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USED FUEL DRY STORAGE STAINLESS STEEL CANISTER STRESS CORROSION 
CRACKJNG SUSCEPTIBILITY ASSESSMENT: 

R&D ROADMAP LEADING TO IDENTIFICATION OF CANISTERS POTENTIALLY 
SUSCEPTIBLE TO STRESS-CORROSION CRACKJNG 

Rev. I (March 31 , 2014) 

I. INTRODUCTION AND PURPOSE 

There are over 1500 welded stainles teel (SS) dry storage cani ters in the United States which 
store spent fuel assemblies. These canisters provide the primary confinement barrier to prevent 
release of radionuclides into the environment. Laboratory studies have shown that stress 
corrosion cracki ng (SCC) of stainless steels can occur in pecimens which have been ubject to 
applied stresses and coated with chloride salts. This phenomenon is known as chloride induced 
stress corrosion cracking (CISCC). 

lnterest in the potentia l for this phenomenon to a ffect dry storage canisters prompted it to be 
addre sed by industry and RC as a pilot issue in the Used Fuel Storage and Transpot1ation 
Regulato ry Issue Resolution Protoco l (RIRP) process ( Issue Number N-1 0-0 I). The issue has 
been characterized as a lack of suffic ient data to determine under what condi tions (environmental 
and cask) and over what time scales C ISCC could initi ate. 

Thi R& D Roadmap documents the s tatus of recentl y completed , on-going, and near term 
platmed research necessary to acquire suffi cient data to understand the phenomenon of SCC in 
the context of d ty cask storage. 

The key elements of research and development in this area include: 

• Literature survey; 
• Failure modes and effects analysis; 
• Vo luntary inspections; 
• Empirical models. 

The desired outcome of this R& D is a set of susceptib il ity assessment criteria that may be 
applied in order to evaluate the potential for C ISCC on a canister speci fic basis. The criteria 
document will recommend a combination of models and monitoring systems that uti li ties can use 
to detennine which of the ir canister (if any) may become susceptible to C ISCC. The c riteria 
document will allow utilities to prioritize follow up actions for canisters which have the highest 
possibility of becoming susceptible in the near term. Knowledge gained during these fo llow up 
actions will provide improved understanding of the timeframe fo r CISCC initiation in spent fue l 
storage canisters. 

Thi s is an impot1ant first step that will bring closure to the RLRP. Other acti ons within the 
industry's overall approach to addressing thi s potentia l issue and leadi ng to an aging 
management guide line are outs ide the scope of thi s document. 

Thjs R& D Roadmap is a living document to be updated as items are completed and new 
in fotmation becomes available. This document is divided into four sections, this section 
provides the introduction and purpose, the second section provides a high level outline of the 
recently completed, on-going, and near-term planned R&D acti vi ties, the third section provides 



summary details o f these R&D acti vit ies, and the final ect ion di cusses the desired addi tional 
R& D that could provide improved results in futu re revis ions o f the suscepti bility assessment 
criteria. 

2. R&D SUMMARY STATUS AND SCHEDULE 

The elements of the R& D road map a re ummarized in Figure I with fu r1her detail listed below. 
In the fi gure, blue represents actions that are coll aborati ve and led by national laboratories, green 
represents actions that involve par1icipation of volunteer sites (ut ili ties), red represents EPRI 
contractor acti viti es, and purple represents EPRI sponsored work resulting in mil e tone repons. 

Figure I: Roadmap Timeline 

Collaborative 

Efforts (Multiple 

Contributors) 

EPRI Efforts and 

Technical Updates 

EPRI Reports 

12012 

• Literature Survey Repor1 

12014 12015 

.. 

Failure Modes Industry Susceptibility 
and Effects 

Analysis Assessment Criteria 

o This repo11 provides data used as input to FMEA and Susceptib ili ty 
Assessment Criteria reports. 

o A dra ft was developed by EPRI contractors in 20 13 with review and comment 
by EPRI and industry advisors. 

o A fina l technical update report will be published by June of20 14. 
• Failure Modes and Effects Analysis Document 

o This repor1 evaluates potentia l degradatio n mechanisms and identifies C ISCC 
as primary concem for potential through-wall cracking and provides context 
for the likelihood and consequences ofCISCC in spent fuel canisters. 

