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RAI Volume 3, Chapter 2.2.1.3.1, Second Set, Number 3, Supplemental Question:  

Explain whether or not the test conditions and unexpected results described in 
CRs 12799 and 12868 affected the samples and data used to derive corrosion rates 
discussed in SAR Section 2.3.6.3 and the recleaned specimens test data discussed 
in DOE's responses to RAIs 3.2.2.1.3.1-2-003 and 3.2.2.1.3.1-2-004.  If the SAR 
and recleaned specimen data were affected by the test conditions described in the 
CRs, discuss the impact on the Performance Assessment. 

Additional questions: 

1. Clarify the number of 5-year test specimens affected by the unexpected 
conditions described in CR 12799 and CR 12868. 

2. Clarify if the assessment will include details for the 5-year corrosion rate data. 

3. Clarify if there is any overlap between the oxide deposits identified in CR 
12799 and carbon deposits in CR 12868. 

4. Clarify if the cleaning procedures used in both CRs are consistent with 
cleaning procedures in DOE's response to Set 2, RAI #3.2.2.1.3.1-2-003.  

1. SUPPLEMENTAL RESPONSE 

Condition report (CR) 12799, “Unexpected Test Results - Heterogeneous Alloy 22 Oxide 
Thickness,” addresses a locally thicker oxide coating observed on weight loss coupons in regions 
which were covered by an inert washer while exposed within the Long Term Corrosion Test 
Facility (LTCTF).  CR 12868, “Unexpected Test Results - Residue on Subset of Alloy 22 
Coupons,” focuses on the nature of an organic layer which was initially observed on un-cleaned 
Alloy 22 coupons from the 9.5-year test interval in the LTCTF.  Although the test conditions and 
results of these two CRs affect the samples and data used to derive corrosion rates discussed in 
the SAR (Section 2.3.6.3 and the re-cleaned specimen test data discussed in DOE’s response to 
RAI 3.2.2.1.3.1-2-003), the magnitude of the effect is insignificant in terms of the general 
corrosion rates determined from the coupons.  Furthermore, the issues identified in both CRs are 
believed to have a negligible impact on performance assessment, and will be subject to further 
confirmation as discussed herein. 

1.1 REVIEW OF DATASET DISCUSSED IN THE RESPONSES TO RAI 3.2.2.1.3.1-2-
003 AND RAI 3.2.2.1.3.1-2-004 

1.1.1 RAI 3.2.2.1.3.1-2-003 

The Alloy 22 general corrosion rate data presented in General and Localized Corrosion of the 
Waste Package Outer Barrier (SNL 2007) as well as SAR Section 2.3.6.3 are based upon crevice 
coupons exposed for five years in the LTCTF.  In addressing CR 11851, “Unexpected Cleaning 
Weight Loss of Alloy 22 Control Samples,” it was established that due to variations in the 
surface finish of the crevice coupons, they are inappropriate to use as a representation of the 
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Alloy 22 general corrosion rate, as their corrosion rate (determined via weight loss) is dominated 
by experimental artifacts and therefore does not accurately represent the Alloy 22 general 
corrosion rate.  As a result, the weight loss coupons (which do not have this surface finish 
artifact) were re-cleaned, and present a more accurate representation of the Alloy 22 general 
corrosion rate.   

The distribution of corrosion rates from the five-year re-cleaned weight loss coupons has a lower 
median value and narrower spread relative to the Alloy 22 general corrosion model (a Weibull 
distribution based on the (not re-cleaned) crevice coupon data) presented in the SAR (see the 
response to RAI 3.2.2.1.3.1-2-003).  Analyses continue for the update to General and Localized 
Corrosion of the Waste Package Outer Barrier (SNL 2007), and will include fitting the 
distribution of re-cleaned weight loss coupon general corrosion rates and confirm the current 
assessment of its impact on performance assessment results. 

