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PRODUCT DESCRIPTION

Due to the delayed opening of a final geological repository for spent nuclear fuel, the lifespan of
dry cask storage systems may be increased to 120 years or longer. To ensure safety over this
extended period of interim storage, degradation mechanisms that have the potential to cause
penetration of the canister confinement boundary must be evaluated and understood. To address
this issue, the Electric Power Research Institute (EPRI) performed a failure modes and effects
analysis (FMEA) to identify credible degradation mechanisms and their consequences during onsite storage prior to eventual transport to a final repository or reprocessing facility.
Background
The majority of nuclear plants have constructed an independent spent fuel storage installation
(ISFSI) to relieve crowding in the spent fuel pool using dry cask storage systems (DCSSs). As a
result of concerns that corrosion of the DCSS’s inner stainless steel canisters may occur at some
sites over an extended life of 120 years or longer, the Electric Power Research Institute (EPRI) is
developing an Aging Management Plan. The Plan includes susceptibility criteria to identify
conditions that may lead to a loss of the confinement function of stored DCSSs.
Objectives
• To identify the aging-related degradation mechanisms that may be active during the extended
lifetime of stainless steel canisters used as the confinement boundary of some dry cask spent
fuel storage systems.
•

To determine the potential consequences of the associated failure modes.

Approach
This FMEA is comprised of six sections. The first and second are an introduction to the report
and background information on the different DCSS designs considered within the scope of this
report. The third covers the process, criteria, and terminology used in this FMEA. The fourth
discusses the technical details of the degradation mechanisms, canister failure modes, and the
potential consequences of canister degradation. The fifth and sixth sections cover the
implications of the FMEA and the conclusions of the report, respectively. An appendix includes
calculations that consider the residual stresses resulting from canister shell rolling and from
welding. The report also includes an appendix that examines a consideration of transportation,
after the extended storage life, as a source of cyclical and accident stresses and an appendix that
examines issues specific to fuel assemblies with stainless steel cladding.
Results
The credible degradation mechanisms identified by this FMEA are (in order of likelihood)
chloride-induced stress corrosion cracking (CISCC), pitting, crevice corrosion, microbiologically
induced corrosion, and intergranular attack. Of the degradation mechanisms, CISCC is
concluded to be of greatest potential concern for causing penetration of the confinement
boundary. The most likely mode of canister confinement failure is the through-wall growth and
v

penetration of a crack. Other less likely modes include a gross corrosion defect and the rupture of
a part-depth or through-wall crack. The consequences of a loss of the canister confinement
boundary are considered principally for the integrity of the fuel cladding and for the potential for
release of radioactive material. The most susceptible locations are expected to be the cooler
regions of the shell near welds at ISFSIs proximal to marine environments with breaking waves.
Applications, Value, and Use
The FMEA categorizes the degradation mechanisms in terms of detectability, likelihood, and
severity of consequence, permitting resource focus on the most important mechanisms.
Subsequent to this FMEA, EPRI is developing an Industry Susceptibility Assessment Criteria
report to address the major degradation concerns identified and prioritized by this FMEA. That
report will reflect the results of a flaw growth and flaw tolerance assessment, and the results of a
literature review on CISCC and relevant degradation mechanisms. These reports will be
developed into an Aging Management Plan to support long-term management of this issue.
Keywords
Dry cask storage system (DCSS)
Spent nuclear fuel storage
Chloride-induced stress corrosion cracking (CISCC)
Failure modes and effects analysis (FMEA)
Stainless steel welded canister
Multi-purpose canister
Transportable storage canister
Dry shielded canister
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ABSTRACT
This report documents a failure modes and effects analysis (FMEA) of the welded stainless steel
canisters used to confine spent nuclear fuel in most dry cask storage systems. This document
specifically considers the stainless steel canisters in dry cask storage systems licensed in the
U.S., and focuses on designs currently in use. The FMEA identifies the aging-related degradation
mechanisms that may be active during the extended storage lifetime for canisters of 120 years or
longer. The report investigates the effects and potential consequences of various canister failure
modes, including the integrity of the stored fuel and potential radiological hazards. The FMEA
categorizes the degradation mechanisms in terms of detectability, likelihood, and severity of
consequence, permitting resource focus on the mechanisms that are most important to effective
aging management. This FMEA will be followed by an Industry Susceptibility Assessment
Criteria report with a more quantitative treatment of aging-related degradation.
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1
INTRODUCTION

1.1 Background
As of June 2013, there were over 1500 welded stainless steel canisters in use at U.S. independent
spent fuel storage installations (ISFSIs) under nine general design licenses and six site-specific
licenses. These canisters fall into five design families (NUHOMS, HI-STORM, MPC/UMS,
MAGNASTOR, and FuelSolutions), and all of these designs use a welded stainless steel canister
surrounded by a concrete and steel overpack for radiation shielding and protection from
accidents. The first welded stainless steel canisters were loaded in July 1989 and were licensed
for a period of 20 years, after which renewal was an option [1].
Due to the delayed opening of a final geological repository for spent fuel, the lifespan of dry cask
storage systems may be increased to 120 years or longer. To ensure safety over this extended
period of interim storage, degradation mechanisms, such as CISCC, that have the potential to
cause penetration of the canister confinement boundary, must be evaluated and understood. To
address this issue, a set of Industry Susceptibility Assessment Criteria and an industry Aging
Management Plan are being developed, using this FMEA to identify credible degradation
mechanisms and their consequences during on-site storage prior to eventual transport to a final
repository or reprocessing facility.
In November 2012, the NRC released Information Notice (IN) 2012-20 [2], which raised the
concern that stress corrosion cracking of stainless steel canisters at ISFSIs in proximity to
sources of chloride salts may occur and cited a number of regulations relevant to a loss of
confinement due to material degradation. This notice was released as a part of a larger
investigation into the propensity for 300 series stainless steels to crack in the presence of
chlorides that has included significant laboratory testing by Mintz, Oberson, et al. ([3] and [4]).
Additionally, the NRC has issued requests for additional information (RAIs) related to CISCC
([5] and [6]) as part of its review of the Calvert Cliffs ISFSI site-specific license renewal
application.

1.2 Objective
The purpose of this report is to document a failure modes and effects analysis (FMEA) of the
materials degradation of welded canisters employed in the storage of spent nuclear fuel (SNF) in
dry cask storage systems (DCSS). The main objectives are to identify the credible degradation
mechanisms that may become active on these canisters (e.g. CISCC) and to determine the
potential consequences of the modes of failure (i.e., loss of confinement). The probability of
through-wall crack penetration over time is also considered in conjunction with the severity of
the consequences. The FMEA categorizes the degradation mechanisms in terms of detectability,
likelihood, and severity of consequence, permitting a focusing of resources on the mechanisms
that are most important. The results of this FMEA will be applied to define and prioritize the
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detailed assessments and calculations necessary to develop the Industry Susceptibility
Assessment Criteria and Aging Management Plan.

1.3 Scope
In light of the possibility for aging degradation resulting in loss of confinement, this FMEA is
concerned with the DCSSs licensed to store spent nuclear fuel in the U.S. that have welded
stainless steel canisters that are exposed to air. Mechanically sealed confinements are not
considered because they include the capability to monitor internal pressure and thereby detect
loss of confinement. The failure modes considered are those related to materials aging and
degradation that are plausible under the thermal and mechanical loading conditions considered in
the FSARs. Considering more severe design basis accident scenarios does not fall within the
scope of this FMEA. Note that this report focuses on degradation that may occur beyond the
licensing term of 20 years up to a potential service life of 120 years. Most licensed canisters
have a nominal design life of 40-50 years, but low temperature CISCC was not recognized as a
potential degradation mechanism during the formulation of their design basis, so consideration is
also given to degradation during the design life. This report identifies the credible mechanisms
that may lead to material degradation of canisters during storage with emphasis on marine
environment corrosion and with consideration of the consequences of degradation.
Transportation scenarios were not considered part of the main scope but are discussed briefly in
Appendix B.

1.4 Approach
The FMEA process was used to consider the credibility of various materials aging degradation
mechanisms for welded canisters used in DCSSs, and then to determine the likely frequency (i.e.
probability of occurrence), detectability, and consequences of credible failure modes. These
rankings were assigned based on reviews of existing literature and based on engineering
judgment applied in conjunction with preliminary calculations. An FMEA table documents the
plausible modes of canister degradation and the possible consequences of canister degradation
(i.e. loss of confinement). A flowchart visually depicts the causes of and dependencies between
the states of degradation and failure. Finally, a fault tree analysis (FTA) reorganizes the material
covered by the flowchart to identify the required combinations of conditions and events that
could lead to a penetration of the canister confinement boundary.

1.5 Report Structure
This report is organized into the following sections:
Section 1:

INTRODUCTION – Provides background on the report and outlines the report
objective, scope, approach, and structure.

Section 2:

LICENSED DRY CASK STORAGE SYSTEMS WITH WELDED STAINLESS STEEL
CANISTERS – Summarizes the relevant DCSS designs licensed for use in the U.S.
and highlights salient design features in the context of the FMEA.

Section 3:

FAILURE MODES AND EFFECTS ANALYSIS (FMEA) – Discusses the approach taken
to produce the FMEA and presents the FMEA tables and diagrams.

Section 4:

TECHNICAL DISCUSSION OF FMEA – Discusses the potential degradation
mechanisms, failure modes, and failure effects identified by the FMEA.
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Section 5:

IMPLICATIONS OF THE FMEA – Discusses the results of the FMEA in the context
of the future development of the Industry Susceptibility Assessment Criteria and
an Aging Management Plan.

Section 6:

CONCLUSIONS AND FUTURE WORK – Provides a summary of the findings and the
key implications.

Section 7:

REFERENCES – Contains the listing of works referenced in this report.

Appendix A: CANISTER FABRICATION RESIDUAL STRESSES – Discusses the distribution and
magnitude of residual stresses expected in the canister shell as a result of forming
and welding activities.
Appendix B: TRANSPORTATION OF CANISTERS FOLLOWING EXTENDED STORAGE – Briefly
considers the issues that may arise when transporting canisters following a period
of extended storage during which materials aging degradation may occur.
Appendix C: STORAGE OF FUEL HAVING STAINLESS STEEL CLADDING – Presents degradation
mechanisms, such as IGSCC of sensitized cladding in moist air, that are only
applicable to stainless steel cladding. A small fraction of the used fuel stored at
eight ISFSIs has stainless steel fuel cladding.
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2
LICENSED DRY CASK STORAGE SYSTEMS WITH
WELDED STAINLESS STEEL CANISTERS

2.1 General Characteristics
All dry cask storage systems (DCSS) contain a sealed pressure vessel with redundant lid seals
that serves as the confinement boundary for the safe storage of spent nuclear fuel. Typically,
spent fuel must cool in the spent fuel pool for at least 5-10 years, depending on burnup, to reach
an activity where the decay heat can be accommodated by the DCSS. DCSSs are backfilled with
helium to improve heat transfer to the exterior of the vessel and to reduce the likelihood of
corrosion of the stored fuel assemblies. There are over a thousand dry cask systems currently in
use across the U.S. as seen in Table 2-1. The two primary types are welded canisters with a
protective concrete overpack and bolted casks which typically have no additional structure
surrounding them. Section V of ANL-13/15 [7] provides an in-depth review of many DCSS
systems currently in use, with overall dimensions and internal basket configurations for both
welded and bolted designs.
The remainder of this section provides a summary of the designs and configurations of dry cask
storage systems which use welded stainless steel canisters that are exposed to air; henceforth,
DCSS, as used in this report, refers only to systems with welded stainless steel canisters.
The licensed vendors of stainless steel canisters in the U.S. are Holtec (HI-STORM), NAC
International (UMS/MPC/MAGNASTOR), Transnuclear/AREVA (NUHOMS), and
EnergySolutions (FuelSolutions). The shutdown Big Rock Point Nuclear Power Plant is the only
ISFSI which uses the FuelSolutions system by EnergySolutions, so this system is not a focus of
the FMEA. Note that Big Rock Point, which is located in Michigan, is not a coastal site subject
to a marine environment.
All of these designs utilize a cylindrical canister which can store up to 89 BWR or 37 PWR fuel
assemblies, depending on DCSS model and fuel condition. The cylinder is surrounded by a
concrete overpack for radiation shielding and structural protection. There is an air gap between
the canister and concrete overpack which allows for buoyancy driven flow of air through the
overpack to cool the canister. The canisters are all roughly 70 inches (1.75 m) in diameter and
180 inches (4.5 m) long with shells rolled from either 0.5 or 0.625 inch (13 or 16 mm) sheet that
is seam welded closed. The canister model names include a number indicating the maximum
quantity of fuel assemblies it can hold. Damaged fuel assemblies are placed within a can
designed to contain damaged fuel (i.e. a damaged fuel can or DFC) to confine radiological
material to a known volume. A typical damaged fuel can, shown in Figure 2-1, is a long box
which is mechanically closed and has screened openings to permit draining water and circulating
helium around the enclosed fuel assembly without releasing fuel particulates. For the horizontal
designs, the damaged fuel is stored within a special canister fuel basket and confined in specific
cells which have screened endcaps.
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As of June 2013, over 58 different ISFSIs across the U.S. are licensed to house DCSSs with
welded stainless steel canisters. The installations are summarized in Table 2-1 and are listed in
Table 2-2, which is sorted first by DCSS design then by ISFSI name. At each ISFSI, DCSSs are
located atop a reinforced concrete pad designed to support their weight and provide room for
them to slide without tipping in the event of seismic activity. Vertical DCSSs designed for
highly seismic locations are attached to the concrete pad using anchor bolts to prevent excessive
shifting or a tip over event.
As of 2012, interim dry storage of spent fuel outside the U.S. primarily occurs in either metal
casks or concrete vaults with steel containers to confine the spent fuel ([8], [9], [10]). As of
October 2011, one site in Spain used 12 HI-STORM DCSSs, and there were plans to begin fuel
storage in HI-STORM systems at a second site in the near future [9]. Armenia and the Ukraine
each have a few dozen NUHOMS family design DCSSs [11]. The UK, South Korea, and Japan
have also investigated interim dry storage using welded stainless steel canisters but have not yet
begun storage. Consequently, U.S. designs are essentially the only DCSSs with stainless steel
canisters in service, and much of the research on relevant topics has been conducted in the U.S.
However, there has also been a significant amount of relevant research and analyses conducted
in Japan and the UK, and this information has been considered in this study.
The design basis of dry cask storage systems are documented in final safety analysis reports
(FSARs) that are made publicly available by the NRC, following redaction of certain items under
10 CFR 2.390. These FSARs serve as the primary source of design, thermal, and loading details
in this report. The process by which FSARs are made public often requires referencing multiple
FSAR revisions in this report.
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Table 2-1
Quantities of DCSS systems in use at U.S. ISFSIs(5) [12]
Number of Casks
Type

System Designation

March
2009

April
2010

February
2012

June
2013

Cask Vendor

SS
Canister
Alloy

Welded
Canister

Reinforced Concrete Overpack
VSC-24

58

58

58

58

EnergySolutions

Note 1

FuelSolutions/W150

7

7

7

7

EnergySolutions

304

NAC UMS, MPC, and
MAGNASTOR

211

232

266

278

NAC

TranStor overpack with
HI-STORM Canister

34

34

34

34

Holtec/
EnergySolutions

Note 2

12

Holtec

Note 3

Holtec

Note 2

Transnuclear

Note 4

304L,
304/304L

Bolted Metal Overpack
HI-STAR 100

12

12

12

Metal/Concrete Overpack
HI-STORM

225

280

394

510

Horizontal Concrete Module
NUHOMS

412

463

603

681

959

1086

1374

1580

NAC-128

2

2

2

2

TN Series

128

133

145

162

Transnuclear

Bolted
Cask

Subtotal

NAC

CASTOR Series

26

26

26

26

Gesellschaft für
Nuklear-Service
mbH

MC-10

1

1

1

1

Westinghouse

Subtotal

157

162

174

191

Grand Total

1116

1248

1548

1771

Total SS Canisters

889

1016

1304

1510

No
Canister

Notes:
1. The VSC-24 system is a canister/overpack system with a carbon steel canister and is not in the FMEA scope.
2. HI-STORM canister pressure boundaries may be fabricated from any of Types 304, 304LN, 316, and 316LN.
3. The HI-STAR system uses a sealed and helium backfilled metal overpack. It is not considered in the FMEA
since its canister does not contact ambient air. It also uses the same canister design as the HI-STORM system.
4. NUHOMS and NUHOMS-HD canisters are fabricated from Type 304 while Advanced NUHOMS canisters are
fabricated from Type 316.
5. Not listed in the table above are the over 240 storage tubes in the Modular Vault Dry Storage at Ft. St. Vrain
and Idaho Spent Fuel Facility (fabricated from low carbon steel).

2-3

Licensed Dry Cask Storage Systems with Welded Stainless Steel Canisters
Table 2-2
List by design of U.S. ISFSI sites using DCSSs with welded stainless steel canisters
Plant Name

Company Name

License
Type

Storage
Technology

Canister
Type(1)

Year of First
Loading(4)

Big Rock Point
(shutdown)

Entergy Nuclear Operations

General

FuelSolutions
W150 Cask

W74

2002

Arkansas Nuclear
One 1 & 2

Entergy Nuclear Operations

General

HI-STORM

MPC-24 &
MPC-32

2003

Browns Ferry 1, 2, 3 Tennessee Valley Authority

General

HI-STORM

MPC-68

2005

Byron 1 & 2

Exelon Generation

General

HI-STORM

MPC-32

2010

Callaway

Ameren Corp

General

HI-STORM

Columbia

Energy Northwest

General

HI-STORM

MPC-68

2002

Comanche Peak

TXU Generating Company

General

HI-STORM

MPC-32

2012

Cook 1 & 2, D.C.

Indiana Michigan Power

General

HI-STORM

MPC-32

2012

Diablo Canyon 1 & 2 Pacific Gas & Electric

Site-specific HI-STORM

MPC-32

2009

Dresden 1, 2, 3
(Unit 1 – shutdown)

Exelon Generation

General

HI-STORM

MPC-68

2001

Farley 1 & 2

Southern Nuclear Operating
Co.

General

HI-STORM

MPC-32

2005

FitzPatrick, James A. Entergy Nuclear Operations

General

HI-STORM

MPC-68

2002

Grand Gulf

Entergy Nuclear Operations

General

HI-STORM

MPC-68

2006

Hatch 1 & 2

Southern Nuclear Operating
Co.

General

HI-STORM

MPC-68

2001

Hope Creek

PSEG Nuclear

General

HI-STORM

MPC-68

2006

Indian Point 1, 2 & 3
Entergy Nuclear Operations
(unit 1 shutdown)

General

HI-STORM

MPC-32

2008

LaSalle 1 & 2

Exelon Generation

General

HI-STORM

MPC-68

2010

Quad Cities 1 & 2

Exelon Generation

General

HI-STORM

MPC-68

2005

River Bend

Entergy Nuclear Operations

General

HI-STORM

MPC-68

2005

Salem

PSEG Nuclear

General

HI-STORM

MPC-32

2010

Sequoyah 1 & 2

Tennessee Valley Authority

General

HI-STORM

MPC-32

2004

Vermont Yankee

Entergy Nuclear Operations

General

HI-STORM

MPC-68

2008

Braidwood 1 & 2

Exelon Generation

General

HI-STORM
100S

MPC-32

2011

Perry

FirstEnergy

General

HI-STORM
100S Ver. B

MPC-68

2012

Waterford 3

Entergy Nuclear Operations

General

HI-STORM
100S Ver. B

MPC-32

2011

Clinton

Exelon Generation

General

HI-STORM
FW

MPC-89

Announced(2)
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Table 2-2 (continued)
List by design of U.S. ISFSI sites using DCSSs with welded stainless steel canisters
License
Type

Storage
Technology

Canister
Type(1)

Year of First
Loading(4)

South Texas Project Nuclear
Operating Co.