o It was published in December 20 13 (EPRJ product 30020008 15). 
• Vo luntary Lnspections 



o Calvert Ciiffs20 12 
o Hope Creek ovember 20 13 
o Diablo Canyon January 20 14 

• Thermal models 
o PNNL modeling, benchmarked, and validation against INL cask and related 

systems ( P L) - 1983- 1992 
o PNNL thermal model for the Calvert C li ffs canisters (PNNL-2 1788) - 20 12 
o P NL thennal model for Hope Creek canisters (pre-inspection predi ctions 

onl y, dra ft completed August 20 13 Fina l to be release in September 20 14) 
o PNNL thetmal model ensitivity study for Calvett C liffs can isters (PNNL-

22646) 20 13 
o PNN L thermal model for Diablo Canyon canisters (pre-inspection predictions 

only, dra ft completed December 20 13 Final to be re lease in September 20 14) 
o PNN L and ORNL are currently developing models for system and component 

temperature detennination of module ex isting for ISFSls at the shutdown 
s ites and will account for time of loading out to extended duration in time; 
completed models currently include 

• Rancho Seco (NU HOMS horizonta l module, site-specific 24P DSCs 
with B&W 15x l 5 fue l) 

• Maine Yankee (NAC-UMS; s ite-speci fic fuel loadings with CE 14x l4 
fu el, including configurations with failed fuel canisters) 

• Connecticut Yankee (NAC-MPC with C Y-MPC 26 and 24 canisters) 
• NAC-VMS (design basis with W E 17x 17 fuel) 
• HI-STORM I 00 (design-basis modules wi th MPC-24 and MPC-32 

containing W E 17x 17 fuel, and MPC-68 with GE 8x8 fuel) 
o NRC Research is working with CNWRA to develop a thermal model o f the 

NU I-IOMS canister, expected completion in mid-20 14. 
o N RC Research antic ipates development of a thermal model for a vertical cask 

design to be completed in 20 15. 
• Weld residua l stress models: 

o EPRI's contractors perfom1ed modeling which is published in the FMEA 
report; the results confirm sufficient stress for SCC concern. 

o T he RC publi shed a report , Finite Element Analysis of Weld Residual 
Stresses in Austenitic Stainless Steel D1y Cask Storage System, in December 
20 13. (MLI 3330A5 12) 

o MIT has obtai ned fl at plate welded specimens fabricated using materia ls and 
methods typical of canister fabri cation and is currently performing residua l 
stress measurements on these spec imens. 

• Thennodynamic Models 
o Sandia plans to assess the stabi lity of salt assemblages corresponding to s ite­

specific aerosols, as a function of waste package surface temperature, relative 
humidity, and ambient air acid gas concentrations. 

• sec crack initiation and propagation models: 
o Laboratory studies of SCC initiation were recently completed at SWRI with 

NRC support; results are published in NUREG/C R-7 170, Assessment of Stress 



Corrosion Cracking Susceptibility/or Austenitic Stainless Steels Exposed to 
Atmospheric Chloride and Non-Chloride Salts, (ML 14051 A417) . 

o MIT plans to conduct SCC test ing on Oat plate welded specimens once weld 
residual stress measurements are complete. 

o Sandia has near term plans for SCC initiation and propagation testing to be 
conducted on a canister mockup which will be full scale diameter. 

o EPRI will publish a stress corrosion crack growth rate models in a report, 
Flaw Growth and Flaw Tolerance Assessment .for Dl)' Cask Storage 
Canisters, due in late 20 14 

• EPRI's contractors are utilizing a chloride deposition model to predict canister 
surface chloride concentrat ion as a function of atmospheric chloride concentration, 
over pack airflow, surface orientat ion, and surface temperature (function of canister 
age and heat fl ux, varies with location on canister). This model wi ll be de cribed in 
the susceptibility assessment criteria report . 

• Susceptibility Assessment Criteria Report 
o To be published by EPRI Mid-20 15 

Aging Management Actions Related to CISCC (beyond scope C?f R&D Ro(l(lmap) 

• AN L has developed a report , Managing Aging Effects on D1y Cask Storage Systems 
.for Extended Long-Term Storage and Transportation qf Used Fuel, which i cutTentl y 
in revision I (FCRD-UFD-20 13-000294, A L- 13/ 15, 9/30/20 13). Recent comments 
will be addressed over the next few months and a revision 2 report wi ll be issued. 