1.1.2 RAI 3.2.2.1.3.1-2-004 

The response to RAI 3.2.2.1.3.1-2-004 presents a summary of the results from a series of new 
and previously available studies and analyses used to determine the uncertainties associated with 
the long-term persistence of the passive film on Alloy 22 with regard to the structure, 
composition, and thickness of the passive film.  These studies conclusively demonstrated the 
long-term stability of the passive oxide film on Alloy 22 under a wide range of 
repository-relevant conditions.  The studies above included experimentation performed to 
improve the understanding of the impact that silica scale, or other foreign matter, might have on 
the oxide stability, and therefore the general corrosion rate, of Alloy 22.  The data indicates that 
silica deposited on the surface of the Alloy 22 coupons during exposure to silicate-bearing 
solutions does not have a discernable impact on the stability of the passive oxide, and hence the 
general corrosion rate, of Alloy 22. 

1.2 COUPONS DIRECTLY IMPACTED BY THE PHENOMENA DESCRIBED IN CR 
12799 AND CR 12868 

The two CRs in question apply to all of the coupons that were exposed within the LTCTF 
(i.e., both the crevice coupons presented in the SAR and the re-cleaned weight loss coupons 
discussed in the response to RAI 3.2.2.1.3.1-2-003); however, the magnitude of the two CRs’ 
impact is insignificant in terms of the general corrosion rates determined from the 
aforementioned coupons. 

The experiments which form the basis of the response to RAI 3.2.2.1.3.1-2-004 are a series of 
independent electrochemical experiments that were not performed in the LTCTF tanks.  As such, 
neither CR 12799 nor CR 12868 is applicable to the discussion presented in that response. 
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1.3 IMPACT OF CR 12799 (HETEROGENEOUS ALLOY 22 OXIDE THICKNESS) ON 
PERFORMANCE ASSESSMENT 

A conservative estimate of the impact which the heterogeneous oxide layer thickness reported in 
CR 12799 will have on the Alloy 22 corrosion rates used in the performance assessment 
indicates that the effective change in corrosion rate is less than the uncertainties applied.  The 
following discusses the basis for that conclusion. 

While analyzing the surface of corrosion test coupons taken from the LTCTF after they had been 
cleaned, it was noted that the surface oxide appeared optically irregular, with both light and dark 
regions visible.  These regions corresponded predominantly to the location where the 
polytetrafluoroethylene (PTFE) spacer used between coupons made contact with the coupon 
surface, and consisted of approximately 3% of the total surface area of each coupon (see 
Figure 1).  The cleaning process utilized to prepare these coupons is described in the response to 
RAI 3.2.2.1.3.1-2-003, Section 1.2 (Specimen Re-Cleaning). 

 
NOTE: The light “spots” in the stain due to the spacer are regions where the oxide was sputter depth profiled for 

the evaluation of CR 12799. 

Figure 1. (a) Weight Loss Coupon Assembly from the LTCTF Illustrating Where the Spacers Were 
Located; (b) Optical Image of a Re-Cleaned Weight Loss Specimen Illustrating the Locally 
Dark Regions on the Specimen Surface 
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Corroborative, non-Q, secondary ion mass spectrometry (SIMS) analysis revealed a locally 
thicker oxide in the dark region corresponding to where the spacer had contacted the coupon (see 
Figure 1B).  The oxide thickness in the regions below the PTFE spacer was evaluated on both 
5- and 9.5-year specimens taken from the LTCTF, the results of which are summarized in 
Table 1. 