General

HI-STORM FW

MPC-37

Announced(2)

Trojan (G.E.,
shutdown)

Portland General Electric

Sitespecific

HI-STORM/
TranStor(3)

MPC24E/EF

2002

Catawba 1 & 2

Duke Energy

General

MAGNASTOR

37

2013

McGuire 1 & 2

Duke Energy

General

MAGNASTOR

37

2013

Zion (shutdown)

Zion Solutions

General

MAGNASTOR

37

Announced(2)

Haddam Neck
(shutdown)

Connecticut Light & Power

General

NAC-MPC

MPC-26

2004

LaCrosse
(shutdown)

Dairyland Power Cooperative

General

NAC-MPC

MPCLACBWR

2012

Yankee Rowe
(shutdown)

Yankee Atomic Electric Co.

General

NAC-MPC

MPC-36

2002

Catawba 1 & 2

Duke Energy

General

NAC-UMS

UMS-24

2007

Maine Yankee
(shutdown)

Maine Yankee Atomic Power

General

NAC-UMS

UMS-24

2002

McGuire 1 & 2

Duke Energy

General

NAC-UMS

UMS-24

2004

Palo Verde 1, 2, 3

Arizona Public Service

General

NAC-UMS

UMS-24

2003

Beaver Valley 1

FirstEnergy Nuclear Operating
General
Co.

NUHOMS

37PTH

Announced(2)

Brunswick 1 & 2

Progress Energy

General

NUHOMS

61BTH

2010

Calvert Cliffs 1 & 2

Constellation Energy

Sitespecific

NUHOMS

24P &
32P

1993

NUHOMS

61BT

2010

NUHOMS

24P

1995

Plant Name

Company Name

South Texas
Project

Cooper
Davis Besse

Nebraska Public Power
General
District
FirstEnergy Nuclear Operating
General
Co.

Duane Arnold

FPL Energy.

General

NUHOMS

61BT

2003

Fort Calhoun

Omaha Public Power District

General

NUHOMS

32PT

2006

Ginna, R. E.

Constellation Energy

General

NUHOMS

32PT

2010

Idaho National Lab
TMI-2 Fuel Debris

Department of Energy

Sitespecific

NUHOMS

12T

1999

Kewaunee

Dominion Generation

General

NUHOMS

32PT

2009

Limerick 1 & 2

Exelon Generation

General

NUHOMS

61BT &
61BTH

2008

Millstone 1, 2, 3
Dominion Generation
(Unit 1 – shutdown)

General

NUHOMS

32PT

2005

Monticello

General

NUHOMS

61BT

2008

Xcel Energy

2-5

Licensed Dry Cask Storage Systems with Welded Stainless Steel Canisters

Table 2-2 (continued)
List by design of U.S. ISFSI sites using DCSSs with welded stainless steel canisters
Plant Name

Company Name

License
Type

Storage
Technology

Canister
Type(1)

Year of First
Loading(4)

Nine Mile Pt. 1 & 2

Constellation Energy

General

NUHOMS

61BT

2012

Oconee 1, 2, 3

Duke Energy

Site-specific

NUHOMS

24P

1990

Oconee 1, 2, 3

Duke Energy

General

NUHOMS

24P &
24PHB

2000

Oyster Creek

Exelon Generation

General

NUHOMS

61BT

2002

Palisades

Entergy Nuclear Operations

General

NUHOMS

24PTH &
32PT

2004

Point Beach 1 & 2

FPL Energy Point Beach

General

NUHOMS

32PT

2004

Rancho Seco
(shutdown)

Sacramento Municipal Utility
District

Site-specific

NUHOMS

24PT

2001

Robinson, H. B.

Progress Energy

Site-specific

NUHOMS

7P

1989

Robinson, H.B.

Progress Energy

General

NUHOMS

24PTH

2004

Susquehanna 1 & 2

PPL Susquehanna LLC

General

NUHOMS

52B &
61BT

1999

San Onofre 1
(shutdown)

Southern California Edison

General

Advanced
NUHOMS

24PT1

2003

San Onofre 2
(shutdown)

Southern California Edison

General

Advanced
NUHOMS

24PT4

2003

North Anna 1 & 2

Dominion Generation

General

NUHOMS HD

32PTH

2008

Seabrook

FPL Energy

General

NUHOMS HD

32PTH

2008

St. Lucie 1 & 2

FPL Energy

General

NUHOMS HD

32PTH

2008

Surry 1 & 2

Dominion Generation

General

NUHOMS HD

32PTH

2007

Turkey Point 3 & 4

FPL Energy

General

NUHOMS HD

32PTH

2011

Notes:
1. Information on the significance of the canister type can be found in Sections 2.2 and 2.3 which describe the
various configurations. For all canisters, the number in the designation indicates the number of positions in the
fuel basket for storage of fuel assemblies in each canister. Typically, canisters with more than 40 assemblies
store BWR fuel and those with less store PWR fuel.
2. As of October 2013, the canister type for use at the ISFSI has been announced, but no canisters have been
loaded.
3. HI-STORM 24P canisters are stored inside TranStor concrete overpacks.
4. The dates prior to 2010 are based on EPRI 1021048 [1] with advisory panel input for sites that have loaded
multiple DCSS storage technologies. Information on subsequent fuel loading campaigns was gathered from
documents submitted to the NRC and publicly accessible on NRC Agencywide Documents Access and
Management System (ADAMS).
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Reproduced by permission of Holtec International.

Figure 2-1
Holtec damaged fuel can design [13]

2.2 Horizontal Canisters (Transnuclear/AREVA)
Currently, the only licensed dry cask storage systems with canisters stored horizontally are the
NUHOMS family of designs.
2.2.1 Standardized NUHOMS
The NUHOMS storage system consists of a dry shielded canister (DSC) and an overpack known
as the horizontal storage module (HSM).
The canister, as seen in Figure 2-2, consists of a shell, top and bottom lids and shield plugs, a
grappling ring for loading and unloading, a fuel basket to hold fuel assemblies, and a siphon tube
to remove fuel pool water and backfill with helium. The shell is constructed of 0.625 inch
ASME SA-240, Type 304 stainless steel, which is rolled in two sections then sealed with a pair
of seam welds and a girth weld [14]. The top lid, bottom lid, and internal basket are fabricated of
Type 304 stainless steel while the shield plugs are lead and stainless steel. The basket spacer
disks are fabricated from either coated carbon steel or stainless steel [15]. Both the bottom and
top lid are secured by a pair of welds, with the top lid weld made on-site following loading. The
shop welds are fully radiographically tested prior to delivery [14]. The field welds which secure
the top lid to the shell and seal the vent port are penetrant tested after multiple welding passes to
ensure a lack of significant flaws. The grapple ring present on the bottom of the canister is for
loading/unloading handling and is not present in any vertical canister designs. By Revision 8 of
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the FSAR [16], a variety of canister configurations were available and externally vary only
slightly in length (24P, 52B, 24PS, 24PT2, 24PHB, 32PT, 61BT). More recent revisions have
added additional configurations like the 24PTH, 32PTH1, 61BTH, 37PTH, and 69BTH. The
primary difference is the basket configuration, which changes based on the type of fuel stored
inside. The “P/B” signifies if the fuel is BWR or PWR, the “T” signifies the canister is intended
for transport within a 10 CFR 71-approved package, and the “H” or “HB” signifies certification
for high-burnup fuel. PWR configurations typically have a design maximum decay heat loading
of 24 kW while BWR configurations are lower, around 19 kW. High-burnup configurations are
certified to handle significantly more decay heat (e.g. some baskets for the 32PTH can handle
40.8 kW). A fixed neutron absorber material, such as borated aluminum, is used in most fuel
basket designs for criticality control. For NUHOMS designs, the helium backfill pressure is
roughly ambient and the normal design pressure is 10 psig. The accident design pressure is
bewteen 60 and 105 psi.
The HSM is a reinforced concrete enclosure with walls 2-3 feet thick to provide shielding. The
canister is emplaced by using a hydraulic ram to push the canister onto the support rails inside
the HSM. The rails are carbon steel, but the canister sits atop a hardened stainless steel surface
plate and is lubricated with a graphitic dry film lubricant to prevent seizing. Between the HSM
and the canister, there is usually a sheet metal heat shield which prevents thermal degradation of
the concrete. A steel and concrete or steel and lead door is used to close the main opening and
provide shielding.
In addition to different canister configurations, multiple HSM designs exist and are most easily
differentiated by the location and design of their air inlets and outlets. Figure 2-3 shows the first
design with the vents on the front and top of the HSM. Subsequent designs have become
modular and openings on their sides, as seen in Figure 2-4 and Figure 2-5, with individual HSMs
being secured to each other with straps across an air gap. Another difference is that the HSM
Model 202 can have a louvered heat shield to improve heat dissipation by airflow, but this
feature results in a reduced capability to block water from dripping onto the canister from above.
A more in-depth summary of the NUHOMS canister and HSM design are provided in Section
V.1 of ANL-13/15 [7] while technical details can be found in the design FSAR ([15] and [14]).
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Reproduced by permission of Transnuclear, Inc.

Figure 2-2
Standardized NUHOMS canister [16]

Reproduced by permission of Transnuclear, Inc.

Figure 2-3
Original design of NUHOMS HSM [14]
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Reproduced by permission of Transnuclear, Inc.

Figure 2-4
HSM Model 80 (very similar to Model 102) with side vents visible [15]

Reproduced by permission of Transnuclear, Inc.

Figure 2-5
Prefabricated HSM Model 202 with molded side vents at the bottom and top [17]

2.2.2 Advanced NUHOMS
The Advanced NUHOMS design [18] is very similar to the standardized NUHOMS design with
the primary difference being modifications to the HSM, now called the Advanced HSM, to
increase resistance to seismic events and with thicker shielding to reduce ISFSI dose. The design
requires that at least three Advanced HSMs be tied together to reduce shifting and uplift during a
seismic event as shown in Figure 2-6.
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The canister is also modified slightly from the standardized NUHOMS design with the ability to
store non-damaged fuel, damaged fuel, and control components in the same DSC (24PT1 and
24PT4). The 24PT1-DSC shell and cover plates are fabricated from ASME SA-240 Type 316
stainless steel. The shield plugs are carbon steel for 24PT1 and lead for 24PT4. The basket
guide sleeves are Type 304 stainless steel while the spacer disks are carbon steel. The use of 316
on all components in the pressure boundary and welded to the pressure boundary contrasts with
the use of 304 in the standardized design. The 24PT1 canister was designed for decay heat loads
up to 14 kW, a design normal pressure of 10 psig, and a design accident pressure of 60 psig. The
24PT4 canister was designed for decay heat loads up to 24 kW, a normal design pressure of 20
psig, a design accident pressure of 100 psig and burnup up to 60 GWd/MTHM.

Reproduced by permission of Transnuclear, Inc.

Figure 2-6
Advanced HSM showing minimum of three connected modules [18]

2.2.3 NUHOMS-HD
The NUHOMS-HD system [19] is designed to accept higher total heat loads and allow the
storage of non-fuel assembly hardware in the same canisters as spent fuel. It is designed to
accept the 32PTH DSC, which is very similar to the 24PTH included under the standard
NUHOMS FSAR. The 32PTH can hold more assemblies than the 24PTH and can reject up to
34.8 kW of decay heat. The 32PTH DSC is fabricated from ASME SA-240 Type 304 stainless
steel and shares the majority of its design details with the other NUHOMS family canisters,
particularly the 24PTH. The design overpack is known as the HSM-H and can be seen in Figure
2-7. The heat shield within the HSM-H is louvered, which improves airflow, but the gaps
between slats may allow water driven into the outlets to drip onto the canister. The operating
pressure is about 5 psig per the FSAR.
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Reproduced by permission of Transnuclear, Inc.

Figure 2-7
HSM-H showing louvered heat shields [19]

2.3 Vertical Canisters (Holtec, NAC, EnergySolutions)
Ventilated DCSS designs with vertical welded stainless steel canisters feature a canister
surrounded by a cylindrical concrete and steel overpack. The overpack typically features four air
inlets and outlets that are vertically offset from the canister to minimize radiation streaming. The
canisters are generally loaded into the overpack by raising the transfer cask over the overpack
and lowering the canister down. The canisters have a significantly thicker top than bottom to
provide strength when lifting by the threaded lift points.
2.3.1 HI-STORM (Holtec)
The HI-STORM system [13] is the most common vertical canister design and consists of a multipurpose canister (MPC) that can be used for storage and transport and a reinforced concrete
overpack. The different MPCs (-24, -24E, -24EF, -32, -32F, -68, -68F, -68FF, and -68M) accept
varying quantities of PWR and BWR fuel and can be enclosed in either a storage overpack or
transport cask (HI-STAR). Either Boral or Metamic is used as a neutron absorber in the fuel
baskets.
In the FSAR [13], the materials of the canister confinement boundary are specified as “Alloy X,”
which may be any of 304, 304LN, 316, or 316LN, but all components of the confinement
boundary must be constructed of the same stainless steel alloy. The structural components of the
fuel basket are also stainless steel. The canister shell is 0.5 inches (13 mm) thick and is formed
by rolling two sheets of stainless steel then joining them with single-V or double-V full
penetration seam and girth welds [13]. The interior of the canister is backfilled with helium at 45
psig that can increase to a design operating pressure of 100 psig during storage.
A more in-depth summary of the HI-STORM canister and overpack design are provided in
Section V.2 of ANL-13/15 [7] while technical details can be found in the design FSAR [13].
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2.3.1.1 Standard and Short Overpack
The standard (100) and short (100S and 100S Ver. B) overpacks differ by the amount of offset
between the air inlet/outlet and the bottom/top of the canister as determined by the height of the
pedestal shield and overall height. The smaller overlap of the –S series overpack, shown in
Figure 2-8, uses a different inlet and outlet geometry to reduce external dose while shortening the
overpack.

Reproduced by permission of Holtec International.

Figure 2-8
HI-STORM overpack 100S (similar to 100) and MPC helium circulation diagram [13]

2.3.1.2 100A/100SA Overpack
The 100A and 100SA overpacks are designed for high-seismic areas and resist overturning. The
base plate is secured to the ISFSI concrete pad using pretensioned anchor bolts. The designs are
identical to the 100 and 100S overpacks apart from the modified baseplate and the addition of a
lug support ring as shown in Figure 2-9.
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Reproduced by permission of Holtec International.

Figure 2-9
Detail of anchored version of HI-STORM overpack [13]

2.3.1.3 FW (Flood Wind) Overpack
The HI-STORM FW overpack [20] is designed to be particularly resistant to sustained flood and
high wind conditions. The inlet and outlet designs are significantly different from other
overpacks. Figure 2-10 shows the cylindrical annular inlets that are designed to minimize
radiation streaming and disruption of the convective cooling flow by external winds. This allows
the bottom of the canister to be lowered such that, during a worst-case flood that just covers the
inlets, a substantial area of the canister will also be submerged and can use the floodwater as a
heat sink. Guide tubes are welded to the inner shell of the overpack to center the MPC as it is
lowered into the overpack and provide impact attenuation by crushing in the event of a tip-over.
The HI-STORM FW FSAR [20] also documents the MPC-37 and MPC-89, which are higher
capacity canisters capable of handling higher heat loading: 47 kW of PWR fuel and 46 kW of
BWR fuel, respectively. These canisters are also 7 inches larger in diameter than the other HISTORM canisters described above but have the same backfill and operating pressure.
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Reproduced by permission of Holtec International.

Figure 2-10
Cut away view of the HI-STORM FW showing airflow [20]

2.3.1.4 100U/UMAX (Underground) Overpack
The 100U [13] and UMAX [21] overpack variations are designed to be embedded in the ground,
as seen in Figure 2-11, to provide radiation shielding and prevent tip-over concerns. The UMAX
design is similar to the 100U design, but the UMAX is slightly larger in diameter to enable
storage of every type of canister licensed in the U.S. as of November 2012 and has a redesigned
air duct placement to improve ventilation performance in high winds.
The top concrete pad serves to support the top closure components and prevent seepage of
precipitation into the subgrade fill that supports the pad from below. The below-grade shell of
the vertical ventilated module (VVM) does not contain any penetrations, preventing groundwater
from seeping into the module. Any water that does enter through the air inlet can leave only by
evaporation or removal by pumping with a “flexible hose.” Both the air inlet and outlet are
located in the lid, as seen in Figure 2-11, minimizing radiation streaming from the module.
The closure lid uses a weather seal to prevent ingress of water into the VVM along the concrete
pad and an ethylene propylene diene monomer gasket to prevent bypass flow of heated air into
the inlet annulus. The closure is constructed out of reinforced concrete to protect the canister
from missile strikes.
As of June 2013, the 100U and UMAX overpacks are licensed for use but have not been
emplaced at any ISFSIs.
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Reproduced by permission of Holtec International.

Figure 2-11
Cut away view of the HI-STORM 100U [13]

2.3.2 NAC-MPC and NAC-UMS
The principal components of the NAC MPC [22] and UMS [23] systems are the transportable
storage canister (TSC) and the vertical concrete overpack.
The MPC canister design has slight variations for each of the three ISFSIs for which it has been
used, depending on fuel size. By FSAR revision 9 [22], the canister confinement boundary is
fabricated from dual certified 304/304L stainless steel; previously, 304L was specified. The
PWR canister shell is 0.625 inches thick and houses a fuel basket with 26 or 36 fuel tubes that
are fabricated of and supported by stainless steel. The BWR shell is 0.5 inches thick and houses
a fuel basket of 68 fuel tubes including 32 damaged fuel cans and 36 undamaged fuel assemblies.
Neutron absorber plates are used along the fuel tubes to control criticality, and aluminum heat
transfer disks are used to supplement the convective cooling by the helium backfill. The MPC
design is initially backfilled with helium to ambient pressures and has an operating pressure of
12 psig. The 26 assembly variation is rated for 12.5 kW, and the 36 assembly version is rated for
17.5 kW. The 68 assembly BWR version is rated for 4.5 kW.
The UMS canister design is constructed of a 0.625 inch Type 304L rolled shell that is welded to
a Type 304L baseplate and outer structural lid. A thicker Type 304 shield lid is located interior
to the structural lid and is supported by a 304 support ring that is welded to the shell. A different
fuel basket is used to store either 24 PWR or 56 BWR fuel assemblies. The fuel tubes are
constructed of Type 304 and lined with neutron absorber plates. The support disks are Type 630
stainless steel in the PWR configuration and ASME SA-533 Type B carbon steel in the BWR
configuration. Aluminum 6061-T651 heat transfer disks facilitate heat transfer to the canister
2-16

Licensed Dry Cask Storage Systems with Welded Stainless Steel Canisters

surface. The canister is initially backfilled with helium to ambient pressures and has an
operating pressure of 15 psig. The UMS system is rated for a maximum of 23 kW of decay heat.
For both the MPC and UMS designs, the overpack is very similar with a steel inner liner,
reinforced concrete shielding, and four sets of air inlets and outlets. The wall thickness is
approximately 30 inches. As seen in Figure 2-12 and Figure 2-13, the canister sits atop a steel
pedestal which provides impact attenuation in the event of a cask drop. The canisters are loaded
vertically into the overpacks as shown in Figure 2-13 with the bottom shield doors of the transfer
cask remaining closed until the transfer cask is atop the overpack.
A more in-depth summary of the MPC and UMS canister and overpack designs is provided in
Section V.4.1.2 and V.4.1.3 of ANL-13/15 [7] while technical details can be found in the design
FSARs ([22] and [23]).