• El is developing guidance for lSFSI license renewal appl ications - estimated 
completion in November 20 14 

• NRC is revising Generic Guidance for Aging Management and developing gu idance 
specific to spent fuel storage aging management. 

• EPRl is developing Aging Management Guidance specific to the CISCC is ue - plan 
to publish early 20 16 

• Add itional monitoring is planned at sites that are likely susceptible and/or currently 
seeking license renewal: 

o Calver1 Cli ffs has specific commitments related to license renewal 
o EPRl plans to support atmospheric monitoring at tlu·ee sites where surface 

samples were collected 
• EPRl has begun efforts to develop non-destructive examination ( DE) technology for 

stress con·osion crack detection, this work wi ll include investigation and development 
of delivery systems and is planned to continue tlu·ough 20 17 

• Confi rm/Refine Susceptibili ty Assessment Criteria based on results 
• Confir1111Refine Aging Management Plan guidance based on cont inuing operating and 

implementation experience 
• The Department of Energy has announced funding and is seeking proposals for 

potential cask monitoring applications. 
• EPRl has proposed future work to develop ClSCC mitigation guidance. Effective 

mitigation options may include use of coatings or fi lters to prevent chloride from 
depositing, or application of mechanical stress relief. 



3. R&D ELEMENTS 

T hi section outlines the R& D needed to develop susceptibility assessment criteri a. Application 
o f the c riteri a will determine which in-service canisters may be susceptible to sec, where they 
are located, how their susceptibility to sec changes over time, and the relative priority of 
actions in re ponse to the su ceptibility concern. 

3.1 Literature Survey 

A comprehensive literature review o f past and current work relevant to the speci fi c concerns 
re lated to C ISCC of welded stainless steel canisters has been completed. Th is review identified 
the currently available information to de fine the necessary conditions for sec in stainless steels 
and the avail able inf01ma tion regarding actual cani ter conditions. The review report also 
identifies limitati ons in the current state o f knowledge. 

The literature summary identified re levant operating experience and laboratory experiments for 
sec in stainless steels. 

• While CISCC has not been identified in spent fue l canisters, it has been observed on the 
outer diameter o f un-insulated piping and tanks at nuclear plants. It is import ant to note that 
this operating experi ence is at ambient temperatures. 

• Experiments were recently conducted by CRI EPI [2009-20 II ] in Japan and at the Center for 
uclear Waste Regu latory Analyses (C WRA) at the Southwest Research Institute [20 I 0-

20 13] ( funded by RC). 

• Tests conducted by CNWRA found SCC initiat ion in sensitized specimens under controlled 
laboratory conditions w ith C l surface areal density as low as 0. 1 grams per square meter at 
45 C under cyclic humidity conditions in heavily cold worked pecimens. 

In order for SCC on aus tenitic stainless steels to occur, all of the fo llowing conditions need to be 
present: 

• A meta l susceptible to SCC. 
o Austenitic stainless steels such as Grades 304, 3 16, and 3 16L are used in canister 

fabrication and have been found to be susceptible. Some laboratory experiments 
suggest that sec initi ation is delayed in 3 16 compared to 304. 

• Sufficiently high tensile stresses in the SS. 
o Sources of tensile s tresses in canisters include: 

• Shrinkage in the welds due to thermal contraction as the weld coo ls to room 
temperature. Residual stresses in welds are the largest when the welds are 
rapidly cooled rather than being thermally or mechanicall y annealed to reli eve 
these tens ile stresses ("stress re lieved"). SS dry storage canisters currentl y in 
use do not have welds that have been stress re lieved. T his is true for the 
canister body longitudinal and circumferential well s and the lid closure welds. 

o Residual stresses were not typically calculated or measured for each lot o f canisters 
produced by a particular fabri cator. While the cask vendors specify particul ar 
welding standards for the fabricators to fo llow, there are differences in welding 
procedures between fabricators. In some cases, welding procedures for the same 
fabricator changed over time. 

o Weld residual stress ca lculations performed as part o f the FMEA confirmed the 
expectation of sufficient stress in welded regions o f spent fuel canisters. 