Table 1. Comparison of Average Oxide Thickness for Various Sites on Alloy 22 Coupons as a Function 
of Immersion Time in 90°C SCW 

Time (yr) Location Oxide Thickness (nm) 
5 Light 7 
 Dark 14 
 Washer 159 

9.5 Light 17 
 Dark 204 
 Washer 409 

 

An evaluation of the structure of the regions where the locally thicker oxide was present revealed 
no signs of enhanced general corrosion or localized corrosion.  Compositionally, however, the 
oxide layer in the thick regions below the contact area between the PTFE spacer and the metal 
surface differed from the oxide layer present on other portions of the surface.  The thickened 
oxide contained elevated concentrations of chloride, magnesium, silicon (as a silicate), and 
carbonaceous species.  The chemical composition of these deposits strongly suggests that they 
are the result of deposition from solution (i.e., deposit of solution components or corrosion 
product from other less corrosion resistant materials that were present in the same exposure 
vessel, such as Incoloy 825, which did exhibit significant corrosion), as many of the species 
present in the thick oxide layer are not present in the parent metal, and no signs of enhanced 
dissolution were observed.  This conclusion is also supported by the greater thicknesses observed 
for the darker regions on the 9.5-year coupons. 

While the likely cause of the increased oxide layer thicknesses is the formation of a deposit from 
the exposure solution, and no signs of enhanced corrosion were observed, the presence of the 
thicker oxide deposit can have an impact on the weight-loss measurements.  The mass of the 
thicker oxide layer can reduce the measured weight loss (i.e., it represents material which should 
have been removed) relative to what the measured weight loss would be if the thicker oxide layer 
were completely removed.  To estimate the impact this deposit would have on the measured 
weight loss, and hence the calculated corrosion rate, the mass of the deposit can be estimated, 
and then converted into an equivalent change (increase) in corrosion rate.  Utilizing a deposit 
thickness of 200 nm (slightly larger than the average deposit thickness of 159 nm (see Table 1)), 
and assuming that 5% of the surface area of each coupon is impacted (rather than the ~3% 
observed), the weight increase due to the presence of the thick oxide layer, ΔW, can be calculated 
as: 

 ( ) ( ) ( ) ( )oxideoxidecoupon tCoverageSAW ρ×××=∆  
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where the total surface area of a weight-loss coupon, SACoupon, is 30 cm2, Coverage is the portion 
of the surface area coated with the thicker oxide layer (5%), the thickness of the deposit, toxide, is 
200 nm, and the density of the oxide layer, ρoxide, is 5.21 g/cm3 (assume the oxide is entirely 
Cr2O3), yielding a weight change of 156 µg.  This weight change can then be converted to an 
equivalent increase in corrosion rate, ΔCR (in nm/yr), of: 
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where the density of Alloy 22, ρAlloy 22, is 8.69 g/cm3 and the exposure time is 5 years.  The 
“worst case” change calculated via this expression is approximately 1.2 nm/yr.  This potential 
change in corrosion rate is less than half of the combined standard uncertainty of 2.49 nm/yr 
associated with the re-cleaned weight loss coupons, as presented in the response to 
RAI 3.2.2.1.3.1-2-003.  Therefore, while the locally thick oxide regions will have an impact on 
the observed weight loss for each coupon, the magnitude of that change is less than the combined 
standard uncertainty for the measurement.  As such, the impact of the issues identified in 
CR 12799 on performance assessment is negligible based upon the discussion above and the 
expected results of planned confirmatory work. 