Reproduced by permission of NAC International Inc.

Figure 2-12
Cutaway view of UMS overpack [23]
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Reproduced by permission of NAC International Inc.

Figure 2-13
Section view of the MPC as canister is loaded into the overpack [22]

2.3.3 MAGNASTOR (NAC)
The MAGNASTOR system [24] is designed by NAC to handle higher burnup and decay heat
assemblies.
The MAGNASTOR TSC consists of a 0.5 inch thick shell and 2.75 inch thick bottom weldment,
both fabricated from dual certified Type 304/304L. The top lid and vent port closures are
fabricated from Type 304 stainless steel. The fuel basket holds 37 PWR or 87 BWR fuel
assemblies with a maximum decay heat of 35.5 and 33 kW, respectively. Fuel assemblies up to a
burnup of 60 GWd/MTHM can be stored. The fuel basket is fabricated from electroless nickel
coated carbon steel. Neutron absorber panels are used between fuel tubes to control reactivity.
The TSC has a design normal pressure of 110 psig and a design accident pressure of 250 psi.
As seen in Figure 2-14, the concrete overpack design of the MAGNASTOR system has four air
inlets that are shorter and broader than the UMS and MPC systems, but is otherwise much the
same. The bottom steel support pedestal is much shorter since the low profile inlets are of less
concern for streaming of radiation. Carbon steel standoffs center the TSC in the concrete cask
and support it in the event of a tip-over.
A more in-depth summary of the MAGNASTOR canister and overpack design are provided in
Section V.4.1.4 of ANL-13/15 [7] while technical details can be found in the design FSAR [24].
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Reproduced by permission of NAC International Inc.

Figure 2-14
MAGNASTOR Design [24]

2.3.4 FuelSolutions W150 Overpack with W74 Canister (EnergySolutions)
Currently, the FuelSolutions ([25] and [26]) DCSS, designed by EnergySolutions, is used only at
the Big Rock Point ISFSI. The confinement boundary of the W74T canisters in service is
fabricated from Type 304 stainless steel and consists of a 0.625 inch thick shell, 1.0 inch thick
bottom closure plate, and 1.0 and 2.0 inch thick top closure plates [26]. Below the bottom
closure, an extension is welded to the canister which encloses a steel shield plug. The fuel
basket is two levels, as seen in Figure 2-15, and can hold a maximum of 64 Big Rock Point fuel
assemblies with the center five positions unused on each level. The canister design internal
pressure of backfilled helium is 10 psig.
The FuelSolutions W150 overpack design consists of stacked prefabricated segments which are
held together by eight steel tie rods and molded shear keys as seen in Figure 2-15. The
FuelSolutions overpack is designed to be loaded in either the vertical or horizontal orientation.
Its support and guide rails are capable of supporting the canister in either configuration.
Subsequent to horizontal loading, the overpack containing the canister is upended and moved to
its storage location on the ISFSI pad.
A more in-depth summary of the FuelSolutions canister and overpack design is provided in
Section V.8 of ANL-13/15 [7] while technical details can be found in the design FSARs ([25]
and [26]).
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Reproduced by permission of EnergySolutions.

Figure 2-15
W74 design canister [26] and the FuelSolutions W150 overpack [25]

2-20

3
FAILURE MODES AND EFFECTS ANALYSIS (FMEA)

3.1 FMEA Structure and Regulatory Criteria
Dry cask storage has recently garnered significant attention as lifetimes are extended past the
first license period due to the delayed transition to geological storage. Literature reviews and
operating experience (OE) summaries on atmospheric degradation of stainless steels were
considered to determine the relevant failure modes and mechanisms ([27], [28], and [29]).
3.1.1 Structure and Process
The FMEA process is structured to systematically identify the potential failure modes, their
relative likelihood, and their consequences to a system [30]. The key steps in the process are as
follows:
1. Determine the components relevant to the scope of the FMEA and the definition of failure.
2. Brainstorm potential modes of failure.
3. Determine what mechanisms might lead to these modes of failure and what factors may
contribute to susceptibility.
4. Consider how the various modes of failure may affect the system and what additional
components may be degraded.
5. Assign rankings of likelihood, severity, and detectability to the various steps in the failure
based on engineering judgment and current knowledge of the issue.
Section 3.1.2 describes the regulatory requirements relevant to materials aging and degradation
of the canister. These requirements inform the stages of the FMEA (i.e. mechanisms, modes,
and effects). Section 3.2 summarizes the degradation mechanisms, failure modes, effects, and
key parameters identified by the FMEA. In Section 3.3, the FMEA results are presented in a
table describing the mechanisms which lead to each mode of failure and a flowchart to provide a
visual representation of the failure paths. The conditions and events which may lead to a
penetration of confinement are also presented as a fault tree analysis. Technical details on the
various mechanisms and their designated FMEA rakings are provided in Section 4.
Although the point of “failure” in this FMEA is based on regulatory requirements, it should be
recognized that release of radioactivity will not necessarily occur if every regulatory requirement
is not met. For example, loss of confinement does not necessarily mean that radiation will be
released to the environment. The regulatory requirements are utilized in this FMEA to establish
distinct stages in the chain of possible degradation conditions in order to assess the potential
consequences of canister degradation. Of the regulatory requirements listed in Section 3.1.2,
canister aging degradation mechanisms could directly affect the requirement to maintain the
confinement boundary integrity and could indirectly affect the other requirements.
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The focus of this FMEA is to determine the credible mechanisms that may lead to degradation
during storage of the welded stainless steel canisters used in dry cask storage systems. The range
of aging degradation failure modes and mechanisms considered are those which initiate due to
environmental conditions surrounding the canister and are informed by chapters on atmospheric
and stainless steel corrosion in the ASM Handbook ([38] and [59]) as well as other literature
sources. Not all mechanisms reviewed are explicitly considered in this FMEA; only modes and
mechanisms considered applicable to the canister environment are included. The potential for
fuel degradation and radiation releases that could result from degradation of the canisters is
covered in the context of consequences of canister failure modes. As discussed in Section 2, the
canister materials exposed to the environment are austenitic stainless steels of Type 304, 304L,
316, 316LN, and possibly 304LN; and the associated weld metals. A failure in the top structural
lid, enclosure ring, or the associated welds also requires a second sequential failure in another
component to lead to a loss of confinement. A single failure in the shell or, for some vertical
designs, the bottom lid leads to a loss of confinement. Much of the FMEA discussion considers
the thin cylindrical shell to be the component with the greatest susceptibility because of the
redundant top lid seal and because the bottom lid is typically 3-5 times thicker than the shell and
is sometimes backed by a welded shield lid. It is unlikely that failure of the external welds on
the canister top would lead to the inner weld being exposed to significant chlorides or other
aggressive species, and combined shield and structural top lids, when used, are about 15 times
thicker than the shell. The seam and girth welds on the shell (including the exterior of the shell
in the vicinity of the shell to lid partial penetration weld) are expected to have significant tensile
stress while being much thinner than other potentially susceptible locations; consequently, these
locations are expected to have the greatest likelihood of through-wall material degradation.
3.1.2 Regulatory Requirements
The primary purpose of dry cask storage is to alleviate the lack of space in spent fuel pools while
awaiting final disposition via long-term storage or fuel reprocessing. According to
NUREG-1927 [31], dry cask storage systems are designed to protect and confine spent fuel
assemblies, and the safety functions of their components are categorized into the following:
•

Criticality Control – The DCSS prevents the stored fuel from reaching criticality during
normal and accident conditions per 10 CFR 72.124(a); the Standard Review Plan (SRP),
NUREG-1536 Rev. 1 [32], requires that FSAR analyses ensure the neutron multiplication
factor, keff, remains below 0.95 during these normal and accident conditions.

•

Radiation Shielding – The DCSS maintains dose rates at ISFSI below those mandated by 10
CFR 72.104 and 72.106. Beyond the ISFSI controlled area boundary, annual total effective
dose must not exceed 0.25 mSv (25 mrem) to the whole body, and accident dose must not
exceed the total effective dose equivalent of 50 mSv (5 rem). Alternate, organ-specific dose
limits can be found in the aforementioned regulations.

•

Confinement Boundary – The DCSS is designed to maintain a pressure boundary which is
capable of retaining the radioactive material during normal and accident conditions per 10
CFR 72.236(l).

•

Heat Transfer – To maintain the cladding temperature below the SRP temperature limit of
400°C throughout the period of dry storage, the DCSS provides sufficient passive cooling in
the event of normal conditions, off-normal conditions, and time-limited accident conditions.
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•

Structural Integrity – Components providing structural or functional support to components
that are important to safety should remain capable of completing their function.

•

Fuel Retrievability – The DCSS is designed to allow ready retrieval of fuel using normal
means after exposure to normal and off-normal conditions per Section 12.4.5 of the SRP and
10 CFR 72.122(l).

These regulatory requirements are also used as the failure criteria for this FMEA. Within the
scope of this FMEA, only those failures which result from aging-related degradation of the
canister are considered.
3.1.3 10 CFR 72 Reporting Requirements
Many of the events considered in this report would involve reporting under NRC regulation. 10
CFR 72.74 and 72.75 specify the events which require reporting to the NRC and the timeframe
within which the report must be filed by telephone. A written report must subsequently be filed
within 60 days of the event.
All emergencies, as defined by the licensee’s emergency plan, must be reported within an hour
of declaring an emergency. Any events for which a news release is planned, which may include
a release of radiation to the environment, must be reported within four hours of occurrence or
discovery. Discovery of any defects in components that are important to safety or any reduction
in the effectiveness of confinement must be similarly reported within 8 hours, while failure of
important to safety equipment to function as designed must be reported within 24 hours.
NEI-99-01 [33] serves as the basis for most plant Emergency Action Levels and specifies that
damage to a loaded cask confinement boundary requires a notification of unusual event.

3.2 FMEA Summary
3.2.1 Failure Modes Overview
In this FMEA, the credible canister degradation failure modes almost exclusively affect the
regulatory requirement to maintain a confinement boundary. The most credible failure mode
identified is a loss of confinement boundary integrity by through-wall cracking. Other
considered failure modes were loss of confinement by through-wall corrosion pitting, and loss of
canister structural integrity due to a large part-depth or through-wall crack growing to the size
needed for plastic collapse of the shell. A part-depth flaw alone does not affect the function of
the canister, loss of confinement, or any of the other criteria in Section 3.1.2; it is not a failure
mode unless it grows to critical length and ruptures. Also note the following:
•

Overpack degradation was not considered within the scope of this FMEA. If substantial
overpack degradation were to occur, it could lead to significant loading of the canister by
concrete rubble and to increased cladding temperatures by loss of airflow. The design
accident conditions, which are considered in this FMEA, contain scenarios that bound both
of these examples.

•

Rupture of fuel rods due to design basis accidents, such as canister tip-overs, is analyzed by
canister FSARs and is acceptable per the SRP, NUREG-1536R1 [32], so it is not part of the
scope of this FMEA.
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•

Failure of the support rail in horizontal designs could impact canister removal from the
DCSS for transport, but is considered only as a potential source of mechanical stress in this
FMEA because it does not result in degradation of the canister by means other than a drop
with conditions bounded by existing FSAR analyses.

3.2.2 Material Degradation Mechanisms Overview
The canister degradation mechanisms are divided into those which lead to a failure in
confinement due to a tight crack and those which lead to a more gross penetration of the
confinement boundary. The through-wall penetration size, and therefore the ability of
particulates to traverse the penetration, affects the potential consequences.
The most likely degradation mechanism at marine sites is chloride-induced stress corrosion
cracking, which requires the presence of an aqueous chloride solution, a source of stress (such as
weld residual stress), and a susceptible material (e.g. austenitic stainless steels). The chloride
solution may form as a result of the deliquescence of sea salt deposits on the canister surface or
due to the ingress of rain dissolving deposited salts. Other potential mechanisms include pitting,
crevice corrosion, microbiologically induced corrosion, and intergranular attack. Degradation
originating at the interior surface of the canister is considered not credible due to the
predominantly dry, inert internal atmosphere. The loss of confinement boundary is generally a
prerequisite for failures in the function of canister internals such as fuel cladding, so mechanisms
that lead to degradation of the canister internals are considered in the discussion of failure
effects.
As part of the FMEA, a listing of the key parameters that control the likelihood of each credible
mechanism that might lead to failure of the canister is presented in Table 3-1. Note that the
presence of some of these parameters varies over the confinement boundary area, which may
limit the susceptible area (e.g. CISCC may be limited to weld areas by the need for sufficient
tensile stress to cause cracking). Not included in Table 3-1 are the possible degradation
mechanisms for components excluded from the scope of the FMEA such as the overpack and
support rail.
The presence, magnitude, and type of stress in a given component determine whether it will
fracture and rupture due to material degradation and aging and also strongly affect its
susceptibility to stress corrosion cracking. The design basis load cases considered in the canister
FSARs will be used in future efforts to define criteria for determining the susceptibility of
stainless steel canisters to cracking. For degradation mechanisms and stresses which are
dependent on temperature, it should be noted that the canister decay heat loading decreases
substantially during the initial decades of storage relative to as-loaded conditions. After 20 years
in dry storage, the temperature of fuel cladding can be expected to be about two-thirds what it
was at loading, relative to the ambient temperature [34].
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Table 3-1
List of key parameters for confinement boundary failure mechanisms
Plausible Canister
Degradation
Mechanism

Key Parameters
Deposited chlorides (quantity and associated cation)
Presence of water (surface humidity above DRH, rain ingress, etc.)
Residual or applied stress
Surface temperature

CISCC

Material condition (microstructure, sensitization, and fabrication defects)
Composition of surface deposits (e.g., presence of free iron, dust, etc.)
Cold work and surface condition (grinding, polishing, etc.)
Presence of crevices (macrocrevices and microcrevices due to grinding,
etc.)
Quantity and type of aggressive species (e.g., chlorides)
Presence of water (deliquescence above DRH, rain ingress, etc.)
Composition of surface deposits (e.g., presence of free iron, dust, etc.)

Pitting Corrosion

Surface temperature
Surface solution pH
Material condition (presence of inclusions, sensitization, fabrication
defects)
Occluded area (geometry or impermeable deposit)
Presence of water (surface humidity above DRH, rain ingress, etc.)

Crevice Corrosion

Quantity and type of aggressive species (e.g., chlorides, graphite)
Surface temperature
Crevice solution pH
Presence of water or very high relative humidity
Source of nutrients (CO2, dust, etc.)

Microbiologically
Induced Corrosion

Radiation resistant microbes
Deposition of bacterial colony
Low surface temperature
Presence of water (surface humidity above DRH, rain ingress, etc.)

Intergranular Attack

Very low pH solution
Sensitized microstructure
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3.2.3 Failure Effects Overview
Subsequent to loss of canister confinement, the helium backfill would escape the canister,
potentially entraining and releasing radioactive gases or particles from the canister. After
depressurization, the remaining helium would gradually be displaced as air and moisture enter
due to diurnal and seasonal thermal expansion. Considering the criteria in Section 3.1.2, the
potential effects of the new environment surrounding the stored fuel assemblies include: (1)
release of radiation following loss of fuel cladding integrity, (2) exceeding cladding temperature
limits due to loss of helium backfill and consequential degradation of heat transfer, and (3)
difficulty in removal of fuel from the canister due to gross fuel assembly degradation or fuel
basket deformation. A criticality event is considered not credible due to the non-mechanistic
changes in stored fuel geometry required to lead to criticality even after the ingress of moderator
as discussed in Section 4.4.5.
The cladding integrity of fuel which is not canned should be maintained to avoid a potential
release of radioactive material that may exceed regulatory limits. Potential cladding degradation
mechanisms include fuel pellet swelling, creep, and cracking due to hydrides.
Table 3-2 summarizes the key parameters which may credibly lead to degradation of the fuel
assemblies loaded in the canister once the confinement boundary is penetrated and the helium
backfill begins escaping.
Table 3-2
Summary of key parameters for fuel assembly degradation mechanisms
Fuel Assembly
Degradation
Mechanism

Key Parameters
Presence of oxygen

Fuel Pellet Swelling

Fuel pellet temperature
Fuel burnup
Presence of oxygen

Cladding Oxidation
Fuel pellet temperature
Cladding temperature
Cladding Creep

Stress in cladding
Cladding microstructure

Radial Hydride
Reorientation (or Blister
Formation)

Large cladding temperature cycling
Elevated cladding hoop stress
Hydrogen concentration in cladding
Large cladding temperature cycling

Hydrogen embrittlement

High burnup fuel assembly
Hydrogen concentration in cladding

Cladding annealing
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3.3 FMEA Flowchart and Tables
3.3.1 FMEA Flowchart
The failure mode flowchart in Figure 3-1 illustrates the overall failure process, starting from the
key parameters and contributing factors at the bottom of the figure to the canister and internals
aging degradation mechanisms in the white ovals to the failure modes that are designated by the
colored rectangles. Above these, the potential effects of a failure in confinement are shown. The
flowchart visually shows the progression of conditions from an intact canister to the terminating
consequences. Pathways that are judged to be non-credible are shown with red arrows and
strike-through font, although some non-credible degradation pathways have been omitted for
clarity. Circles with letter designations are used as jump points to link the factors which affect
pathways in different sections of the flowchart.
Figure 3-2 depicts an example progression through the flow chart with side branches that are not
followed shown in grey. The pathway begins with a contributing parameter, “Sea Spray
Aerosol,” at the bottom which leads to “Deposited Chlorides” then, combined with other
parameters like aqueous conditions and residual stress, generates the “Necessary Conditions for
CISCC to Develop.” Presence of the necessary conditions could cause “Chloride Induced Stress
Corrosion Cracking” initiation and growth after a period of time. One possibility is for CISCC
“Growth of a Crack Transverse to Weld” leading to a “Tight Through-Wall Penetration” and
canister failure. This would cause a “Release of Helium Backfill” that may cause other
cascading consequences and could directly cause the “Release of Radioactive Materials” (see
circle “E” path) if the fuel cladding is not intact. For information on the relative importance of
each parameter, refer to the text in Section 4 and the Fault Tree Analysis in Figure 3-3.
3.3.2 FMEA Fault Tree Analysis
To show the relative importance of the parameters and the combinations which lead to the
various degradation pathways, the FMEA flowchart has been recast in part as a fault tree with
the end condition being the penetration of the confinement boundary. The fault tree shown in
Figure 3-3 is derived from the lower section of the flowchart, but omits contributing factors, and
considers only those events and conditions which are required for failure to occur. In a fault tree
analysis ([35] and [36]), logic gates specify the combination of basic events and conditions that
allow degradation to progress further. If any of the conditions leading into an OR gate occurs,
the subsequent condition may result whereas all of the conditions leading to an AND gate must
occur to allow the possibility of the subsequent condition. The most beneficial pathways for
mitigation techniques to address are determined by examining which conditions enable the most
degradation pathways and are therefore of greater importance.
One advantage of a fault tree representation of the factors is the ability to examine “cut sets,”
which are the combination of basic parameters that can cause a failure. An example cut set of
the parameters which can lead to canister confinement boundary failure is depicted in Figure 3-4.
The base parameters in this example cut set are “Sea Spray Aerosol,” “Fabrication or Weld
Residual Stresses,” “Canister Surface Temperature,” and “Humidity Greater than DRH.”
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Figure 3-1
FMEA Flowchart for material degradation of stainless steel canisters of DCSSs
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Figure 3-3
Fault Tree Analysis for through-wall penetration of canister and loss of confinement integrity
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Example cut set for Fault Tree Analysis

The combination of a low enough “Canister Surface Temperature” and a “Humidity Greater than
DRH” lead to “Deliquescence.” Presence of “Sea Spray Aerosol” leads to “Deposited
Chlorides” which, in combination with “Fabrication or Weld Residual Stresses” and “Local
Aqueous Conditions,” can cause CISCC. This pathway continues through the subsequent
conditions to the endpoint of canister “Confinement Boundary Failure.” The criteria for
occurrence of the various conditions are discussed in Section 4.
3.3.3 FMEA Tables
The flowchart is further expounded by Table 3-3, which summarizes the FMEA results of
conditions that could lead to penetration of the confinement boundary, and Table 3-4, which
summarizes the FMEA consideration of effects of confinement penetration. It is noted that the
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conditions in Table 3-4 could only occur after a failure mode in Table 3-3, and consequently the
frequencies in Table 3-4 are conditional on prior confinement penetration. The individual
degradation mechanisms and failure modes are further discussed in Sections 4.2, 4.3, and 4.4.
For each failure mode and effect, the detectability, severity, and frequency of occurrence are
rated according to the following category definitions:
Detectability
•

Predictable – The degradation cannot be directly detected, but measurement and analysis of
other parameters indicates with reasonable confidence whether degradation will or will not
occur.