• Presence o f deliquescent salts on the SS surfaces. 
o Airbome salts and other contaminants can be drawn ins ide the concrete over pack o f a 

canister due to natural air convection driven by used fuel decay heat. 
o Data found in the literature review indicates that ai rbome salt concentrations are 

highc t for IS FSis located near breaking ocean waves. The literature review 
inve tigated non-marine sources o f chloride and found that deposition rates were 
typically lower than those in marine environments by factors ranging from about I 0 
to 100. 

o Ex i ting C l deposition models have been reviewed and will be modifi ed and utilized 
toe timate C l surface areal density [grams per square mete r] as part of the EPRl 
susceptibility assessment c riteria development and implementation. 

• Humidity sufficient to cause deliquescence. 
o The amount of humidity required to cause deliquescence is a fu nction of the 

temperature of the humid air, SS canister surface temperature and the type of salts 
present on the SS surface. 

• Temperature Window 
o T emperature is an important parameter in evaluating the potential for C ISCC in dry 

storage cani sters. 
• In general, higher temperatures cause hi gher corrosio n rates. However, hi gher 

dry storage canister surface temperatures could prevent the deliquescence of 
salt by reduc ing relative surface humidity levels, thus reducing corrosion 
rates. 

· • Given these counte1v ailing e ffec ts, there is a limited range of temperatures 
over which SCC can occur. Crack initiation and propagation are most likely to 
occur on surfaces that are j ust cool enough to sustain del iquescent brine. 

o Caniste r surface temperature varies s ignificantly with location, with peak 
temperatures ncar the center of the active fuel length and lowest temperatures near the 
ends of the package. 

• Surface temperature distributi ons can be predicted with existing thermal 
models used by the cask vendors, but these them1al models use bounding 
assumptions that gene rall y result in overestimates of temperatures, focused on 
the main concem in the licensing process of providing reasonable assurance 
that the 400 C peak cladding temperature limit is not exceeded in dry storage 
operations, including the drying process itself. Using these same models will 
likely result in overestimated canister surface temperatures in actual operati on 
of a storage mod ule. 

0 In order to determine when sec may initiate, it is necessary to deteimine the time 
interval during which the canister surface temperature i low enough to sustain 
deliquescent brine. 

• Very few direct measurements of in- e1v ice canister surface temperatures are 
available. 

• The modeling assumptions made in evaluations to ensure compliance with 
Regulatory-defined peak cladding temperatures limits generally result in non­
conservative estimates of the time at which canister surface temperatures drop 
below a particular temperature. (That is, the canister surface is predicted to be 
hotter, for a longer period of time, than would likely be the actual case.) 



o Modified ca lculat ions with mo re realis tic boundary conditions and more accurate 
(rather than bounding) resolution of package geometries will improve the accuracy of 
con equence modeling and model for Cl deposition on canisters. 

While some data are avai lable that can he lp identify the conditions under which SS dry storage 
cani ters may become usceptible to SCC, there are some important data gaps. Controlled 
laboratory conditions are likely to be s ignificantly different from actual canister conditions. Key 
factors that are likely to affect SCC initiation can be very difficult to model. T hese inc lude: 

• The amount of no n-salt surface deposits is expected to be significant o n actual canisters 
and may interfere with fo rmation of(or s ignificantl y reduce Cl concentration of) 
deliquescent brines on the cani ster surface. 

• Atmospheric gases and non-CI surface deposits can interact with any deliquescent brine 
formed, changing the chemical composition and corTosive capacity. 

• The effects of continuous airflow over canister surface have not been modeled in 
laboratory testing to date. 

• Actua l cani ster Cl surface areal dens ity may be very low; however there is no current 
laboratory data lower than 0. 1 g/m2

. 

• Actual material conditions and stress states may differ significantly from laboratory 
specimens used in most testing so far. 

3.2 Failure Modes and Effects Analysis 

A Failure Modes and Effects Analysis (FM EA) was completed to systematica lly identify 
credible fa ilure modes that could impact performance o f the stainless steel dry storage canisters. 
The purpose of the FMEA is to identi fy conditions that may lead to a loss of the confinement 
function of stored DCSSs, to identi fy which o f these conditions are most likely to occur, and to 
identi fy the most likely con equenccs associated with loss of confinement function. While the 
FMEA process does not define susceptibility criteria, the results do point to the key factors for 
determining C ISCC susceptibility and provide contex t for the safety significance of this issue. 