1.4 IMPACT OF CR 12868 (ORGANIC RESIDUE ON COUPONS TAKEN FROM 
LTCTF) ON PERFORMANCE ASSESSMENT 

Inspection of uncleaned Alloy 22 coupons exposed for 9.5 years in the LTCTF revealed that a 
subset of the coupons has a visually observable organic residue on the sample surfaces and 
adhered to the inside of the plastic bags used for sample storage.  Although the thickness of the 
organic layer varied on a given coupon surface, the organic layer was reasonably continuous 
(i.e., the deposit was not patchy in nature).  This morphology is significantly different than the 
nonuniform/discontinuous heterogeneous oxide layer discussed in CR 12799, and as such it is 
unlikely that the phenomena reported in CR 12799 is related to the organic deposit discussed in 
CR 12868.  Evaluation of the organic layer via a series of analytical techniques revealed that it 
was not the result of either tank wall degradation or biological activity, but rather was a 
long-chain hydrocarbon molecule consistent with a lubricant.  The source of the contamination 
was identified as Mobilith SHC007, a high-temperature grease used in the gear box for each of 
the Baldor stirrer motors used to agitate the solution within each of the LTCTF tanks.  A series 
of uncleaned coupons extracted at times prior to the 5-year sample period was evaluated via a 
Fourier transform infrared (FTIR) analysis, revealing that the organic layer was present as early 
as the 1-year mark (earliest sample time from which uncleaned coupons were available), 
gradually increasing in thickness over time, consistent with the probable source.  It should be 
noted that the samples were stored for approximately three years in bags before this analysis was 
performed.  As such, the organic layer may have redistributed across the surface of each coupon 
and a portion of the deposit on each sample surface may have been transferred to the inside 
surface of the bag in which it was stored, reducing the quantity on the surface at the time of the 
FTIR analysis. 
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A series of 9.5-year samples with varying organic layer thickness (based upon an initial visual 
evaluation) was further evaluated to determine a semi-quantitative measure of the quantity of 
organic residue on the surface, followed by using the current project procedures (the refined 
procedures used to re-clean the 5-year coupons described in the response to RAI 3.2.2.1.3.1-2-
003, Section 1.2 (Specimen Re-Cleaning)) to establish the corrosion rate for each weight loss 
coupon.  The results of the aforementioned process are presented in Figure 2.  In addition, the 
average corrosion rate from the 5-year re-cleaned weight loss samples is plotted for comparison.  
As illustrated in the figure, no correlation was observed between the apparent quantity of organic 
residue present on the surface of a coupon and its corrosion rate.  Based upon this observation, 
CR 12868 was closed, as there was no discernable impact of the organic layer on the corrosion 
rate.   

 

NOTE: For comparison, the average corrosion rate from the 5-year weight loss coupons is also plotted. 

Figure 2. Corrosion Rate as a Function of Average C-H Intensity (approximately proportional to the 
quantity on the metal surface) from FTIR 

In order for the organic layer to have an impact on the general corrosion process, it must hinder 
either the anodic reaction (i.e., metal oxidation), the cathodic reaction (i.e., oxygen reduction), or 
both.  As Alloy 22 is a passive metal, and thus the dissolution rate is very small, it is unlikely 
that the anodic reaction rate is hindered by reduced mass transport due to the presence of the 
lubricant layer.  Similarly, as the lubricant is a nonreactive compound (i.e., no surface active 
sites), it is unlikely that it is binding to, or reacting on, the metal surface, obscuring (and hence 
protecting) active sites and thereby reducing the anodic reaction rate.  The most likely impact 
which the organic layer would have on the corrosion process would be the reduction of the 
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cathodic reaction rate by hindering the mass transport of oxygen from the aerated bulk solution 
to cathodic sites at the metal/solution interface. 

If a bounding general corrosion rate of 25 nm/yr is assumed, the equivalent anodic reaction rate 
can be calculated.  Using the expressions presented in ASTM G102, the corrosion rate in nm/yr 
can be converted to a current in A/cm2 via manipulation of Equation 5 from ASTM G102: 

 
1

1 KEW
CRiEWiKCR corr

corr

×
×

=⇒=
ρ

ρ
 

Using a corrosion rate, CR, of 25 nm/yr, a conversion factor K1 of 3.27 × 10−3 
mm*g/(µA*cm*yr), the density of Alloy 22, ρ, of 8.69 g/cm3, and an equivalent weight, EW, for 
Alloy 22 of 23.28 (ASTM G102, Table 1), the corrosion current density would be 2.85 nA/cm2.  
The cathodic current density by definition is equal to the anodic current density, so it too is 
2.85 nA/cm2.  Assuming that the cathodic reaction is oxygen reduction, the cathodic reaction will 
be hindered to the point it impacts the anodic reaction rate when the diffusion of dissolved 
oxygen to the metal surface is reduced to the point that the limiting current density of the oxygen 
reduction reaction becomes less than the cathodic reaction rate required to support the anodic 
reaction rate.  The limiting current density for oxygen reduction can be calculated as: 