•

Detectable – The degradation can be detected using presently available technologies.

•

Possibly Detectable – The degradation could be detected, but the technology is not yet
proven, or the detectability is hampered by accessibility issues.

•

Not Detectable – The degradation cannot be detected and calculations cannot reliably predict
occurrence.

Severity
•

Minimal – The failure affects the function of the component and may release some
radioactive gasses but is unlikely to release radioactive particulates.

•

Moderate – The failure of the component might release radioactive gasses and particulates.

•

Significant – The failure of the component would likely release radioactive gasses and
particulates.

•

Very Significant – The failure of the component would likely release substantial quantities of
radioactive gasses and particulates.

Frequency
•

Not Credible – There is a strong technical basis for concluding the degradation pathway is
not a significant factor within the extended lifetime of the DCSS canister.

•

Very Minimal – The degradation is possible, but has a remote probability of occurrence,
even at a highly susceptible ISFSI.

•

Minimal – The degradation is possible, but is not expected to occur at highly susceptible
ISFSIs.

•

Moderate – The degradation might occur on some canisters at highly susceptible ISFSIs.

•

Significant – The degradation is likely to occur on some canisters at highly susceptible
ISFSIs within the extended lifetime.

In addition to the rankings, the tables provide short explanations for the detectability designation
and the effects of each failure mode and degradation mechanism. It is emphasized that the
frequency rankings are with consideration of the extended storage lifetime (e.g., 120 years of
storage). The frequency (i.e., probability) of occurrence of a failure mode/effect may be
substantially lower for the initial decades of storage.
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Table 3-3
FMEA Summary Table for causes of through-wall penetration of canister and loss of confinement integrity
Component Failure Mode
Tight through-wall
flaw

Material Degradation Mechanism (1) Causes/Enabling Conditions

Penetration of
confinement.

Stress
Surface chlorides above threshold
Aqueous conditions at surface

See Table 3-1

Crevice corrosion

Crevice geometry or impermeable deposit
Aqueous conditions at surface
Presence of aggressive species (e.g. Cl-)

See Table 3-1

Aqueous conditions at surface
Presence of aggressive species (e.g. Cl-)

See Table 3-1

Microbiologically induced corrosion
(MIC)

Canister
Stainless
Steel
Confinement
Boundary

Direct Failure Effects
Severity
or Consequences(2)

CISCC

Gross through-wall
Pitting corrosion
penetration

Grain drop out

Contributing Factors

Intergranular attack (IGA)

CISCC
Growth and rupture
of large part-depth Crevice corrosion
flaw
Thermal cycle fatigue

CISCC
Growth of throughwall flaw to critical
Crevice corrosion
size
Fatigue crack growth

Significant presence of nutrients
Initial colony of bacteria
See Table 3-1
Surface RH > 60% or aqueous conditions
Aqueous conditions at surface
Presence of extremely aggressive species
See Table 3-1
(e.g. NH4HSO4)
Sensitized microstructure
Stress
Surface chlorides above threshold
Aqueous conditions at surface

See Table 3-1

Crevice geometry or impermeable deposit
Aqueous conditions at surface
Presence of aggressive species (e.g. Cl-)

See Table 3-1

Pre-existing crack
Significant thermal expansion mismatch
Large temperature cycling

See Table 3-1

Stress
Surface chlorides above threshold
Aqueous conditions at surface

See Table 3-1

Crevice geometry or impermeable deposit
Aqueous conditions at surface
Presence of aggressive species (e.g. Cl-)

See Table 3-1

Pre-existing through-wall crack
Cyclical transportation loading

See Table 3-1

Detectability of Degradation Prior to
Detectability of Failure
Failure
Possibly Detectable - occurrence of
through-wall penetration likely
detectable by NDE in some locations;
depends on design details
Not Detectable - crevice geometry
makes NDE of area inherently difficult

Penetration of
confinement.
Possible release of
some radioactive
particles.

Penetration of
confinement.
Release of some
radioactive particles
with the potential for
bulk debris release.

Penetration of
confinement.
Release of some
radioactive particles
with the potential for
bulk debris release.

Minimal

Detectable - visually detectable in
some locations; depends on design
details
Detectable - visually detectable in
some locations; depends on design
details
Possibly Detectable - occurrence of
through-wall penetration likely
detectable by NDE in some locations;
depends on design details
Possibly Detectable - occurrence of
through-wall penetration likely
detectable by NDE in some locations;
depends on design details
Not Detectable - crevice geometry
makes NDE of area inherently difficult

Possibly Detectable - occurrence of
through-wall penetration likely
detectable by NDE in some locations;
Significant depends on design details
Possibly Detectable - occurrence of
through-wall penetration likely
detectable by NDE in some locations;
depends on design details

Frequency

Section of
Discussion

Moderate;
Significant at 4.3.1 4.2.1
marine ISFSIs
Moderate

4.2.3

Moderate

4.3.2 4.2.2

Very Minimal

4.2.4

Detectable - failure may
not be visually apparent.
Very Minimal 4.3.2 4.2.5
However, measurement
of the speed of sound
through the canister
cavity or measurement of
(3)
4.2.1
the vertical temperature Not Credible
gradient could detect the
failure. For a high degree
of certainty, baseline
Very Minimal
4.2.3
measurements prior to
failure are desirable.
Not Credible

4.2.6
4.3.3

Very Minimal

4.2.1

Not Detectable - crevice geometry
makes NDE of area inherently difficult

Very Minimal

4.2.3

Predictable - if the crack is known,
then prediction of crack growth during
transport is straight forward.

Minimal

App. B

Notes: 1) Environmentally assisted fatigue was not considered.
2) Confinement failure means that there is a release of any fission gases in the canister and the helium backfill is replaced over time by humid air.
3) Note that while CISCC is a credible degradation mechanism, this combination of failure mode and mechanism is not credible.
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Table 3-4
FMEA Summary Table for effects of through-wall penetration of canister and loss of confinement integrity
Component Failure Mode

Material Degradation Mechanism
Thermal creep
Radial hydride reorientation
Delayed hydride cracking
Cladding annealing

Fuel rod rupture

Contributing Factors

Long-term elevated temperature
Mechanical loading
Elevated temperature and stress
Thermal cycling
Elevated temperature
Stress above critical value

Hydrogen absorption
High burnup fuel

Very elevated temperature (e.g. fire
accident)

Hydrogen absorption

Pellet oxidation swelling

Oxidizing atmosphere (air ingress)
Elevated temperature
Breached cladding

Size of cladding
breach

Cladding oxidation

Oxidizing atmosphere (air ingress)
Elevated temperature

Cladding thinned
during operation
Mechanical loading

IGSCC of stainless steel cladding

Oxidizing atmosphere (air ingress)
Stainless steel cladding
Highly sensitized microstructure

SCC of cladding (PCI)

Release of aggressive species from fuel
Unlined Zircaloy cladding
Elevated cladding stresses

Moderator ingress (internally flooded
canister)

Drastic change in fuel geometry
Canister filled with water
Lower burnup fuel

Detonation due to
hydrogen
Radiolytic hydrolysis
accumulation

Internal humidity or water
Source of ignition

Internal humidity or water
Detonation due to
Aqueous oxidation of canister internal
Source of ignition
hydrogen
components
Elevated temperature
accumulation
Basket and Criticality event
Canister
(k ef f at 1)
Internals

Deformation of
basket

Thermal creep of lower
strength annealed
cladding

Storage of high-burnup fuel
Mechanical shock

Through-wall
cladding cracking

Neutron poison degradation

SCC or galvanic corrosion

Thermal creep

Blistering due to spent fuel pool water
or Transmutation of B-10 by n-fluence
Ingress of moderator
Oxidizing atmosphere (air ingress)
Aqueous conditions
Aggressive species (e.g., sulfates,
chlorides)
Long-term elevated temperature
Mechanical loading

Direct Failure Effects
Severity
or Consequences

Gross release of fuel
debris and fission
gasses into canister

Presence of moisture
Elevated temperature Release of fission
gasses and some
particulates
Very elevated
temperature
Mechanical shock
Violation of loading
curves
Neutron poison
degradation
Large crack area (for
ignition)
High humidity
Crack at canister
bottom
Large crack area (for
ignition)
High humidity
Crack at canister
bottom
Long loading time
Long vacuum drying
time
Low pH
Sulfates
Chlorides
High stresses
Susceptible material

Conditional Section of
Detectability of Degradation Prior to
Detectability of Failure
Failure
Frequency(1) Discussion

Predictable - If confinement is known
to be penetrated, thermal modeling and
thermocouple measurements could
predict the feasibility of degradation.

Mechanical shock

Hydrogen embrittlement of cladding

Fuel
Assembly

Criticality event
(k ef f at 1)

Causes/Enabling Conditions

Significant increase in
external dose rate and
fuel temperature

Shift in fuel basket
geometry could hinder
removal of fuel
assemblies or apply
stresses to fuel

Moderate

Not Detectable - no externally
detectable changes prior to failure.

Minimal

4.4.2.4

Very Minimal

4.4.2.4

Possibly Detectable release of fission gasses
into canister and diffusion
into environment may be
detectable.

Conditionally
Moderate
(needs SS
cladding)

App. C

Not Credible

4.4.2.5

Detectable - measurement of speed of Detectable - measurable
Very
increase in dose to
Not Credible
sound through canister would detect
Significant
surrounding area.
accumulation of moderator.

Possibly Detectable - Measurement
Very
of external neutron flux could indicate
Significant
degraded poison performance.

Minimal

Not Detectable - no externally
detectable changes prior to failure.
Not Detectable - no externally
detectable changes prior to failure.

Notes: 1) These frequencies are all conditional on prior penetration of the canister confinement boundary.
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4.4.2.3

Very Minimal
4.4.2.5
Possibly Detectable fuel rod rupture could be
Not Detectable - once canister is
detected by -ray
Moderate
sealed, no means of determining
Moderate
4.4.2.4
imaging if fuel geometry
cladding mechanical properties.
is modified.
Conditionally
4.4.1
Significant
If
confinement
is
known
Predictable
4.4.2.1
(needs TW
to be penetrated, thermal modeling and
cladding
thermocouple measurements could
defect)
predict the feasibility of degradation.
Very Minimal
4.4.2.2

Detectable - sampling of internal
Internal pressure pulse
gasses through penetration could
expels radioactive
Significant determine internal hydrogen
particulates and opens
concentration. Not credible without
confinement penetration
containment penetration.

Significant increase in
external dose rate and
fuel temperature

Minimal

4.4.5

Very Minimal
Detectable - significant
opening of crack likely

4.4.3
Very Minimal

Detectable - measurable
increase in dose to
Not Credible
surrounding area.

4.4.5

Possibly Detectable basket deformation might Very Minimal
4.4.4
be detected by -ray
imaging if fuel geometry
is modified.
Minimal

Failure Modes and Effects Analysis (FMEA)

In addition to the rankings, the tables provide short explanations for the detectability designation
and the effects of each failure mode and degradation mechanism. It is emphasized that the
frequency rankings are with consideration of the extended storage lifetime (e.g., 120 years of
storage). The frequency (i.e., probability) of occurrence of a failure mode/effect may be
substantially lower for the initial decades of storage.
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4
TECHNICAL DISCUSSION OF FMEA
This section details the potential degradation mechanisms, failure modes, and consequences
introduced in Section 3.2 and Section 3.3. The section is divided accordingly into discussions of
the potential degradation mechanisms, the potential modes of failure, and the possible effects of
the identified failure modes.

4.1 Canister Pre-Service Storage Conditions
While the majority of this FMEA focuses on the canister degradation mechanisms that may be
experienced while the canister is loaded and stored in the ISFSI, the conditions experienced by
the canister before it is put into service also merit consideration. Prior to shipment, canisters are
typically cleaned per ANSI N45.2.1 Class C and prepared per ANSI N45.2.2 Subsection 3. It is
currently common practice for canisters to be wrapped in durable plastic when shipped from the
manufacturer for environmental protection and foreign object exclusion. Once the canisters
arrive on site, a range of storage conditions may be used. In some instances, the canisters have
been unwrapped and stored inside an overpack. In other instances, the canisters have been stored
outside at the ISFSI with the wrapping still on and with periodic surveillance to ensure the
wrapper integrity, or without the wrapping on. A given site may have stored different canisters
in different ways. The on-site storage of unloaded canisters has been noted to last as long as five
to seven years, although it is frequently shorter than that.
If a canister is stored outside without the plastic wrapping (or if the wrapping is degraded), then
there is a potential for some environmental interaction with the shell. Given that they are stored
at ambient temperatures, it is not considered likely that cracking will initiate in the pre-service
storage time frame in this case. However, it is possible that some reduction in time to crack
initiation may result from storing canisters outside without any protection, particularly for sites
that are located in marine environments.

4.2 Discussion of Canister Material Degradation Mechanisms
The failure mechanisms identified in the FMEA that could potentially lead to a through-wall
penetration of a canister are: (1) chloride-induced SCC, (2) pitting corrosion, (3) crevice
corrosion, (4) microbiologically induced corrosion, and (5) intergranular attack. Of these
mechanisms, CISCC is judged to be the most likely mechanism to lead to loss of confinement at
marine sites. Pitting and crevice corrosion are less likely to penetrate confinement but may serve
as initiation sites for CISCC-driven penetration.
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4.2.1 Chloride-Induced Stress Corrosion Cracking (CISCC)
4.2.1.1 Description of Mechanisms Involved in CISCC ([37] and [38])
Investigation of the atomic-scale mechanisms involved in initiation and propagation of SCC in
many material-environment systems is an active area of investigation, as documented in the ongoing annual meetings titled “Quantitative Micro-Nano Approach to Predicting SCC of Fe-Cr-Ni
Alloys” ([39], [40], and [41]). At present, there is no consensus in the research community
regarding the atomic-scale mechanisms that might be involved in SCC of most materialenvironment systems, including CISCC of stainless steels. Since there is no consensus on these
atomic-scale mechanisms, the discussion in this section is limited to an empirical and
mechanistic review of the mechanisms involved in CISCC, rather than the atomic-scale
processes involved.
Similar to SCC of other types, CISCC is observed to occur when certain material, environment,
and tensile stress conditions develop such that crack initiation and growth occur. These three
factors of material, environment, and stress are discussed below in more detail.
Material. Austenitic stainless steels of the 304, 304L, 304LN, 316, 316L, and 316LN types have
been found to be susceptible to CISCC when in the normal wrought condition, even when not
“sensitized,” but this susceptibility is increased when the material is sensitized. Non-sensitized
material mainly experiences transgranular stress corrosion cracking (TGSCC) in which the
cracks tend to follow crystallographic planes across grains. Sensitized material normally
experiences intergranular stress corrosion cracking (IGSCC) such that the cracks tend to proceed
along grain boundaries rather than across grains. In chloride environments, if stainless steel has
been sensitized, cracks will generally take the form of IGSCC and generally will occur at lower
stress than TGSCC.
Sensitization is attributed to the precipitation of chromium carbides at grain boundaries which
reduces the chromium concentration at the grain boundaries, making them more susceptible to
corrosion. The precipitation of the chromium carbides that leads to sensitization is a result of
exposure to temperatures in the range of about 480ºC to 750°C, and can occur during processes
such as welding or furnace heat treatments. In the case of welds, the sensitized material is a thin
band located adjacent to the weld contained within the heat affected zone (HAZ).
Changes in the composition of the austenitic stainless steels can change their susceptibility to
CISCC. In this regard, low carbon grades are resistant to sensitization since their carbon levels
are not sufficient to cause precipitation of chromium carbides during exposure to high
temperatures. The addition of molybdenum makes stainless steel more resistant to pitting and to
CISCC. Thus, of the five grades of stainless steel used in canister designs (304, 304L, 304LN,
316, and 316LN), 316LN is the most resistant since it has both low carbon and purposeful
additions of molybdenum (at about the 2-3% level).
Surface abuse, e.g., by grinding, is known to increase the susceptibility to SCC of many
materials. This is believed be the result of several factors, including high residual stresses
imparted by grinding, the increased level of surface cold work which appears to accelerate the
atomic processes involved in SCC and results in increased crack growth rates, and formation of
small crevices that act as locations for oxygen cells to develop and thus hasten the pitting and
SCC initiation processes.
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Environment. Locally aqueous conditions—whether as a bulk liquid, deliquescent solution, or
adsorbed water film—are required for CISCC to be active (see section 4.2.1.4). The main
environmental factors that have been found to affect the occurrence of CISCC of austenitic
stainless steels are chloride concentration, oxygen content/electrochemical potential (ECP), pH,
and temperature of the local aqueous environment, as follows:
•

Chloride concentration. The susceptibility of austenitic stainless steels tends to increase as
the chloride concentration in the solution increases, with the specific concentration that can
lead to SCC in practical timescales being a function of material composition and the presence
or absence of sensitization, level of tensile stress, and other environmental factors such as
oxygen, temperature and pH. The aqueous solution concentrations of chlorides associated
with deliquesce of sea salt (controlled by the local relative humidity) and with concentration
of evaporating films of heated surfaces tend to be quite high, in the ten thousands of ppm
range, and thus tend to be aggressive.

•

Oxygen concentration. The susceptibility to SCC of stainless steels in chloride environments
is strongly affected by the oxygen content/ECP of the solution. Susceptibility decreases
strongly as the oxygen concentration/ECP decreases, assuming that the pH does not become
strongly acidic. Since canisters are exposed to the atmosphere, the oxygen concentrations of
solutions on the canister surfaces are generally high enough to support CISCC.

•

pH. Susceptibility to SCC increases as the pH decreases, at least when it decreases to less
than about 3. This effect can be important to canisters since, in areas where crevices or other
occluded areas are built-in or develop during service, oxygen cell conditions can develop that
are likely to result in the occurrence of low pH in the occluded areas.

•

Temperature. Susceptibility to and rate of CISCC are strongly affected by temperature.
Industry experience has generally been that SCC of stainless steel does not occur at
temperatures below about 60°C. However, as discussed in References [42] and [43], there
have been both laboratory and operating experience cases of CISCC at temperatures as low
as ambient temperatures in sea coast environments, i.e., at temperatures as low as 25 to 30°C.
These cases have typically involved either weld-sensitized material at weld joints or surfaces
in crevice or pitted areas where low pH conditions can develop as a result of oxygen cell
effects.