The mai n body of the FMEA report includes s ix sections. The fi rst and second are an 
introduction to the report and background information on the different DCSS designs. The third 
section covers the process, criteria, and terminology used in the FMEA. The fourth section 
discusses the technical detail s of the degradation mechanisms, canister failure modes, and the 
potential consequences of canister degradation. The fifth and sixth sections cover the 
implications o f the FMEA and the conclusions of the report. An appendix includes calculations 
that consider the res idual stresses resulting from canister shell rolling and from welding. The 
report also includes additional append ices that examine transportation, after the extended storage 
life, as a source of cyclical and accident stresses, and issues specific to fue l assemblie with 
stainl ess steel cladding. 

The FMEA considered the fo llowing corrosion mechanisms: 

• General (uniform); 
• Pitting, crevice, and localized; 
• Microb ially-infl uenced corrosion (M IC); 
• Stress-corTosion c racking (SCC). 

The chromium in austenitic stainl ess steels forms a stable passive ox ide layer on the surface of 
the metal. This chromium ox ide fi lm prevents the general dissolution or oxidation of the 



underlying metal. Consequently, genera l corTo ion is not credibl e due to the absence of an 
environment that can strip this layer from the metal. 

In stainless teels exposed to ambient conditions, aqueous chloride is a l o the most common 
aggressive contaminant for pitting and crevice corros ion, Pitting is most like ly to be superficia l, 
but could grow through-wall under par1icularly aggress ive conditions. Pits can act as 
tress/environment concentrators and initi ate SCC. Crevice conditions are similarly more li kely 

to facilitate sec rather than penetrate through-wa ll by bulk materi al dissolution. 

Microbio logically induced corrosion (MlC) is limited where relative humidity (RH) is below 
90%, and negli gible where RH is below 60%. A review of MIC wa performed for geological 
repository of spent fue l storage canister and there is no operating experience for SS MIC under 
atmospheric conditions. 

The FMEA determined that C ISCC is the most likely degradation mechanism leading to a 
through-wall crack and should be the focus of aging degradation consideration. The FMEA went 
on to consider the likelihood and con equences o f SCC in a caniste r. Chl01i des are the most 
c redible atmospheric specie to cause degradation o f austenitic stainless steels and chloride 
aerosol concentration decays rapidly moving inland. Establi shment o f conditions conducive to 
C ISCC initi ation is considered likely for sma ll number o f s ites c lose to the open ocean. 
Likelihood of CISCC at s ites far1her from the ocean but s till exposed to sources o f chloride is 
expected to vary greatly and increase over multiple decades. 

T he FMEA determined that SCC cracks are concerns for through-wall pene tration and leakage 
but not concerns for rupture . Once a c rack grows through wall, it releases he lium and any fi ssio n 
gasses in the canister cavity and allows a ir to enter. T he consequences o f confinement 
penetration depend on cladding temperature with air as a cover gas and presence of breached fuel 
rods outside damaged fu el cans. Fuel burnup, time in tor·age, and initial enrichment a ffect the 
cladding temperature over time. Cani sters that have been stored for a long enough time to reduce 
cladding temperature are not expected to experience assembly degradation as consequence of 
canister penetration and will have a greatly reduced inventory o f radioactive gasses. 

3.3 Volunta•·y Inspections 

Data is needed to confirm the actual conditions (surface chloride concentration, temperature, 
etc.) that dry storage cani sters experience. EPRI has recently completed an e ffor1 to gather an 
initial set o f data through inspections of 6 in-service canisters at three volunteer s ites located in 
or close to potentia lly marine environments. Two different storage systems (ver1ica l and 
horizontal) were inspected. 

EPRI antic ipates publication o f tlu·ee repor1s in 2014 that will desc ribe each inspection and the 
chemical analysis of the surface sampl es collected . T hese reports will detail the limitations of 
the inspection technologies used. Onl y a small por1ion o fthe surface area of each canister was 
ana lyzed for surface chemistry. 

T he inspections were completed us ing a truly collaborati ve effort involving EPRI , 2 cask 
vendors, 3 utilities and 3 national laboratories each providing funding and/or in-kind 
contributions. 