 
δ

o

L
nFDCi =  

where iL is the limiting current density, n is the number of electrons consumed by the reaction 
(1 for the oxygen reduction reaction), F is Faraday’s constant (96484.6 C/equivalent), D is the 
diffusivity of oxygen (10−5 cm2/s), Co is the bulk dissolved oxygen concentration (4 to 10 ppm), 
and δ is the thickness of the boundary layer, assumed to be 50 µm for this calculation.  Given 
that the solubility of oxygen is higher in oil than in water (Tian and Cheng 2008), Co may 
conservatively be set equal to the concentration in the water phase, which was measured as being 
between 4 and 10 ppm (see Farmer et al. 2000, p. 6) – using a concentration of 4 ppm, the 
limiting current density for oxygen reduction will be approximately 50 µA/cm2.  As the 
calculated limiting current density is approximately four orders of magnitude larger than what is 
required to support the passive dissolution of Alloy 22, it is clear that the organic layer will not 
impact the cathodic reaction rate such that the anodic reaction rate is reduced.  Thus, it is 
unlikely that the presence of the organic layer on the Alloy 22 surface adversely impacted the 
cathodic reaction rate. 

To summarize, it is anticipated that neither the anodic nor the cathodic reaction rate for Alloy 22 
in the solutions utilized within the LTCTF were altered in a meaningful way by the organic layer 
present on the coupon surfaces.  Therefore, the impact of the issues identified in CR 12868 on 
performance assessment is expected to be negligible.  As such, the impact of the issues identified 
in CR 12868 on performance assessment is negligible based upon the discussion above and the 
expected results of planned confirmatory work. 
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1.5 SUMMARY 

As discussed above, the issues identified in CRs 12799 and 12868 will have a minimal impact on 
the data used to derive the corrosion rates used in the SAR, and as such, the impact of both CRs 
on performance assessment is negligible. 

1.5.1 Clarify the Number of 5-Year Test Specimens Affected by the Unexpected 
Conditions Described in CR 12799 and CR 12868 

All of the Alloy 22 coupons exposed in the LTCTF were impacted by both CRs. 

1.5.2 Clarify If the Assessment Will Include Details for the 5-Year Corrosion Rate Data 

The discussion in the initial RAI as well as the supplemental response presented here focus 
almost exclusively on the 5-year corrosion rate data. 

1.5.3 Clarify If There Is Any Overlap between the Oxide Deposits Identified in CR 12799 
and Carbon Deposits in CR 12868 

The organic layer described in CR 12868 covered the entire surface area of the impacted test 
coupons – as such, the locally thicker oxide regions observed in CR 12799 were coated with the 
organic layer discussed in CR 12868. 

1.5.4 Clarify If the Cleaning Procedures Used in Both CRs Are Consistent with Cleaning 
Procedures in DOE’s Response to Set 2, RAI #3.2.2.1.3.1-2-003 

Identical cleaning procedures were used for the datasets presented in the original and 
supplemental responses to RAI 3.2.2.1.3.1-2-003. 

2. COMMITMENTS TO NRC 

The impact of CR 12799 and CR 12868 on the updated general corrosion rate data described in 
response to RAI 3.2.2.1.3.1-2-003 will be documented in the revision of SAR Section 2.3.6 
promised in the aforementioned RAI.  The change to the SAR will be included in a future license 
application update.  

3. DESCRIPTION OF PROPOSED LA CHANGE  

SAR Section 2.3.6.3 text will be revised to include a discussion of the heterogeneous oxide layer 
discussed in CR 12799 and the organic deposits discussed in CR 12868.  The change will be 
included in a future license application update.  
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