Stress. The occurrence of SCC requires the presence of tensile stresses, and the rate of SCC
typically increases as the level of the tensile stress and the stress intensity factor increase. It is
the total stress, including both applied and residual stresses, that controls the initiation and
growth of the SCC. It has been found that stresses well below yield can cause SCC, with the
level of stress required for SCC decreasing as chloride concentration and temperature increase.
An important point to note is that the level of tensile stresses associated with weld joints have
been found to be sufficient to cause SCC in the sensitized area adjacent to the weld even in the
absence of any applied stresses [42].
4.2.1.2 Chloride Aerosol Concentration
Possible sources of chlorides that could deposit on the canister surface include sea spray aerosol,
road salt aerosolized by traffic, cooling tower drift, and absorption of gaseous HCl. Of these
sources, none are expected to have a significant impact on deposition except for sea spray
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aerosol, which is expected to limit the number of ISFSIs where CISCC is most plausible to those
close to the ocean.
The greatest consideration is given to sea spray aerosol as a potential chloride source because of
the larger source term and the existence of ISFSIs which are proximal to the ocean or, to a lesser
extent, brackish water. The size and concentration distribution of marine aerosol tend to have
two distinct sets: one generated by breaking waves at the shoreline and one generated by
whitecaps off-shore. Prevailing wind speed plays an important role since it determines the size
of breaking waves, generates whitecaps, and transports the marine aerosol inland. The off-shore
generated aerosol is typically smaller and distributed throughout the air column because larger
particles have already settled out by the time it reaches land. Breaking waves, in contrast,
generate larger aerosols that remain low in the air column and have short atmospheric residence
times [44]. Consequently, the aerosol concentration of sea salt decays very rapidly over roughly
the first kilometer from breaking waves, then more slowly as the oceanic aerosol is deposited
[45]. This bi-exponential decay means that canisters at sites a few kilometers away from the
ocean and breaking waves may experience little chloride accumulation. In [45], the wet candle
deposition as a function of distance from the sea is evaluated; while the wet candle deposition
levels are not related to canister surface deposition, they provide a quantity for comparison.
2
Within 20 m of the ocean, the wet candle deposition values are 1 to 2 g/m /day, and at 100 m
from the ocean they are 0.3 to 1 g/m2/day.
Additional potential sources of chloride aerosols at ISFSI locations that have been investigated
are salting of roads during winter and cooling tower drift. A study of the chloride deposition
patterns near an interstate highway during winter [46] found non-negligible chloride levels in
snow samples taken for a few days following a snow event. At 500 m from the highway, an
2
approximate deposition rate of 0.01 to 0.02 g/m /day was observed. However, even if an ISFSI
were located within 500 m of such an interstate highway, the chloride source would only be
present in the days following an application of road salt; over the course of a year the chloride
source term would likely be 1% of a site that is close to the ocean. A study of cooling tower drift
using a dye tracer under actual power plant load conditions, as summarized in [47], found
deposition rates on the order of 0.03 g/m2/day at 500 m from the tower. Similar to road salt, the
source term for cooling tower drift will tend to vary with time as the plume direction will depend
on the prevailing winds. As a result, the chloride levels due to cooling tower drift would be no
more than 10% of a site close to the ocean and could be considerably lower depending on the
ISFSI’s location relative to the prevailing plume direction.
For sites that are collocated with a coal power plant, elevated levels of sulfur species may be
present in the scrubbed flue gas and elevated levels of HCl may occur in the event of a leak from
flue gas ducts. Although such leakage is uncommon, damage of stainless steel in rooftop
applications has occurred at locations not necessarily close to the leak location. No studies have
been identified which consider transport of these species from the stack to the environment
closer to the ground.
4.2.1.3 Surface Chloride Deposition
The deposition rate of chlorides on the surface is bounded by the concentration of chlorides in
the air that enters the inlet. Factors which influence the deposition rate include the particle size
distribution, the surface orientation, the wetness of the aerosols, the canister surface heat flux, the
air flow rate through the canister, and the canister surface roughness.
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Deposition experiments with upward flow over heated stainless steel plates indicates that
deposition of chlorides on canister surfaces with high heat flux could be limited by
thermophoresis, particularly for vertical surfaces [48]. In the same set of experiments, horizontal
plates exposed to the same wind-tunnel conditions experienced much higher deposition rates as a
result of gravitational settling. Both the orientation of a given surface and the overpack design
are expected to significantly affect the aerosol deposition rate. Horizontal surfaces are expected
to see higher deposition rates than vertical surfaces for all canisters where horizontal surfaces are
in the airflow path.
With a higher overall deposition rate, the interaction between any deposited chlorides and other
matter will become particularly important on horizontal surfaces. At this time, it is not known
precisely how the presence of other species would affect the susceptibility of the canister to
chloride induced SCC. NRC testing with a range of non-chloride ammoniacal salts showed that
they did not initiate SCC, but NH4NO3 also did not prevent it from occurring when mixed with
NaCl at ratios of 3:1 and 6:1 [49]. Additional consideration of possible effects of non-chloride
salts on the aggressiveness of conditions occurs in Section 4.2.1.4. For the underside and
vertical surfaces, inertial deposition is expected to be the main mechanism for deposition, but
this is expected to be at a much lower rate, even at high air flow rates, in comparison to the
influence of gravitational settling. Typical flow distributions of air around the canister for the
various designs are shown in Figure V.1-4 of ANL-13/15 [7], Figure 2-10, Figure 4-1, and
Figure 4-2. Attachment potential and re-entrainment are mechanisms that can further reduce the
rate of deposit accumulation and are affected by surface roughness and particle wetness (e.g. due
to aerosol deliquescence).Deposition testing performed by CRIEPI on horizontal flat plates in a
sheltered environment with marine air (but not in air flow or thermodynamic conditions
representative of a canister) ([50] and [48]) observed chloride deposition rates of about 40
mg/m2/yr; significantly lower rates were observed for vertical plates. Even at this rate, it would
take years to accumulate sufficient chloride concentration to reach even lower bound initiation
concentrations. Given the significantly smaller chloride source term, canisters far from marine
bodies of water may never become susceptible over relevant timescales, and those near saltwater
but far from breaking waves should require a substantial deposition time of perhaps several
decades before conditions are established on the canister surface that are conducive to CISCC.
The analysis of surface deposits done as part of the Calvert Cliffs license renewal ([5] and [6])
showed that chlorides are a small subset of the species deposited on the canisters. Additionally,
the chloride concentration after about 19 years was reported to be much lower than levels that
have led to CISCC in testing, indicating that brackish sites remote from breaking waves could
potentially be considered in a separate category from true marine sites on the ocean shore with
regards to CISCC susceptibility. The factors which could explain the lack of chloride deposition
are a low chloride aerosol concentration due to the distance from the ISFSI to saltwater with
breaking waves (about 1 km from brackish water and 100 km from the open ocean) and potential
volatilization of HCl due to displacement by nitrates and sulfates during aerosol transport to the
canister.

4-5

Technical Discussion of FMEA

Reproduced by permission of Holtec International.

Figure 4-1
Airflow for a typical vertical canister [13]

Reproduced by permission of Transnuclear, Inc.

Figure 4-2
Cross-section of typical airflow through an HSM overpack with side vents [15]

4.2.1.4 Aqueous Conditions and Deliquescence
One of the primary limiting factors for CISCC and other corrosion mechanisms is the availability
of aqueous conditions. Considering the shelter of the overpack, the mechanisms that can lead to
aqueous conditions on the canister surface are: deliquescence, ingress of rainwater or fog through
the inlets or outlets, and dripping of water through cracks in concrete. Deliquescence is of
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particular interest because it can persist over substantial time periods and obviates the need for
liquid water to contact the canister once sufficient chlorides are present and the canister surface
temperature is low enough.
Deposited salts undergo deliquescence due to the affinity of salt for water when the ambient
water vapor pressure is above the vapor pressure of a saturated solution containing the deposited
salt. Effectively, there is a deliquescent relative humidity (DRH) above which deliquescence
occurs at a given temperature. The primary effect of the elevated canister temperature on
deliquescence is to reduce the relative humidity at the canister surface because the absolute
humidity of the air remains roughly constant as incoming air is heated. Given the approximate
3
maximum absolute humidity (AH) of 30 g/m across the U.S., the surface temperature will need
to drop below 160°F (70°C) to ever reach a relative humidity of 15% as seen in Figure 4-3.
Although CISCC has been observed to initiate at this low humidity with CaCl2, initiation with
sea salt typically occurs above the range of 25%-35% RH ([4] and [51]). This range corresponds
3
to 140°F-120°F (60°C-50°C), assuming an AH of 30 g/m . For some ISFSIs, a lower bounding
AH could be justified based on data from nearby climate monitoring stations.
Thermal analyses supporting the response to the Calvert Cliffs ISFSI license renewal third NRC
RAI [6] indicate that the minimum temperature at the top of the shell to lid welds of a NUHOMS
canister is already at 175°F (80°C) at the time of loading and FSARs show the canister bottom is
significantly cooler, even for the general license design maximum heat load (24 kW for a
NUHOMS 24P). Figure 4-4, reproduced from the NAC-UMS FSAR [23], indicates that the
bottom of its shell is near the lower temperature of about 100°F (40°C) for a design basis heat
loading (23 kW). These values indicate that elevated surface temperature alone does not
preclude deliquescence at all locations on the canister. However, locally elevated temperatures
will reduce the area of the canister which is susceptible to deliquescence at a given time. The
combined enabling conditions of sufficient chloride deposition and high local RH (due to a low
surface temperature) will further limit the areas of the canister that could experience
deliquescence and CISCC. As the residual decay heat decreases over extended storage,
progressively less of the canister is precluded from experiencing deliquescence as a result of the
factors discussed above.
Once deliquescent conditions are established, the composition and quantity of the surface
deposits can influence the corrosivity of the aqueous solution. EPRI 1013524 [52] modeled the
evaporation of fogwater, cloudwater, and rainwater and found that the resulting concentrated
solutions either became acidic and Cl--depleted or became more basic and Cl--rich. The
depletion occurred due to the volatilization of HCl when the initial [H+]/[Cl-] ratio was greater
than unity. As mentioned at the end of Section 4.2.1.3, the formation of nitrates and sulfates
from gaseous NOx and SO2 in polluted areas can lead to more acidic solutions and displacement
reactions with chloride salts to volatilize additional HCl [52]. X-ray diffraction of deposited
material from Calvert Cliffs also indicated the presence of the constituents of concrete including
aluminum hydroxide and calcium carbonate [6] which could act to buffer a deliquescent solution.
The chemistry of organic matter (such as pollen) mixed with inorganic salts is not well
characterized, but the addition of insoluble organics tends to raise the DRH while soluble
organics have an opposing effect [53]. For deposits where the amount of deliquescent species is
small relative to the overall quantity of deposited dust, the capillary force of the pores in the
deposited dust may also sequester the brine away from any crevices, pits, or incipient cracks
[53].
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Dripping of condensation onto the canister is not considered credible before the canister itself
becomes susceptible to deliquescence. Condensation occurs when a surface temperature is
below the dew point of incident air. In the case of the heated canister, this requires the inner
surface of the overpack above the canister, which is heated by airflow, to be cooler than the
incident air. This will not occur before the surface becomes susceptible to deliquescence.
Groundwater intrusion is only a credible concern for canister designs where the canister is stored
sub-grade. For the below-grade DCSSs, there is a fully welded barrier between the surrounding
soil and the interior of the overpack. This barrier would have to be penetrated before
groundwater could contact the canister; additionally, no sub-grade ventilated DCSSs are
currently in service in the U.S. For above ground DCSSs, the presence of the large, thick
concrete pad prevents any groundwater from flowing into the overpack.

Reproduced by permission of The Electrochemical Society.

Figure 4-3
Deliquescence and AH as functions of temperature and RH [54]
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Reproduced by permission of NAC International Inc.

Figure 4-4
UMS canister temperatures (°F) for normal operation at design heat loading (23 kW) [23]

4.2.1.5 Weld Residual Stress
Since the long-term applied stresses are low and the residual rolling stresses may be compressive
on the OD, the driving stress for SCC growth is expected to be weld residual stress (WRS).
Preliminary WRS calculations which are summarized here are documented in Appendix A for
typical canister V-groove shell girth welds, double V-groove shell girth welds, V-groove seam
welds, and shell-to-bottom lid butt welds. As expected for typical butt welds, these analyses
indicate that the stress profile favors the through-wall propagation of cracks oriented transverse
to the weld bead.
The precise dependence of the CISCC crack growth rate on crack-tip stress intensity factor is not
clear given the limited quantity of atmospheric CISCC growth data using constant stress
samples. Current data indicate that environmental conditions such as temperature, RH, and
chloride concentration can cause greater variation in the growth rate than crack tip SIF [27].
Existing crack growth rate testing of deliquescent specimens subjected to different crack tip SIFs
[55] does not show a strong dependence. Consequently, precise knowledge of the WRS throughwall distribution for canister shell welds is of reduced significance for crack growth calculations
and the general trends (i.e. tensile vs. compressive regions) may be sufficient.
The similarly sized shell girth and longitudinal seam welds are expected to produce similar stress
profiles as discussed below and in Section A.2:
•

The stresses transverse to the weld path for the girth welds are compressive on the exterior
and tensile on the interior. This would tend to preclude the initiation and limit the growth of
flaws on the outside of the canister in orientations parallel to the weld. However, the
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presence of weld repairs or residual forming stresses from canister fabrication could alter the
stress profile.
•

The stresses transverse to the weld path for the seam weld are slightly tensile on the exterior
(OD) and interior (ID) to either side of the weld bead. Compressive stresses are present in
the center of the wall thickness.

•

The stresses parallel to the weld are highly tensile through-wall. This profile could drive the
growth of short cracks perpendicular to the weld direction through-wall, but these potential
flaws would likely stop growing in length once they grow beyond the high stress region.

The weld residual stress results for a shell-to-lid butt weld typical of a vertical canister, as
preliminarily modeled for the bottom weld by DEI and modeled for the canister closure weld in
an NRC presentation [56], are discussed below:
•

The stresses transverse to the weld path are tensile on the exterior and compressive on the
interior. This distribution could support the growth of circumferential part-depth flaws, but
the stresses are generally lower than yield.

•

The stresses parallel to both welds are highly tensile through-wall, significantly higher than
yield.

These WRS results are corroborated by separate analysis of the double-V groove welds for a
NUHOMS canister by AREVA [6]. The stress results indicate moderately tensile stresses
oriented transverse to the weld at some shell-to-lid welds, but the higher stresses parallel to the
weld joint will tend to initiate and drive short cracks through-wall more rapidly.
4.2.1.6 Possible Occurrence of CISCC Mechanism on ISFSIs
As discussed in the preceding sections, stress corrosion cracking can occur when a susceptible
material is subjected to elevated stress, such as residual stress from a weld, coupled with
exposure to an aggressive environment. In the case of the welded canisters fabricated from
austenitic stainless steels, CISCC could occur at ISFSIs if chlorides accumulate on the surface in
sufficient concentrations as a result of sea spray or other aerosols, as discussed in Section 4.2.1.2,
and the local conditions support deliquescence. Other factors such as the concentrating effect of
crevices, surface grinding, cold work due to forming, and sensitization can further raise the
susceptibility of the austenitic stainless steels to SCC and are expected to be present on canister
surfaces. Since WRS is likely to be the driving stress for SCC through-wall crack growth, the
HAZ region of the canister welds is expected to be the most susceptible area to SCC flaw
through-wall growth, particularly in crevice regions and areas with high chloride loadings.
Since the material is susceptible and tensile residual stress is likely present on the canister
surface in the vicinity of welds as discussed in Section 4.2.1.5, the factors limiting CISCC
initiation are environmental (i.e. the presence of sufficient chlorides and aqueous conditions).
Above a threshold RH, deposits of chloride salts are capable of forming concentrated chloride
brines as a result of deliquescence, as discussed in Section 4.2.1.4, eliminating the need for liquid
water to reach the canister.
Significant testing has been done to determine the conditions under which chloride-induced SCC
can occur. Of the atmospheric corrosion test programs reviewed, the longest have evaluated the
potential for SCC and pitting for 29 years [57] while the lab tests using controlled chloride
loadings and humidities have been run for periods of a few months up to two years [51]. A
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number of papers have reported cracking under relevant laboratory conditions down to a sea salt
surface loading of 0.1 g/m2. Since the local RH controls the aqueous concentration of a
deliquescent brine, one proposed explanation for the apparent dependence of SCC initiation on
chloride concentration is the continuity of the aqueous surface layer (e.g. lower concentrations
lead to smaller droplets and more spacing between droplets of deliquescent brine) [58]. If this
proposed mechanism is valid, the presence of large quantities of non-deliquescent deposits might
hinder the establishment of aggressive conditions.
The typical times from installation of piping at shoreline plants to discovery of any leaks in
piping due to marine atmosphere CISCC is on the order of 20 to 30 years [28]. Canisters have
wall thicknesses twice as thick as most of the cases in the cited references, which would increase
the time to reach through wall. Canisters are sheltered but are also directly in the path of a
constant air flow, which may establish susceptible conditions more rapidly than for exposed or
covered piping. OD SCC experience in crevice regions, such as under pipe supports, shows that
even piping within containment without a clear source of chlorides can be susceptible to throughwall cracking if there is a concentrating mechanism [43]1. This OE indicates that both areas with
high chloride concentration and crevice geometry could be susceptible to CISCC.
A more thorough treatment of the conditions that can lead to SCC initiation is discussed in
MRP-352 [27]. For ISFSIs that are located on the coastline of a marine body of water (i.e., in
close proximity to breaking waves), degradation by CISCC is considered to be credible when the
lifetime of extended dry cask storage is considered.
4.2.2 Pitting Corrosion
Pitting of 300-series stainless steels that have been exposed to chlorides is commonly observed at
temperatures and relative humidities near those expected on canisters during extended storage
[55]. Pitting corrosion occurs by local dissolution of metal through a void or break in the passive
oxide layer that is caused by an aggressive anodic species (typically chlorides) and stabilized by
local depletion of oxygen and acidification which lead to a high corrosion potential [59]. In
pitting corrosion, the local dissolution and acidification is due to the anodic half reaction
occurring in the pit and the cathodic half reaction through the surrounding passive layer. For
austenitic stainless steels, typical aggressive species are halogen ions (e.g., chloride), reduced
sulfur species (e.g. sulfides), and manganese oxides [59]. Iron contamination of the surface has
the potential to accelerate pitting by disrupting the passive layer and allowing local attack of the
metal. Nitrates and nitric acid are oxidizing and can strengthen the passive layer, inhibiting
pitting and other forms of local corrosion in stainless steels at some concentrations. Austenitic
stainless steels also have good resistance to phosphoric acid and dilute sulfuric acid, particularly
in aerated conditions.
Pitting corrosion is less likely to cause through-wall penetration than CISCC, but it provides a
feasible mechanism for wider penetrations that could release particulates from the canister
interior. On austenitic stainless steels, pits can form under conditions similar to those which
result in CISCC initiation, and pits often serve as a site of SCC initiation due to the chemical
concentrating effect of the anodic reaction occurring inside an occluded area and the stress
concentrating effect of the pit. In most atmospheric experiments and experience, pitting remains
1