The s ites and systems inspected were: 



Years in 
Site System serv1ce Distance from water 

NUHOMS® site-spec ific 0.8 km 
Calvert Cl iffs modules with 24P cani ster 16- 19 from the Chesapeake Bay 

Holtec HI -STORM I OOS 0.4 km 
Hope Creek Version B 7 from the Delaware Bay 

Site specifi c version of Holtec 0.6 km 
Diablo Canyon HI-STORM IOOSA 2-4 from the Paci fie Ocean 

These first et of in pections included: 

• Visual examination of canister surfaces for signs of pitting and corrosion 

o Focus on shell welds, areas in contact with other surfaces where possible; 

o A much of the canister surface as practical , some areas with different air flows, 
cani ter surface temperatures, upper and lower surfaces; 

• Temperature measurements: both ambient and on the canister surfaces at various locations to 
gauge the spatial temperature distribution. These data will be used to benchmark new 
thennalmodels so improved best-estimate predict ions can be made of canister surface 
temperature spatial and temporal di tributions; 

• Canister surface contaminant measurements (through sample retrieval and analysis): 

o Composition; 

o Concentration; 

o Other characteristics (such as whether the material seems tightl y bound to the surface 
or is fluffy such that much of it is not really contacting the surface) 

Ln the context of the R&D needed for developing susceptibility criteri a, the results from these 
first inspections were infom1ative, but not complete. 

• Visual 
No gross or unexpected degradation was observed. Some rust was seen on one of the 
canisters believed to be from external free iron contamination, as opposed to pitting 
initiation from atmospheric chlorides. 

• Temperature 
Some anomalies between measured and predicted temperatures were seen, however these 
differences are nearly eliminated with more accurate design input info1mation. o 
additional R&D is needed for calcul ating best estimate temperatures, rather adequate 
emphasis needs to be placed on detail ed and accurate input data. 

• Surface contaminants 
Very low chl01ide concentrations were measured on the canister surfaces and the 
compositions were found to more resemble inland rainwater than sea salt for the sites 
inspected. There is additional need to obtain samples at sites much closer to the ocean 
and breaking waves to understand the chloride concentrations at the most severe sites. 
FUit her testing at very low chloride concentrations would also be helpful to understand 



when pitting and sec may occur, ince - 95% of sites appear to be non-marine based on 
the re ults of these voluntary inspections. 

Current plans for additional surface exams and sampling arc limited to site-specific commitments 
made by license renewal applicants. Calvet1 Cli ffs has indicated repeat inspections will be 
planned on a ten year frequency. 

It is anticipated that the susceptibility criteria will rely on a Cl depo ition model that requires Cl 
atmospheric concentrati on as an input. This model wi ll also rely on the canister heat flux 
modeling discussed in the next section. EPRI will work with the three volunteer inspection sites 
to implement atmospheric monitoring by installing additional equ ipment beyond that which 
typical utilities have in place. EPRI will benchmark the chloride deposition model based on 
results from the three volunteer sites and, using the experi ence gained in atmospheric monitoring 
at these three volunteer sites, will provide guidance for implementing atmospheric monitoring at 
additional site in the future. 

• Monitoring of ambient conditions at storage sites i planned to provide info m1ation on the 
temporal distribution of: 

o Site ambient temperature and humidity 

o Atmospheric salt and other pollutants/organics in the ambient air. 

o Wind and precipitation. 

Many inland sites may be able to reduce the CI atmospheric sampling frequency/duration or 
provide justification for use of neare 1 (or representative) atmospheric monitoring station data in 
lieu of site pec ific monitoring. Some marine sites may be able to rely on data collected at a 
"sister" site that is demonstrated to be bounding. 

3.4 Empirical Models 

The last phase of research and development that will lead to the goa l of Susceptibility 
Assessment Criteria is the identification of empirical models that can be applied to estimate the 
likelihood and timeframe for sec initiation and propagation in ss spent fuel storage canisters. 
These models will be based on the results of the R&D elements described in the previous three 
subsections. Figure 2 describes the key parameters for SCC susceptib ility. 

