NO6022. 

It should be noted that recent crack growth rate data obtained at GE Global Research Center 

at 40 M P a b  in 150°C SCW solutions on Alloy UNS-NO6022 in various conditions (as-welded, 

as-welded + heat treatments to produce topologically close-packed phases or long range 

ordering) is similar to these earlier results obtained in BSW at 110°C - the higher temperature, 

SCW chemistry, and weldedheat treated conditions produced no enhanced SCC growth rates. 
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tested using techniques identical to those describe in Andresen et al. (2003). The measured crack 

growth rates show a similar dependency to parameters like corrosion potential and water purity 

(sulfate). For example, in all test cases, the change in corrosion potential from - +0.2 VSHE to - - 
0.5 VSHE (due to a change from 2 ppm 0 2  to H2-deaerated water) causes a drop of at least one 

order of magnitude in the crack growth rate, as indicated by Table 3. Also, as expected, Alloy 

UNS-NO6022 shows crack growth rates under repository type oxidizing conditions, Le., at 

0.2VSHE which are about one order of magnitude lower than those of the other materials under 

identical test conditions, demonstrating its superiority as a structural material under conditions 

where stress corrosion cracking is a concern. 

Table 2. Comparison of Predicted and Measured Crack Growth Rates for Alloy UNS-NO6022 

PREDICTION 

Notes: (1) Values in Column 6 are obtained from Eq. 1 with n = 1.304. 
(2) Prediction error ratio (Col. 7) = (Col.. 5 - Col. 6) / Col. 5 

Table 3. Measured crack growth rates (mm/s) due to drop in corrosion potential 

Corrosion 
Note Potential +0.2 VsHE AI Io y Factor 

Measured data at 
GEGRC 2.3~1 O4 4.0~1 O-' Alloy 22 

Alloy 182 28.4 3.0x10-' 6 .0~1 O-' Andresen et al. (2002b) 
Alloy 600 30.0 3.3x10-' 3 . 7 ~ 1 0 ~  Andresen et al. (2002b) 
Unsensitized 
Type 316L 4.1 XI 0-7 >2.0xlO4 Andresen et al. (2002a) 
Stainless Steel 

Intensity Corrosion Potential 

MPa(m)0.5 -0.5 V ~ H E  
27.5 
[25 ksi 

27.5 
[25 ksi (in)'.? 
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CONCLUSIONS 

This paper deals with the description and validation of the process-level model (see Fig. 

2) developed for the performance assessment of the Alloy UNS-NO6022 waste package outer 

barrier subjected to stress corrosion cracking due to weld induced stress in the final closure welds 

once the planned stress mitigated layer is removed by general corrosion. The slip dissolutiodfilm 

rupture model relates crack initiation and the subsequent advance to the metal oxidation that 

occurs when the protective film at the crack tip is ruptured. 

As demonstrated previously, the SDFR model with n = 0.54 is a good prediction model 

for sensitized Type 304 stainless steel in 288OC water. Similarly, the good crack growth rate 

predictive capability of Eq. 1 (benchmarked with the experimental results, presented in Table 1) 

has been validated with a separate set of crack growth rates measured at LLNL (see Table 2). As 

can be seen from Figure 4, there is good agreement between the LLNL data and the predictive 

curves and statistical limits. Fig 4 further indicates that measured data fall nicely between the two 

bounds representing two standard deviations of the mean value. The agreement between the 

prediction and measured data shown in Figure 4 provides important input to the validation of the 

SDFR model for Alloy UNS-NO6022. 

In the case of SCC in mechanically damaged areas resulting from low probability seismic 

events, a crack area density model is described that can be applied to conservatively calculate the 

total crack opening area through which radionuclides can be potentially released. 

In conclusion, this paper has clearly demonstrated that the slip dissolutiodfilm rupture 

model can be applied to assess the breach (or the lack of it) of the high level radioactive-waste 

packages due to SCC crack propagation of initiated SCC under the combined effects of stress and 

environment. 
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