It is noted that the piping locations described by this OE were insulated. Insulation would tend to trap moisture
and lead to concentrating effects, which makes this OE less applicable to the canister environment.
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superficial and its depth grows at a rate which is much lower than SCC under similar conditions.
Thus, through-wall penetration is not expected to result from strictly pitting corrosion, although
some experiments [60] have shown that through-wall pitting occurred more rapidly than cracking
in the presence of surface iron powder and chlorides at high concentrations and 140°F (60°C).
Pitting does not require stressed material and is observed in a slightly wider range of
environmental conditions than SCC, so pitting is likely to initiate before SCC over a larger area
of the surface but grow more slowly. Typically, Type 316 is less susceptible to pitting than 304
[57].
From an aging management standpoint, pitting is typically accompanied by rust staining, and the
larger aspect ratio of a pit, in comparison to a crack, means that any deep pitting may be visibly
detectable. Pitting can help indicate likely susceptibility to SCC but is not always a precursor.
4.2.3 Crevice Corrosion
Similar to pitting corrosion, crevice corrosion consists of local base metal dissolution due to a
separation of anodic and cathodic corrosion reactions. For crevice corrosion, this separation
results from a geometric partitioning of the active dissolution site from the bulk of the aqueous
solution [61]. This limits the diffusion of oxidizing species in the crevice, leading to a locally
low pH. Crevice geometry can be created where two parts touch, in the small microcrevices
formed by grinding, or under a solid deposit that prevents the steady transport of oxygen or ionic
species. As with pitting, crevice corrosion can serve as a location for SCC initiation due to the
concentrating effect of the occluded area.
The notable crevice geometries in canister designs are where the canister touches the support
rails in horizontal designs and where it contacts guide rails or the support pedestal in some
vertical designs. The presence of lack of fusion defects is unlikely due to the radiographic
testing examinations of canister welds but would be another source of crevices, if present. Due
to the inherently obscured nature of crevices, visual inspection would be more likely to detect
staining from corrosion products in the vicinity or in drainage from the crevice, as opposed to
direct observation of degradation. Laboratory testing [62] indicates that corrosion of stainless
steels at crevice formers can occur in chloride solutions, particularly under flowing seawater.
Atmospheric testing in marine environments and, to a reduced extent, in industrial environments
showed pitting [57] and SCC [42] could initiate more rapidly in occluded areas than bold
exposure but did not exhibit true crevice corrosion due to restricted ionic transport. Similarly,
there are examples of OE for crevice geometry (e.g. pipe support clamps) acting to concentrate
chlorides and cause SCC, even in environments within containment ([27] and [43]). Crevice
corrosion may occur at very high relative humidity values that have reduced risk of SCC because
of dilution of the deliquescent brine and runoff which provide water to wet a built-in crevice,
such as at a support rail.
Significant galvanic corrosion of stainless steel is considered very unlikely. The only material
that is more noble than stainless steel and present in the surrounding canister environment is the
graphite in the dry film lubricant used on the support rail of horizontal canisters. At worst, the
graphite could act as an accelerating factor for crevice corrosion. The prevalence of graphite
lubrication at operating plants and the lack of industry operating experience where a film
lubricant, as opposed to bulk graphite, causes galvanic corrosion is indicative of the low
likelihood of occurrence. On the other hand, galvanic potential could serve to protect a vertical
canister at an alignment rail, since the stainless steel shell is more noble than the carbon steel rail
present in some designs.
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4.2.4 Microbiologically Induced Corrosion (MIC)
Microbiologically Induced Corrosion (MIC) occurs when a biofilm covers metal and leads to
corrosion as the result of oxygen cell under-deposit corrosion and as a result of the generation of
aggressive metabolic byproducts, such as reduced sulfur compounds. In service water
experience with stainless steel, MIC attack typically manifests as deep, bulbous pits with small
entrance (and exit) openings that are covered in a dark biofilm and may include tubercles
containing a mixture of corrosion products and microbes.
A detailed review of the possibility of microbiologically induced corrosion (MIC) affecting
waste storage containers concluded that it was possible and needs to be considered in the design
of waste containers for geological storage [63]. That reports cites cases where microbial growth
has been observed in high radiation field environments, but it and others also indicate that
microbial activity at moisture levels below 90% RH is limited and is negligible below 60% RH
without a source of liquid water ([64] and [65]). Although common in service water systems
over a range of pH, oxygen concentration, and temperature, conditions in DCSSs suitable for
MIC are not expected to develop at least until the canister temperature has dropped significantly,
3
e.g., to about 40°C or less corresponding to an RH of 60% at an AH of 30 g/m .
MIC has the potential to lead to material degradation in the absence of significant chlorides, but
there is no evidence to suggest that microbial activity leads to degradation of stainless steels in
atmospheric conditions. The evidence for MIC in atmospheric conditions is primarily fungal
attack of aircraft aluminum in the presence of polymeric films or hydrocarbons [64]. Whereas
MIC may be plausible in a geological repository where a high sustained RH is likely after
closure [63], much lower RHs are typical for dry cask storage conditions, making MIC less
likely.
4.2.5 Intergranular Attack (IGA)
Intergranular attack is the selective corrosion of grain boundaries, in particular those sensitized
by the precipitation of chromium carbides. Although at least two-fifths of canisters are not
specified to be fabricated from low carbon alloys, it is noted that the stainless steel plate source
material is commonly dual certified (i.e., it meets the requirements of both the low carbon and
the “standard” grade). Therefore, it is possible that canister HAZs may contain sensitized
material, but to an unquantified degree. Additionally, the conditions needed to cause IGA of
austenitic stainless steels are very aggressive and unlikely to occur on canister surfaces. A
review of literature found limited IGA occurred in a deliquescent ammonium bisulfate solution
with an extremely low pH of -0.79 [66]; the only other corrosion of intergranular nature was
intergranular SCC induced by chlorides in sensitized material. This low of a pH is not expected
to occur in deliquescent brine, but, if it does, it would likely be transient and only be for a short
period of time before complete evaporation as indicated just before the simulation discussed in
Section 2.3 of EPRI 1013524 [52] halted.
The concern for IGA is based on its greater potential consequence severity than a tight crack
because grain drop-out would lead to larger opening areas than a tight crack. The detectability of
IGA is similar to that of SCC, although visual detection may be aided by larger opening areas.
The frequency of intergranular attack is expected to be very low since the sustained conditions in
the laboratory test that resulted in IGA would not likely occur in an equilibrium deliquescent
solution.
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4.2.6 Non-Credible Mechanisms
Among the canister degradation mechanisms that were judged to be non-credible are radiolysis,
fatigue crack initiation, and general corrosion.
In the presence of an ionizing radiation field, radiolysis can generate nitric acid from air and
hydrogen peroxide from water, which raises the corrosion potential of stainless steel by a few
hundred millivolts. The surface dose rate at the outer surface of the canister shell is expected to
be as high as 4,000 rem/hr. Assuming a dose equivalence of one, 1 Gy/hr is 1 Sv/hr or 100
rem/hr. All experiments and experience with radiolysis have been at much greater dose rates
(i.e. > 500 Gy/hr) [67], and the humidity variations and constant airflow around the canister
should prevent the accumulation of species generated by radiolysis. Extrapolating from the
radiolytic decomposition rates used in [68] (7.4 particles of H2O per 100 eV), the time constant
3
for decomposition of a given mass of water at the dose rate of 10 rem/hr is over 800 years.
Assuming no recombination, this would lead to the decomposition of a micromole of water about
three times per day. Similarly, Section 3.2.4 of EPRI 1003416 [69] notes that radiation damage
of the canister stainless steel microstructure is unlikely and will not affect its ductility or other
mechanical properties. Consequently, radiolytic generation of aggressive species from air or
water is not expected to be of concern on its own but may affect the ECP at occluded sites with
deliquescent solutions, increasing the aggressiveness of other local corrosion mechanisms.
Fatigue crack initiation is not credible because, as mentioned in Section 3.1.2, the cyclical
stresses during storage are small enough to not even require analysis in the FSAR per the ASME
code. An analysis of fatigue due to differential thermal expansion for the NUHOMS 24P and
32P conducted for the Calvert Cliffs ISFSI license renewal application [70] found the allowable
number of cycles to be much greater than the number expected over the 60 years analyzed. It is
anticipated that an analysis to 120 years would produce similar results. Appendix B briefly
considers the potential for fatigue crack growth during transportation of a canister. The
possibility of corrosion fatigue acting to accelerate the crack growth rate of an SCC crack during
storage is not expected to be of significant concern and was not explicitly analyzed in this or
other public reports.
The chromium in austenitic stainless steels forms a stable passive oxide layer on the surface of
the metal. This chromium oxide film prevents the general dissolution or oxidation of the
underlying metal. Consequently, general corrosion is not credible due to the absence of an
environment that can strip this layer from the metal (e.g., moderate concentrations of hot sulfuric
acid [59] and concentrated NH3HSO4 [66]).

4.3 Discussion of Canister Failure Modes
All of the credible failure modes associated with aging degradation of the canister are associated
with the criterion of maintaining an intact canister confinement boundary. This section describes
the canister failure modes and their detectability, likelihood, and severity. The consequences of
canister confinement failure are discussed in Section 4.4.
4.3.1 Through-Wall Cracking
If degradation of a canister were to occur, through-wall cracking by CISCC is considered the
most likely combination of failure mode and mechanism.
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Detection of cracking due to CISCC is challenging since remote visual detection is unlikely and
other non-destructive examination (NDE) methods are complicated by the radiation field and
overpack geometry. Without removal of the canister from the overpack, it may be feasible to
inspect some of the susceptible surfaces of a canister, such as the end welds on the top of a
horizontal canister or the welds at the ends of a horizontal canister near the inlets.
As an alternative to inspection, the composition and concentration of deposits on canisters could
be periodically monitored to indicate the susceptibility, or lack thereof, to CISCC and other
corrosion mechanisms. If a confinement penetration were to occur, the replacement of helium
with air could be detected by an ultrasonic speed of sound measurement or possibly by
measuring the temperature differential between the top and bottom of the canister. Sampling at
the site or outlets for fission gases might detect that both a fuel rod and the canister had been
breached for the first few half-lives.
The frequency, or probability, of cracking is dependent on many factors that affect the
susceptibility to the cracking mechanisms, as discussed in Section 4.2.1. Deposition of chloride
aerosols (followed by deliquescence) may provide an aggressive environment conducive to the
initiation of cracks and eventual through-wall growth at ISFSIs with high chloride aerosol source
levels. At ISFSIs with lower chloride aerosol source levels, the susceptibility to degradation is
expected to be much lower and any degradation would be more likely to occur at a crevice
geometry (although the canister penetration mode would still most likely be a tight OD SCC
crack). The susceptibility of canisters to cracking may be parameterized based on factors such as
canister orientation and decay heat, proximity of ISFSI to sources of marine or industrial
aerosols, and the length of time where humidity may reach the DRH of salts on the canister.
As air enters a canister as a result of a through-wall crack, the internal components and the fuel
assemblies may become susceptible to degradation. The displacement of helium by air will also
decrease the effective thermal conductivity of the canister environment, which will raise the
cladding temperature. Depending on the crack opening area and helium backfill pressure,
particulates may or may not be able to escape the canister. The effect of a crack on external dose
rates is not expected to be large in the absence of a significant crack opening area and prior
generation of fuel fines.
The potential for growth of a through-wall crack to rupture is discussed in 4.3.3, and the
consequences are further discussed in Section 4.4.
4.3.2 Gross Penetrations and Grain Drop Out
Canister wall penetrations that provide an open leak path due to the presence of large pits or
grain drop out have the potential to allow radioactive particulates to escape confinement into the
atmosphere. Mechanisms which could lead to these penetration morphologies include 1) pitting,
2) crevice corrosion, 3) MIC, and 4) IGA. All of these mechanisms are considered unlikely as
indicated below.
•

Most pits generated by atmospheric corrosion are superficial and penetrations deeper than 1
mm typically occur due to CISCC that initiates at the tip of the pit.

•

If crevice corrosion were to occur, it typically requires significant quantities of brine to cause
gross penetrations.
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•

Under DCSS conditions, the presence of MIC is expected to be limited by relative humidity
values below the high humidity required for active microbial growth. The discoloration
associated with biofilms and the likely presence of tubercles adds to the detectability of MIC
by visual examinations.

•

The extremely low pH required to cause general intergranular attack of stainless steels used
in canister fabrication make it an extremely unlikely mode of failure as mentioned in 4.2.5.

Therefore, the probability of a gross penetration is considered to be much lower than a throughwall crack. The consequences of such a penetration are more severe since the larger opening
area would raise the possibility that particulates would be expelled and also increase the rate of
helium release and air ingress. As mentioned in Sections 4.2.2 and 4.2.3, the visual detectability
of a gross penetration is expected to be aided by the presence of rust stains and corrosion product
buildup that might not be present for a through-wall crack.
4.3.3 Rupture of Part-Depth or Through-Wall Flaw
The rupture of a flaw would lead to a large crack opening area and potential release of
particulates or fuel debris into the environment. This failure mode could result in the ISFSI dose
rate criteria being exceeded. The possible mechanisms that could drive flaw growth to such a
size include CISCC, and crevice corrosion.
The flaw size that would lead to a rupture under typical canister loads was investigated as a
scoping evaluation using bounding inputs. The results of these calculations show that the rupture
of a part-depth or through-wall flaw during canister storage may be considered remote because
the low applied stresses result in extremely large critical flaw dimensions that are considered to
be extremely unlikely.
The critical flaw lengths for through-wall axial and circumferential flaws were calculated, as
well as the critical flaw depth for an axial flaw extending the length of the canister. Since a
through-wall flaw would release any pressure thereby relieving the driving stress, the throughwall critical flaw sizes are applicable in bounding the length of a very deep part-depth flaw that
would cause rupture. All flaw size calculations were performed using the limit load criteria
defined in Article C-5000 of Appendix C of the ASME Code Section XI (fully plastic fracture).
Inputs for the calculations were assumed based on actual canister values, and bounding values
were used for the single case considered. The following canister inputs were used for the
calculation:
–

Flow stress = 50 ksi

–

Canister OD = 72 inches

–

Canister shell thickness = 0.5 inch

The following load inputs were used:
–

Normal internal pressure = 110 psig

–

Accident internal pressure = 250 psig

–

Dead weight / axial handling load = 102,000 lbs

4-16

Technical Discussion of FMEA

•

Using the equation in Paragraph C-5430 for a through-wall axial crack, the critical flaw
length is calculated to be 41.9 inches (1.06 m) under normal pressure and 17.5 inches (0.44
m) under accident pressure.

•

Using the equation in Paragraph C-5330 for a circumferential through-wall flaw, the internal
pressure axial force and the dead weight load are applied as axial membrane stresses and
there are no bending loads applied. The calculated critical flaw length under normal pressure
is 132 inches (3.3 m), which is more than half the circumference of the canister. The critical
flaw length under accident pressure is 107 inches (2.7 m).

•

Using the equation in Paragraph C-5420 for the allowable depth of an axial flaw, the
equation may be simplified if a very long flaw is assumed. In this instance, the equation
reduces to setting the hoop stress in the remaining ligament equal to the flow stress. Under
normal pressure, the critical flaw depth for a full length axial flaw is 84% of the wall
thickness. Under accident pressure, the critical flaw depth is 64% of the wall thickness.

•

Similar to the full length axial flaw, the equation in Paragraph C-5322 for the allowable
depth of a full circumference flaw simplifies to setting the axial stress in the remaining
ligament equal to the flow stress. Under normal pressure, the critical flaw depth for a full
circumference flaw is 90% of the wall thickness. Under accident pressure, the critical flaw
depth is 80% of the wall thickness.

•

Using an upper estimate crack growth rate of 1 mm/yr, it would take more than ten years for
a crack to grow through a 0.5-inch thick canister wall. Using the same growth rate, it would
take hundreds of years for a single crack to reach the critical crack lengths described above.
Even considering multiple crack initiation, the time for growth to these lengths would likely
exceed the 120-year time period considered in this evaluation.

As discussed in Section 4.2.1.5 and Appendix A, initial investigation of the residual stresses
indicate they would tend to more rapidly promote growth of CISCC flaws through-wall with an
orientation transverse to the weld than to extend along the length of the weld. If stress corrosion
cracking were to occur at a weld with stresses transverse to the weld that are highly tensile on the
OD and highly compressive stresses at the ID, it could conceivably lead to long part-depth cracks
along the weld length. However, the formation of deep and very long (i.e. longer than critical
through-wall length) part-depth flaws by CISCC that could cause canister rupture are considered
not credible because they would be very likely to extend through-wall at a point along the length
(e.g. due to local ligament collapse) long before the flaw length approaches the critical size for a
gross rupture. Crevice corrosion is the only mechanism that could lead to part-depth flaws that
would grow over a large length of the canister. However, this type of growth is extremely
unlikely due to the typically localized nature of crevice attack.

4.4 Discussion of Failure Effects
The result of the failure modes described in Section 4.3 would be a loss of confinement
boundary. This section discusses the potential effects were such an event to occur.
Subsequent to loss of canister confinement, the helium backfill would escape the canister,
potentially entraining and releasing radioactive gases or particles from the canister, while air and
humidity enter. This ingress of oxygen and water could cause the canister internals to become
susceptible to degradation. Fuel and cladding temperature would increase because air is a poorer
thermal transfer medium than helium. Internals temperatures would increase further in canister
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designs where the helium backfill is several atmospheres above ambient pressure to improve
convective heat transfer by lowering the kinematic viscosity and thermal diffusivity.
Nevertheless, for cases where the fuel rods outside damaged fuel cans remain undamaged and
the DFCs retain the damaged fuel, the fuel rod cladding and DFCs will still serve as containment
boundaries for radioactive material other than crud.
4.4.1 Release of Radioactive Material from Canister
For tight cracks in the canister, fission product gases from any breached fuel rods would likely
be the only radioactive material that could be released. In the much less likely event of a canister
rupture or development of an open crack in a canister where fuel and cladding degradation
mechanisms have been active, some amount of radioactive particles could also potentially escape
the canister. As discussed in Sections 4.2.1.2 and 4.3, substantial time is required for the
conditions to be established that permit through-wall penetration to develop. Thus, the inventory
of short lived fission products will be greatly reduced before through-wall penetrations develop.
One notable exception is Kr-85, which has a half-life of about 11 years.
For the small crack opening areas expected in the event of canister penetration during storage, a
low canister leak rate is expected that will release few, if any, particulates. Recent analysis
shows that there are a range of canister leak rates for which the canister still fulfills its function
of maintaining external dose rates below the regulatory thresholds [71]. Depending on the size
and opening area of the canister penetration, the release of any backfill pressure could take from
a few months to a few seconds. The ingress of oxygen would take much longer because the
driving forces are diffusion and only small pressure differences due to diurnal temperature
cycles.
Operating experience of a leaking cask comes from the REA-2023 cask stored at Idaho National
Labs, a bolted cask that experienced leakage at a fitting. At the time of the leak, the internal
pressure in the cask was lower than atmospheric pressure. Monitoring records indicate it took
about three months to reach 7% O2 and twenty months to reach 16% O2 (compared to about 20%
O2 for air) [72]. Estimates for the leak rate during this time range from 0.11 cm3/s in 2006 to
0.04 cm3/s in 2007. No radioactive contamination was reported at the leak location despite the
presence of significantly damaged fuel within the cask.
An effective dose rate 1189 m downwind of a hypothetical penetrated NUHOMS 32P canister
-3
3
was calculated to be 0.015 mrem/yr for off-normal conditions (i.e. a 10 cm /s leak rate with
10% rod rupture) and 2.1 rem over 720 hours for accident conditions (i.e. a 1 mm2 canister
penetration with 100% rod rupture) [73]. The accident dose rate (3 mrem/hr on average) is
significantly greater than background radiation. For these calculations, the fuel to canister
release fraction in Section 5.5.3 of NUREG-1536R1 [32] was used. For comparison purposes,
the theoretical particle release case of 0.1% of the material in a PWR fuel assembly yields an
exposure to 5 rem at a distance of 1 km, mostly within two hours [74]. More recent calculations
have re-evaluated these release fractions and also considered the effect of burnup and accident
conditions [75].
The degradation of fuel and cladding that could occur due to canister penetration is discussed in
Section 4.4.2. Since these mechanisms would be active only after the release of the backfill,
there is no strong driving force to expel any fuel particulates generated or released into the
canister under normal storage conditions. A canister or cask drop event is a credible, though
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unlikely, mechanism to cause additional damage to fuel rods and cause a “puff” of material to be
released from the interior following confinement penetration.
For a canister drop event, an analysis by Sandia calculated a settling time of about 1000 seconds
for respirable aerosols released within a vertical canister [76]. This indicates that for low leak
rates where depressurization takes more than a day, most of the particulate matter will remain
within the canister even if a significant number of fuel rods have ruptured and generated
particulates. For high leak rates, an initial internal pressure of 57 psia, and large crack opening
areas (on the order of 10 mm2), the analysis also shows that up to 35% of the respirable material
generated by a canister drop event (about 35% of 24 g, or 8.4 g) is released from a canister.
4.4.2 Degradation of Cladding
As mentioned in Section 3.2.3, preventing the gross rupture of cladding in the event of a loss of
confinement minimizes release of radionuclides. If confinement penetration occurs when there
is a high heat load in the canister, an oxygenated atmosphere in combination with sufficiently
high cladding temperatures could lead to degradation of the cladding, particularly for breached
fuel rods. The potential mechanisms for cladding degradation subsequent to a canister throughwall penetration by one of the modes in Section 4.3 are as follows:
•