Figure 2: Susceptibility Parameters 
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As shown in Figure 2, SCC can occur in susceptible materials exposed to con·osive environments 
and subj ect to tensile stresses. Canisters have been manufactured from stainless teels (304 , 
304L and 3 16) that are susceptible to SCC. Fabrication processes inc luding weld ing, grinding 
and cold work will impact the degree o f usceptibi lity. Weld residual stress mode ling predicts 
that suffic ient tensile stress is present to support SCC. That leaves the environment as the key 
parameter to predicting SCC susceptibi lity o f spent fuel canisters. As discussed earlier in this 
roadmap, there is a data gap between the known conditions where sec has occurred in stainless 
steel piping in nuc lear and other industri es, the laboratory conditions applied for sec testing, 
and the actua l conditions o f pent fue l canisters. Mode ling will be used to estimate actual 
canister conditions for comparison to conditi ons known to cause SCC. Lnputs to models will 
include parameters that are part o f the cask fabrication and loading records, as well as parameters 
that will need to be measured at ISFS I s ites. 

T he key models that will be utilized in the calculating susceptibility (calculations indicated in 
purple in Figure 2) parameters are: 

• Thermal models have been developed to inform voluntary inspection e fforts and will also be 
an input to estimating surface temperature and subsequently surface chemistry 

• Atmospheric deposition models found in the literature survey report will be used to estimate 
chloride deposition and subsequently surface chemistry 

• Residual weld stress models documented in FMEA report confirm the relevance of SCC to 
dry storage canisters. 



• sec crack initiation and propagation data and model from the literature urvey are being 
utilized in EPRI 's fl aw growth and tolerance calculations. These calculations will provide 
better understanding or the timeframe under which sec may be a concern for ss spent fuel 
canisters. 

It is ant icipated that the susceptibility assessment criteria may be revised based on data gathered 
and lessons learned in implementation, including sub equent implementation or aging 
management activities. 

4. ADDITIONAL DESIRED DATA AND MODELING WHICH COULD BE USED TO 
REFINE SU CEPTIBILITY CRITERIA 

Inspecti on of in-service S F storage canister surfaces is very difficult, and CISCC has never 
been directl y obse1ved. The potential occurrence of CISCC is inferred on the basis of three 
factors/data sets. Fi rst, the austenitic stainless steels used in the construction of typical storage 
containers (e.g., 304, 304L, etc.) are known to be susceptible to CISCC when a sufficiently 
aggressive environment is present in combination with significant tensile stre s (either residual 
or imposed). Second, CISCC has been observed in other stai nless steel components and 
structures at nuclear power plants in near-marine environments. Finally, experimental studies 
carri ed out using test conditions (i.e., chloride based salt deposit approximating a marine aero ol 
plus an appreciable tensile stress) potenti ally relevant to those seen by interim storage cani ster 
resulted in CISCC. 

However, both the environment and the specific materi als used in the aforementioned laboratory 
studies may vary from those relevant to interim storage canisters within their over packs. In 
addition, the laboratory based sec testing performed to date has focused on initiati on and not 
crack growth. Thus, on-going flaw growth and tolerance assessments have relied on typical SCC 
crack growth models which do not include dependency on crack tip stress intensity or chloride 
loading. 

For industry to refine CISCC susceptibility criteri a and predict the timeframe of concem, a better 
understanding of the evolving environment on the surface of S F interim storage canisters is 
required. 

Development of the following data, tools, and models would constrain canister surface 
environments, inform sec experimental studies wi th respect to materials and environment, and 
allow better prediction of SCC OCCUrTence and propagation. 

• Best estimate thennal and ventilation models using fi eld data for validation; 
• Higher fidelity measurements of the envi ronment at the surface of SNF storage containers 

o Improved instrumentation for taking measurements of canister surface conditions 
(temperature, humidity, deposited materials); 

o Additional field data allowing evaluation of temporal and spatial vari ations in the 
composition and concentration of canister surface deposits (salt/contaminant/organic 
materi als). 

• Field data assessing the composition and abundance of atmospheric aerosols and reactive 
gases (e.g. HCI, HN03, H3, and S02) , potentially allowing (through thermodynamic 
modeling) cotTelations with measured surface deposits. 



• T hermodynamic models assessing the stability of deliquesced salt a semblages on the waste 
package surface, and the importance of particle-ga convers ion reactions and brine-gas 
exchange reactions. 

Additional repeatable laboratory experiments by multiple organi zations need to be conducted to 
reduce the uncertainty in the conditions required to cause sec in the ss material u ed in dry 
storage canisters (ba e metal and weld ). In addi tion to providing an improved understanding of 
the likel ihood ofCISCC in existing in-service interim storage canisters, these tests will identify 
modifications in the current manu facturing processes that might mitigate stress corrosion 
cracking. 