Fuel pellet oxidation leading to fuel swelling

•

Thermal Creep

•

Delayed hydride cracking and hydrogen embrittlement

•

General oxidation of Zircaloy cladding

Key references that provide a reasonably comprehensive consideration of degradation that could
occur during extended spent fuel storage include:
•

EPRI 1015048 – Spent Fuel Transportation Applications—Assessment of Cladding
Performance: A Synthesis Report [34]

•

EPRI 1003416 – Technical Bases for Extended Dry Storage of Spent Nuclear Fuel [69]

•

NUREG/CR-7116 – Materials Aging Issues and Aging Management for Extended Storage
and Transportation of Spent Nuclear Fuel [77]

•

PNNL-20509 – Gap Analysis to Support Extended Storage of Used Nuclear Fuel [78]

•

IAEA-TECDOC-1680 – Spent Fuel Performance Assessment and Research: Final Report of
a Coordinated Research Project (SPAR-II) [10]

Depending on the canister, replacement of helium with air can significantly affect the peak
cladding and fuel temperature. For example, per the MAGNASTOR FSAR [24], the effect of a
reduction in the helium backfill pressure from 100 psig to 15 psig leads the peak cladding
temperature to increase from roughly 700°F to about 1100°F (370°C to 595°C) for the design
basis heat load (35.5 kW). For a vertical steel canister, there was a smaller increase in
temperature when the helium cover gas was replaced with nitrogen at a heat load of 14.9 kW and
an initial cladding temperature of 600°F (316°C) [12]. Computational fluid dynamics studies
report that replacement of the helium at roughly atmospheric pressures with air for a NUHOMS
24P at 4 kW leads to a cladding temperature increase from about 270°F to about 355°F (132°C
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to 180°C) ([6] and [79]) while a separate study predicted an increase from 387°F to 432°F (197
to 222°C) at a heat load of 7.58 kW [80]. The effective thermal conductivity for a canister
increases with temperature and fraction of helium as the cover gas; ingress of air would lead to
greater peak cladding temperature differences at lower temperatures. As the heat load decays
over time, the peak cladding temperature decreases significantly as shown in Figure 4-5 while
the canister surface RH for a given AH increases along with the susceptibility to degradation.
Since the cladding and fuel oxidation kinetics are highly sensitive to temperature, potential
cladding degradation is expected to be much slower during the extended lifetime than during the
initial licensing period, and some mechanisms become negligible.

Figure 4-5
Range of peak cladding temperatures for 40 year storage of spent fuel in intact canister
[81]

4.4.2.1 Fuel Pellet Swelling
Fuel rods that are breached (i.e. not intact) are susceptible to rupture by fuel pellet oxidation
swelling if exposed to oxygen for a long duration at substantial temperatures. The oxidation of
fuel from UO2 to U3O8 is a two part reaction which initially results in the formation of U4O9 and
releases the fission gases held within the fuel pellet as the lattice size is reduced ([82] and [83]).
This relatively rapid initial stage is followed by an incubation period, the length of which is
burnup dependent and highly temperature dependent as seen in Figure 4-6. Subsequently, the
reaction resumes and the fuel is oxidized to U3O8. This final transformation breaks the ceramic
fragments into grain sized particles and leads to an expansion of the crystal lattice by about 33%
relative to UO2. The expansion causes the fuel pellets to exert a circumferential stress on the
cladding that is sufficient to burst the cladding.
Since oxygen must reach the fuel pellets for fuel pellet swelling to occur, the condition of a fuel
rod affects its susceptibility. ISG-1 Rev. 2 [84] and Section 8.6 of the SRP [32] specify three
classifications of fuels entering storage:
•

Intact – The cladding of fuel rods in intact assemblies is not breached.

•

Undamaged – Undamaged assemblies may contain fuel rods with pinhole cladding breaches
and are not contained within a damaged fuel can.

•

Damaged – Damaged fuel rods contain gross cladding breaches (breaches where the fuel
surface can be seen through the cladding breach) or cannot perform its fuel-specific or
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system related functions. Assemblies with damaged fuel rods are confined within damaged
fuel cans which have screened openings for draining after transfer and to promote convective
cooling.
Fuel rods that are both breached and undamaged have the potential to release fuel particulates
into the canister plenum following fuel oxidation and cladding rupture. Damaged fuel rods may
also degrade and rupture but are less of a concern because fuel or debris that is released would be
confined inside a screened can designed to contain damaged fuel. The size and shape of the
initial cladding penetration affects how quickly the fuel oxidizes and how severely the cladding
ruptures by limiting the access to oxygen. Initially, only the fuel directly below the original
breach oxidizes to U3O8, but a progressive unzipping of the cladding can occur.
For fuel pellet swelling to not be of concern for the length of the interim dry cask storage, the
pellets must not be exposed to oxygen until the temperature of the fuel pellets cooled by air
remains below 300°F (150°C) for low burnup assemblies and 390°F (200°C) for high burnup
fuels [85]. It should be noted that fuel can be exposed to oxidizing conditions at higher
temperatures without swelling, if the period of exposure is shortened. Additionally, if the
temperature decay over time is considered and specific burnups are known, slightly higher
maximum cladding temperatures could be justifiable. NP-4524 [82] cites a higher maximum
temperature but assumes that the fuel is loaded at a much cooler peak cladding temperature than
industry practice such that the fuel decays more rapidly to lower temperatures.
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Figure 4-6
Time from ingress of oxygen into fuel rod to defect propagation in breached cladding due
to pellet swelling as a function of temperature and burnup [86]

4-21

Technical Discussion of FMEA

4.4.2.2 Cladding Oxidation
The oxidation rate of Zircaloy cladding is strongly dependent on temperature and could
potentially lead to degradation of both intact and breached fuel rods. SPAR-II [10] indicates that
corrosion rates at 400°C in steam are about 70µm/yr. Based on a number of models in Appendix
A3.1 of Reference [68], the oxidation rate of Zircaloy is between 5-8 µm/yr at 400°C and is
about 1.5-2 µm/yr at 360°C. Because the cladding is only over 360°C for a short time during
which canister penetration is very unlikely, breached canisters are unlikely to experience
additional cladding breaches over the extended storage period due to cladding oxidation, even in
the presence of oxygen.
4.4.2.3 Creep
Creep leading to ductile rupture of the cladding is expected to be the limiting degradation
mechanism for fuel rod cladding while in dry storage in an inert atmosphere [87]. Creep is
time-dependent plastic deformation which occurs in response to applied or residual stresses. In
zirconium alloys, creep is strongly temperature dependent, and decreases as the temperature
decreases. Creep in fuel rod cladding occurs as a result of the stresses in the cladding generated
by internal pressure in the rod. The internal pressure is a result of two factors: initial
pressurization of the fuel rod with helium during manufacture, and release of fission gases from
the fuel during power operation. Creep concerns apply to zirconium alloy fuel cladding but, per
a study for the NRC, not to stainless steel cladding [77].
Creep is one of the main criteria used to determine cladding temperature limits for dry cask
storage. Setting this limit at 752°F (400°C) keeps the total creep for the life of the dry storage to
below 1%, well below values that could cause rupture [69]. Two factors that contribute to low
cladding strains over the extended storage life are that that (1) creep of the cladding increases the
volume of the gas space in the fuel rod thereby reducing the stress levels and decreasing the
creep rate and total amount of creep, and (2) the temperature is continuously decreasing, also
reducing the rate and total amount of creep ([77] and [34]). For these reasons, creep is typically
self-limiting and unlikely to play a significant role in causing rupture of the fuel cladding for
canisters whose confinement has not been penetrated.
If confinement failure occurs early in the storage lifetime of a canister and air ingress leads to a
significant increase in cladding temperature, additional creep of fuel rods in the hottest central
region of the basket may occur. The decay in heat load during the storage interval prior to
confinement penetration and the aforementioned self-relieving of stresses mean that creep is still
unlikely to be of concern in most cases. It is noted that the temperatures which can lead to fuel
oxidation and swelling are expected to be more limiting than those which can lead to creep
degradation.
4.4.2.4 Hydrogen-Induced Degradation
Under certain conditions, zirconium alloys have been found to be susceptible to embrittlement
and cracking as a result of absorbed hydrogen ([87] and [69]). During power operation,
corrosion of the cladding occurs and some of the hydrogen released by the reaction of water with
zirconium is absorbed by the cladding. This leads to a gradual increase in the hydrogen
concentration as burnup of the fuel continues. The solubility of hydrogen in zirconium alloys is
a strong function of temperature and, at low temperature, the solubility becomes very low. The
combination of increased levels of dissolved hydrogen in high burnup fuel and the low solubility
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for hydrogen at low temperature result in possible problems caused by precipitation of the
hydrogen as hydrides in the cladding at low temperature. Although hydrogen-induced
mechanisms which can cause cladding degradation exist, the temperature increases associated
with the loss of the helium cover gas are insufficient to cause deleterious effects as discussed in
the following paragraphs, unless the loss of helium occurs at high enough heat loads to exceed
existing regulatory temperature limits.
One of the possible conditions generated by precipitation of hydrides is embrittlement of the
cladding [69]. The degree of embrittlement is controlled by the orientation and amount of
hydrides. The brittle behavior of hydrides is more damaging in the radial orientation because it
promotes cracking through-wall. Detailed evaluation of the hydride orientation that can be
expected in spent fuel in dry storage casks indicates that the hydrides will mainly be in a
circumferential orientation and are unlikely to cause problems during dry storage, even after low
temperatures have been reached and most of the hydrogen has been precipitated out as hydrides
[34]. However, a report for the NRC [77] concludes that this issue is not completely resolved
and that more data should be developed, including for the new cladding alloys. Thus, some
uncertainty remains regarding the long term implications of hydrogen-induced embrittlement.
The other possible problem associated with precipitation of hydrides is occurrence of delayed
hydride cracking (DHC). This mode of cracking is associated with the attraction of dissolved
hydrogen to high stress locations at the tip of a notch or crack, resulting in formation of hydrides
at the tip that can then crack if they grow large enough. The stress field at the tip of the new
crack can restart the process of hydrogen attraction to the crack tip, resulting in a new region of
hydrides and possible crack extension. This process can lead to gradual growth of the crack in a
step by step manner, provided that the stress intensity factor is above a threshold value. Testing
indicates that the rate of DHC depends on an Arrhenius relation up to about 275°C, then
decreases rapidly at higher temperatures [88]. Detailed evaluations by and for EPRI of this
mechanism for spent fuel stored in dry cask canisters indicate that it will not be active and is not
a concern ([69] and [89]). This is a result of the absence of high stresses or large initiating flaws
required to exceed the threshold stress intensity factor for DHC to occur [89]. However, a report
prepared for the NRC concludes that it seems possible that a small fraction of fuel rods may
experience DHC, but that any resulting cracks in the fuel cladding are expected to be minor and
not to lead to gross rupture [89]. Thus, some uncertainty remains regarding the long term
possibility of DHC, especially for high burnup fuel.
Hydrogen-induced degradation is mainly a concern in the event of large temperature cycles or if
the hydrogen is made more mobile by cladding temperature close to or beyond the regulatory
temperature limit. As with creep, the temperatures which can lead to fuel oxidation and swelling
are more limiting than those related to hydrogen-induced degradation.
4.4.2.5 Other Cladding Degradation Mechanisms
As the burnup of fuel rods increase, the risks of certain types of in-core degradation increase
such as buildup of oxide and crud, which could spall off. The presence of these conditions in
high burnup fuel is not guaranteed since fuel and cladding design improvements have been made
as planned burnups have increased. The danger of oxide spalling is that a hydride blister could
occur as the previously insulated region of cladding cools and hydrogen in the region migrates
down the thermal gradient to a localized region where it precipitates [77]. The spalling of crud
should be less likely to cause a penetration in cladding than to increase the source term of loose
contamination inside the canister and is not expect to occur after dry storage begins [69].
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Pellet-cladding interaction (PCI) leading to SCC of Zircaloy clad fuel is not credible because the
temperature changes required do not produce sufficient cladding stresses (i.e. power ramps
during operation) [87].
Annealing of the cladding may reduce its strength, lowering its resistance to creep but improving
its resistance to rupture in the event of a mechanical shock [69]. Some annealing of cladding
may occur but is very unlikely to cause degradation. Additionally, the safeguards in place for
vacuum drying and lack of combustibles to fuel a fire on the ISFSI concrete pad should preclude
more complete annealing and greater consequential creep.
4.4.2.6 Consequences and Detectability of Cladding Degradation
The possible consequences of a gross rupture of the cladding for fuel rods outside damaged fuel
cans include difficulty in removing fuel from the canister and the release of fission product gases
and fuel particulates into the interior of the canister.
In the event of many simultaneous rod ruptures, the fission gas and rod helium backfill release
could slightly pressurize the canister and provide a driving means of ejecting particulates through
the canister penetration. For less severe rupture events, the fission gases will eventually diffuse
out of the canister and particulates are unlikely to be released.
Once the stored fuel cools to a temperature below levels that leads to fuel pellet swelling (about
150-200°C), the risk of cladding rupture is precluded. The third RAI response of the Calvert
Cliffs ISFSI license renewal [6] notes that stored fuel in a NUHOMS canister with a thermal load
of 4 kW and air as a cover gas has a peak cladding temperature of about 355°F (180°C).
Additional evaluations found that decay from maximum loading to a thermal load of 4 kW
corresponds to a cooling time on the order of 50 years [90]. Similar time scales are expected for
vertical storage configurations.
Various inspection technologies were evaluated by ANL 12/18 [12] for detecting degraded fuel
assemblies inside canisters. The techniques evaluated include imaging the canister interior from
outside the overpack using collimated gamma-ray detectors and checking for changes in the
thermal profile using thermal imaging or other sensors.
4.4.3 Hydrogen Generation and Detonation
Another potential consequence of the ingress of air is the creation of H2 gas as a corrosion
byproduct or by radiolysis of water such as moisture in the air. The constant airflow surrounding
the canister eliminates the possibility that the hydrogen will accumulate to significant levels
outside the canister. Following canister penetration, any hydrogen generated could accumulate
to some extent in the interior of the canister but would also partially escape through the
penetration. The lower volumetric concentration limit for detonation of hydrogen in air is 18%
while the lower flammability limit is 4% [91]. Since diurnal temperature cycles cause continued
gas transportation and mixing with the atmosphere, the hydrogen generation rate would need to
replenish the hydrogen lost through the canister penetration to maintain a given hydrogen
concentration level. Consequently, the volume of water required to generate the required
concentration of hydrogen for flammability is not only larger than the instantaneous moles of
hydrogen required, it also increases with air leak rate. As the gas exchange rate through the
canister penetration increases (particularly for cracks near the top of the canister), the
equilibrium hydrogen concentration will decrease.
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Aqueous corrosion of zirconium or aluminum is the only possible corrosion source of H2
following canister penetration. Generation of hydrogen by radiolysis of water is possible at
limited rates, but both of these mechanisms are unlikely to lead to explosive conditions due to
the limited quantity of water in the canister (e.g., humid air and rain ingress) and the daily
ingress of ambient air from thermal cycling. The rate of hydrogen generation is expected to be
much lower than during loading operations [24] because the volume of water inside the canister
is very limited. Reference [68] determines that the time constant for the radiolytic
decomposition of water inside a sealed dry canister is between 4.8 and 72 years. Similarly, the
oxidation of reactive metals by water is competing against the oxidation of the metals by air
which will tend to decrease hydrogen generation rates relative to corrosion in pure steam.
Limited operating experience with a cask known to be slowly leaking has found that hydrogen
reached equilibrium at concentrations below concern for ignition. Data from gas samples inside
the leaking REA-2023 cask over the two years following the development of a leak in a fitting
show the hydrogen leveled off at a concentration of 0.47% by volume [72]. It is noted that the
cask contains low decay heat (less than 1 kW) damaged fuel and that freezing temperatures were
reported inside the cask during winter. Each of these factors would likely lead to lower
hydrogen generation rates due to reaction rate kinetics. The fitting was subsequently tightened
and the hydrogen concentration decreased. This concentration remained significantly lower than
the flammability limit.
The likelihood of hydrogen detonation is very low because 1) operating experience indicates the
rate of hydrogen production is likely insufficient to reach flammable concentrations, let alone
explosive concentrations, and 2) there is no source of ignition inside the overpack. If detonation
were to occur inside the canister, it could cause the cladding surface temperature to increase for a
very short period of time, increase the crack opening area, and potentially release particulates
into the atmosphere. Hydrogen ignition can occur at lower hydrogen concentrations, but would
be less likely to expand the flaw or release material from the interior.
4.4.4 Degradation of Fuel Basket
In the event of a through-wall penetration of the canister, ingress of oxygen and humidity or
rainwater into the canister could then lead to exposure of the aluminum and carbon steel used in
some fuel basket designs to conditions that support galvanic or general corrosion.
For aluminum basket designs, galvanic corrosion in the atmosphere would be minimal since
borated aluminum and stainless steel have been used in spent fuel pools for over 30 years with
no reported degradation by galvanic corrosion [20]. General corrosion of the carbon steel spacer
and support plates used in some basket designs would not be expected to occur due to the low
humidity expected inside the hotter interior of the canister, absent intrusion of liquid water.
Degradation of the internals by CISCC is very unlikely for a small penetration due to the time it
would take for chlorides to accumulate to significant concentrations inside. The amount of
chloride that could be carried in as a deliquescent brine is insufficient to cause significant
structural damage to more than a local area near the penetration. However, a flooding event at a
marine site could provide both the moisture and chlorides to eventually cause significant
corrosion of canister internals if it causes flooding of the canister.
A relatively small creep of aluminum baskets during storage of high heat-load fuels has also
been mentioned as a concern because the relatively tight tolerances required for the insertion and
removal of fuel assemblies means binding could occur [77]. This concern is heightened by the
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additional time at elevated temperatures for breached canisters and the possibility of blisters on
Boral neutron poison plates.
Degradation of the fuel basket could impair the removal of fuel assemblies from the canister.
Substantial degradation could also compromise the function of basket support plates in the event
of a canister drop, leading to additional stresses on fuel assemblies and an increased probability
of rupture. A method for detecting fuel basket degradation is not currently available. However,
the very minimal expected frequency of occurrence and the significant time required for
conditions aggressive to the basket to develop inside the canister substantially reduce the
importance of this potential effect.
4.4.5 Potential for Criticality
In the very unlikely event that liquid water were to enter the canister in quantities sufficient to
submerge a large portion of the fuel assemblies, it would increase the spent fuel reactivity as a
result of its neutron moderation properties. In a given DCSS canister, the changes that could
increase the reactivity are as follows:
•