The experimental parameters that should be considered are those that address the three criteria 
that must ex ist for sec susceptible material, an aggressive environment, and tensile stress. 

Material properties 

Surface treatments should match those curTently in use in the manufacturing process (e.g., 
samples should not be polished), but might also include pickling to remove embedded iron or 
carbon steel fragments, if testing shows that such fragments provide loci for corTosion initiation. 
Specific considerations for future testing include the fo llowing: 

• Composi tion of the base and weld fill er metal used in the container 
o Use of304 vs. 316 
o Use of L-grade vers io ns 

• Surface condition of the storage container prior to deployment 
o Critica l surface ori entation (hori zonta l, vertical) 
o Mechanical abras ion/grinding 
o C leaning procedures 

• Pickling/passivation procedures 
• Contamination with carbon steel or tool steel 

• Weld properties (input to characterize material microstructure and residual stress) 
o Weld type (longitudinal, c ircum ferenti al, base plate, closure) 
o Weld ing process (GTAW, GMA W , SAW, etc.) 
o Weld j oint design 

• Fitup requirements 
• Weld root design 
• Edge preparation 
• umber of passes 
• Heat input and inter-pass temperature contro l 
• In-process mechanical treatments (e.g., applying edge preparation followi ng patt of 

weld, repair procedures, etc.) 
• Degree of sensitization in heat affected zone 

o Surface profile (weld surface grinding, re inforcement) 

Envi ronmental Conditions 

Environments used in SCC COITOSion testing to date may not replicate actual conditions on 
canister surfaces. Deposited salts are generally sea salts or subsets of those salts (e.g. , MgCl2); 
salt compositions measured to date on canister surfaces, even those c lose to ocean shorelines, 
differ from these assemblages. Moreover, salt decomposition reactions, particle-gas convers ion 
reactions, and deliquescent brine degassing are limited in experimental studies because of low 



ga -phase fl ow rate relati ve to the high ventilation flow rates though canister over packs. 
Additional fi eld sampling e fforts to measure aerosol par1icle and gas-phase compositions at 
lSFSI sites will provide c ritical information to de fine the canis ter surface environment. 
Experimental work and mode ling effo r1s arc required to better understand the stabili ty of salt 
a semblages as canister surface conditions evolve. The ultimate goal of this work is to defi ne the 
relevant chemical and physical environments on the waste package surface for use in corrosion 
testing. The parameters o f interest include the fo llowing: 

• Temperature 
• Airflow condition 

o Rate 
o Geometry o f fl ow pathway, 

• Humidity range 

• Contaminant composition 
o Sea salts 
o Inland salt assemblages 
o MgCl2 

• Gas phase composition (e.g. HC l, HN03, N H3, and S02) 

• Contaminant transpor1, deposition, and removal mechanisms 
• Salt surface loading 
• Presence o f pining or crevices 
• Periodic salt loading and wet-dry cyc ling 
• Duration o f corTosion tests- SCC initi ation as a function o f time in differe nt environments 

Tensile Stress 

To ensure that residual stresses and sens itization in the heat a ffected zones around welds are 
typical o f in-serv ice canisters, weld geometries, j oint design, and schedules should match those 
used in industry. Much current experimenta l work on SCC has been done thin U-bend 
specimens that fa il to capture the stress fi elds the heat-a ffected zones of manu factured canisters. 
Post-weld treatments are not curTentl y in use, but should be evaluated for potential future 
applications. Additional testing should be designed to c losely match actual canisters conditions 
with the fo llowing considerations: 

• Residual stress 
o Cold working (rolling) 
o Welding 

• Post-weld annea ling 
o To remove sensitization 
o To re lieve residual stresses 

• Stress mitigation 
o Heating 
o Shot peening 
o Laser peening 
o Low plastic ity bumishing 

Given the large number o f parameters and test conditions necessary fo r crack init iation and 
growth development, a comprehensive test program would require preparation o f a significant 



number of samples and experiments. Also, the length of time required for crack initiation and 
growth under conditions more representati ve of dry cask storage may be considerable such that 
future testing should be on the durati on o f years rather than months. 
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