Ingress of moderator (e.g., due to a flood, storm surge, or many years of rain ingress)

•

Change in fuel geometry (e.g., rupture of many fuel rods leading to loose piles of fuel pellets)

•

Reduction of neutron poison effectiveness

The criticality analyses within FSARs evaluate the changes in keff due to external flooding, filling
the canister with varying densities or levels of moderator, and slight changes in fuel spacing with
the fuel cells ([24], [13], [19], and [25]). A report by ORNL [92] stated that the specific changes
in fuel geometry required to lead to significant criticality increases, such as those presented in
NUREG/CR-6835 [93], are not credible for fuel in storage. EPRI 1015050 [94] also
demonstrates there is no credible mechanistic pathway to lead to criticality, even considering the
greater loads of transportation accidents. The close spacing of fuel pellets in a heap, a
conceivable reconfiguration after severe degradation of fuel rods, reduces the reactivity due to
the undermoderated geometry. The optimal spacing of loose fuel pellets requires them to be
suspended in moderator (snow globe effect), which could only happen temporarily due to
sloshing of water in a partially flooded canister. However, the partial flooding would provide a
smaller reactivity increase than full flooding. Optimal moderation of the fuel rods by expanding
the lattice spacing within basket cells also does not increase reactivity past the administrative
margin of 0.05. Consequently, there is not a credible change in fuel geometry which could lead
to criticality in storage conditions. A recent joint ORNL and NRC paper [71] based partially on
the ORNL report did not fully dismiss criticality in all SNF scenarios (i.e. storage and transport).
Concerns that degradation of neutron poison panels, such as blistering of Boral panels or Boron10 depletion, could significantly reduce the attenuation effectiveness of the panels are not
credible. The blistering of Boral panels as a result of the boiling of water absorbed into the
ceramic matrix core during loading in the spent fuel pool does not affect the efficacy of the
neutron poison and would not cause a significant change in geometry. The reduction in
attenuation due to neutron absorption is not significant given the calculated fluence over an
assumed extended canister lifetime of 120 years ([78] and [95]).
Therefore, a credible scenario resulting in a critical configuration of spent fuel does not exist for
the conditions applicable to DCSS storage.
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5
IMPLICATIONS OF THE FMEA
This section discusses the findings of the FMEA in the context of aging management concerns.
The most likely causes and consequences of confinement penetration are considered along with
the potential for mitigation and detection of these concerns.

5.1 Most Likely Cause of Confinement Penetration
The most likely failure mode for the confinement boundary at marine sites is expected to be
through-wall cracking by chloride-induced stress corrosion cracking. At ISFSIs without a
significant source of chlorides, other mechanisms may also warrant consideration as sources of
degradation, but these sites are expected to have a much lower overall susceptibility to
degradation when compared to marine sites with significant chloride deposits on canister shells.
Based on the information gathered for the FMEA, the most likely morphology of and locations
for occurrence of CISCC on canisters can be hypothesized. The WRS profile indicates that a
through-wall crack is most likely to occur transverse to the weld bead, leading to a relatively
short crack. High chloride concentrations are more likely to occur on the upward facing surfaces
of canisters due to gravitational settling. In the event of rainwater intrusion, which was indicated
in small quantities by images in the Calvert Cliffs inspection, chlorides and water may also be
transported into the region along the horizontal canister support rail. The region under the
baseplate is of greatest concern for the horizontal canisters. The crevice environment under the
baseplate is expected to be of less concern because of the thicker adjoining material and ability
for water to drain away. The temperature profiles presented in the DCSS FSARs indicate that
the ends and underside of horizontal canisters are the locations with the lowest temperature,
where the local RH is highest and will support deliquescence the earliest. For the vertical
canisters, the bottom lid and the bottom of the shell are the coolest. As the canister heat load
decays, the areas potentially susceptible to deliquescence will expand, and the top lid of vertical
canisters will become susceptible. The shell and associated welds are judged to be of greater
susceptibility than the canister lids since the lids are 3-18 times thicker than the shell and
typically have redundancy in areas with significant tensile residual stresses.
For canisters at marine sites, the locations expected to have a combination of the lowest
temperatures and the highest chloride deposition rates are expected to be at greatest risk for
degradation. Penetration of the top structural lid, enclosure ring, or the associated welds also
requires sequential penetration of a second component to lead to a loss of confinement.
Consequently, the locations of greatest likelihood for cracking on horizontal canisters are the
regions of high tensile residual stress near the welds at the end of the shell, in particular those
which are on the upward facing side or in contact with the support rail. The location of greatest
likelihood for through-wall cracking on vertical canisters is the high residual stress region around
the shell-to-bottom lid weld, particularly the areas near air inlets. Table 5-1 summarizes the
locations germane to CISCC susceptibility factors.
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One means of evaluating the possibility of CISCC degradation may be to monitor the canister
environment to see whether the chloride concentration and RH are at values that have led to
CISCC in tests of analogous specimens. The short (matter of weeks) initiation times seen in
most CISCC laboratory testing means that, from an aging management perspective, it may be
appropriate to assume that crack initiation has occurred once surface conditions support
deliquescence and the chloride deposit concentration passes a threshold.
For ISFSIs where the canisters will not experience surface chloride concentrations near the
CISCC susceptibility threshold during extended storage, the material degradation mechanism or
mechanisms that are most likely to lead to confinement penetration are not obvious given current
information. Nevertheless, non-marine ISFSIs are expected to be much less susceptible to
material degradation than marine sites.
Table 5-1
Most Likely Locations for CISCC Degradation
Factor for CISCC
Susceptibility

Locations on Horizontal Canister

Locations on Vertical Canister

Tensile Stresses on OD

Regions in the vicinity of welds (e.g.
within about 2 thicknesses)

Regions in the vicinity of welds (e.g.
within about 2 thicknesses)

Low Surface
Temperature(1)

Lids; shell along canister underside
and lids

Outside of bottom lid and lower part
of shell

High Chloride Deposition

Top of canister shell

Top lid; to a lesser extent, vertical
areas in the vicinity of the overpack
inlets

Crevice Environment

Support rail contact region

Under baseplate

Material Condition

Areas of grinding or mechanical
abuse (e.g. gouges)

Areas of grinding or mechanical
abuse (e.g. gouges)

Most Susceptible
Location(s)

Shell welds at canister ends (top
surface); support rail interface near
welds

Canister sides near welds at the
bottom of the canister

Notes:
1. Low surface temperatures may lead to aqueous conditions due to deliquescence at high local humidities.
However, higher surface temperatures are likely to cause reduced time to CISCC initiation and higher CISCC
propagation rates since CISCC is a thermally activated corrosion mechanism. While deliquescence is a
threshold type limiting mechanism, the thermal activation of corrosion is a continuous effect such that fastest
propagation would tend to occur on surfaces that are just cool enough to sustain deliquescent brine.

5.2 Most Likely Consequences of Confinement Penetration
Subsequent to a hypothetical penetration of canister confinement (and conditional on this
relatively unlikely event occurring), any helium backfill overpressure would be relieved and air
would gradually replace helium as the cover gas. If fuel assemblies are breached, some fission
gases would be released with the helium backfill. The timescale of this process would determine
whether any particulate contamination would be released, with higher gas flow rates more likely
to entrain particles of crud that could have settled on a surface near the penetration. However, in
the most likely case that the penetration is a tight crack, the flow path would likely prevent the
release of particulates from the canister to the environment.
5-2

Implications of the FMEA

Once exposed to oxidizing conditions, the consequences to the fuel assemblies depend on the
integrity of the fuel cladding and the new temperature resulting from the replacement of helium
with air. For cladding temperatures relevant to dry storage, no new cladding breaches would be
expected as a result of cladding oxidation. For any fuel rods which are breached and not in
damaged fuel cans, fuel temperatures below 300°F (150°C) for low burnup fuel and 390°F
(200°C) for high burnup fuel would preclude cladding ruptures due to fuel pellet oxidation
swelling for the extended canister life. Higher fuel temperatures could be tolerated without risk
of rupture of breached rods if the potential period of fuel oxidation was shorter than the full
period of extended storage, which could apply in the case of periodic inspections or monitoring
for confinement integrity. The lack of a substantial pressure gradient with the outside during and
following the ingress of air means that any fuel assembly degradation would be unlikely to cause
a substantial release of radioactivity.

5.3 Limiting Conditions and Potential for Mitigation
Considering the cut sets of the fault tree in Figure 3-3, the common parameters which lead to the
highest likelihood of failure are the presence of aqueous conditions at the canister surface and the
presence of chlorides. Additional parameters of importance include residual stresses and crevice
geometries, but these are not as amenable to mitigation for in-service canisters due to the need to
remove the canister from the overpack to perform stress improvement or modify the overpack
geometry, respectively.
EPRI 1011820 Appendix B [96] includes a summary of stress mitigation technologies that could
be applied to welded dry cask storage canisters to reduce their susceptibility to SCC in marine
environments. For example, recent CRIEPI tests of surface stress mitigation using low plasticity
burnishing and shot peening [97] showed no SCC initiation under conditions that led to initiation
in the unmitigated sections of weld. Improving surface finishes could also eliminate
microcrevices and reduce the deposition rate of aerosols on the canister, particularly for vertical
surfaces.
Sections 5.3.1 and 5.3.2 further discuss the degradation mitigation for the canisters currently in
service.
5.3.1 Aqueous Conditions
A prerequisite for the degradation mechanisms listed in Section 4.2 is to have wetted conditions
on the metal surface. The primary means for this to occur on the surface of a canister are:
deliquescence, ingress of rainwater or fog, and dripping of water through cracks in concrete.
Potential methods for limiting aqueous conditions could involve adding louvers or covers to the
outlets to reduce the chances of rain ingress.
For degradation analysis purposes, a lower maximum AH and the periodic efflorescence and
deliquescence associated with variations in ambient temperature and humidity could provide
opportunities to take site-specific credit for limited active degradation time. This effect would be
most beneficial if the daily maximum humidity remains low for the majority of the year.
Frequent drying and rewetting could be detrimental because it exposes the surface to the highest
concentration brine for a significant portion of the duty cycle.
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5.3.2 Chloride Loading
For canisters where the chloride surface loading is shown to be below the initiation threshold,
another option would be to limit the subsequent rate of chloride deposition in order to maintain
the deposited chloride concentration below the initiation threshold. CRIEPI has experimented
with adding a filter to overpack inlets [48] with some success at reducing chloride ingress rates
without affecting decay heat removal.
Cleaning of the canister surfaces, such as by flushing with pressurized demineralized water, may
be another option if the potential for transport of chlorides into crevices is addressed.

5.4 Potential for In-Situ Degradation Detection
For radiological dose and economic purposes, any monitoring for canister degradation would be
best done in-situ and without opening the overpack. The detectability of degradation
mechanisms is hampered by the conditions of canister storage. The tight annulus and heat
conduction channels in some vertical designs reduce the area that can be easily accessed via the
inlets and outlets. In the event that part-depth flaw detection of the full canister surface becomes
necessary, the access limitations would complicate volumetric or surface examinations and likely
necessitate removal of the canister from the overpack with temporary shielding. Monitoring of
canisters for the acoustic signature of cracking may prove feasible in the future, but the
technology is not currently field-ready [12]. Potential methods of indirectly determining
confinement integrity are as follows:
•

Determine the temperature difference between the canister top and bottom, and compare
with baseline measurements, models using air as the canister internal gas, and models using
pressurized and ambient pressure helium as the canister internal gas [12]. The degraded heat
transfer performance associated with lower pressure helium or air as a cover gas leads to a
decreased temperature gradient along the sides of the canister, although the average surface
temperature remains roughly the same because the decay heat is unchanged by the cover gas
properties. It is noted that Reference [12] indicates that an increased temperature difference
is expected as helium cover gas is lost, but the referenced experiment [98] compared
temperatures at the centers of the top and bottom lids of vertical canisters, which would not
be a practical measurement to obtain. The temperature difference from the bottom to the top
of the canister shell decreases by a smaller magnitude. The analysis of Reference [80]
demonstrates that there is also a decreased temperature difference for horizontal canister
designs between the top and side of the canister which is most pronounced at the axial
midpoint.

•

Determine the speed of sound of the gas within the canister [12]. The speed of sound varies
with square root of the change in the adiabatic index and in the inverse of the molar mass as
helium is replaced by air, which leads to a factor of 2.9 difference between canisters
backfilled with ambient pressure helium vs. air. This factor would be reduced by the initial
presence of fission gases from any breached fuel rods.

•

Monitor the outlet gas. An Idaho National Laboratory report indicates that it may be
possible, depending on leak rate, to detect helium leaking from the canister in the outlet air
stream [12]. An alternative could be to sample the outlet airflow for the presence of
radioactive fission gasses.
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There is also a continued effort to evaluate the feasibility of performing direct non-destructive
examination (NDE) inspections of stored canisters using ultrasonic testing (UT) and eddy current
testing (ET) techniques ([99] and [100]). The first study considers the NDE and probe types that
would be best suited to use on canisters. The second study showed that the accessibility of the
canister surface is strongly dependent on the specific design of the overpack and indicates that
cleaning of the canister surface in areas with dust or other surface deposits may be necessary to
achieve adequate coupling of the transducers with the surface.
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6.1 Conclusions
The FMEA process was used to investigate the potential failure modes of the welded stainless
steel canisters used as the confinement boundary for the HI-STORM, NUHOMS, NAC
UMS/MPC/MAGNASTOR, and FuelSolutions series of dry cask storage systems. In general,
the susceptibility of various designs to degradation was considered by grouping the horizontal
canisters (NUHOMS series) and the vertical canisters (all others). Within this scope, the effort
was divided into two segments: determining failure modes and mechanisms for the confinement
boundary, and determining the effects of confinement penetration with consideration of the
likelihood of each degradation mechanism. In Sections 3.2.2 and 4.2, this FMEA identified
several material degradation mechanisms that could potentially affect canister integrity:
•

Chloride-induced stress corrosion cracking (CISCC)

•

Pitting corrosion

•

Crevice corrosion

•

Microbiologically induced corrosion (MIC)

•

Intergranular attack (IGA)

Of the degradation mechanisms, CISCC is concluded to be of greatest potential concern for
causing penetration of the confinement boundary. The susceptibility of canisters to degradation
at ISFSIs in marine environments, where there is significant concentration of chloride aerosols,
is greater than at non-marine ISFSIs due to the lower likelihood that aggressive species would
accumulate on those canisters to levels that could lead to degradation. The rapid inland decay in
chloride concentration and deposition rates may also limit marine environments to those
proximal to marine water with breaking waves. Since deliquescence or the ingress of water is
required for any of the material degradation mechanisms to be active (i.e. the low cyclic loading
during storage is not sufficient to cause flaw initiation by fatigue in the canister wall), a given
area of the canister surface is expected to be not susceptible to degradation and through-wall
penetration until the temperature cools to a relatively low temperature (e.g. at least below
140°F/60°C).
As discussed in Section 5.1, the location of greatest concern for the vertical canister is the region
of the shell along the circumferential shell-to-bottom lid weld. The regions of greatest concern
for the horizontal canisters include the shell along the support rail and the top of the shell near
the shield plugs and lids. Within these regions, the areas near a weld (within about two
thicknesses) are the most susceptible areas due to tensile residual stress and material condition.
The various failure modes considered in Sections 3.2.1 and 4.3 all result in through-wall
penetration of the confinement boundary but differ in the size of the penetration. The smallest
and most probable, a crack-like penetration, is likely to be sufficiently tight to preclude the
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release of particulates as the inert cover gas and any accumulated fission gases escape and air
enters over many weeks or years. It is expected that the degradation would take the form of
short cracks growing through-wall with an orientation perpendicular to the nearest weld.
Although substantially less likely, a gross penetration where some of the bulk material has been
removed, for example due to pitting or IGA, could release some loose particulates from the
canister, and the release would occur over a shorter time period. For a large crack opening area
such as a canister rupture, the immediate release of material could include fuel particles. This
failure mode is very unlikely because of the large flaw sizes required for rupture, even under
accident loading. In addition, there is a high likelihood that wall penetration would occur at
some point along a long part-depth flaw, removing the driving force for rupture.
As noted in Sections 3.2.3 and 4.4, the immediate to short-term consequences of canister
degradation are the release of any accumulated fission gases and the helium backfill from the
canister interior. Particles of crud, or possibly fuel debris in the case of a rupture due to an
accident event, also have the potential to be released. Without the inert atmosphere, cladding
degradation may occur by the mechanisms described in Section 4.4.2, plausibly generating more
contaminated debris in the canister that could be released during handling or any future accident
events. After a long enough cooling time, the lower temperature will reduce the rod plenum
pressure and oxidation kinetics to the point where additional cladding degradation is very
unlikely.
The common characteristics of the aging degradation related failure modes identified in this
FMEA could be effectively detected or mitigated by indirect means proposed in Sections 5.3 and
5.4. The degradation chain begins with the accumulation of aggressive species on the canister
surface which then can lead to the formation of deliquescent brines at high ambient humidities
once the canister surface temperature is low enough. Prevention of either deposition of
aggressive species or development of aqueous conditions at the canister surface would greatly
reduce the potential for material degradation. As another approach, monitoring the chloride
surface loading would provide reasonable assurance of canister integrity. Monitoring the
properties of the cover gas could provide means for detecting confinement failure after
conditions that support material degradation have developed but prior to the potential for
significant degradation of cladding.

6.2 Future Work
This FMEA is part of an effort to develop an industry Aging Management Plan that will address
potential canister degradation concerns due to materials aging effects. The FMEA does not
include quantitative assessments of the time required by each of these degradation mechanisms
to cause confinement penetration. The following tasks are planned to complete this effort,
focusing on the completion of flaw growth and flaw tolerance modeling, review of available
field data, and development of susceptibility assessment criteria:
•

Literature Review - Mid 2014. This technical update will document the literature review on
chloride induced degradation.

•

Flaw Growth and Flaw Tolerance Assessment - Late 2014. This assessment will document
flaw growth and flaw tolerance calculations that consider the development of environmental
conditions affecting initiation and growth, including aerosol deposition, residual stress, and
deliquescence.
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•

Industry Susceptibility Assessment Criteria – Mid 2015. This report will develop a set of
criteria by which licensees can determine the susceptibility of their stored canisters to
materials aging degradation.

•

Stainless Steel Canister Confinement Integrity Assessment – Late 2015. This report will
include further development of the models from the Flaw Growth and Flaw Tolerance
Assessment into a probabilistic framework.

•

Aging Management Plan Guidance – Early 2016. This report will provide recommendations
on items to inspect, inspection intervals, inspection and monitoring technologies, and flaw
evaluation and acceptance criteria as well as potential mitigation techniques that may be used
to reduce the need for monitoring.
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A
CANISTER FABRICATION RESIDUAL STRESSES
The purpose of this appendix is to evaluate the residual stresses present in the canister due to
fabrication processes. The stresses resulting from rolling the canister shell are evaluated, and the
results from series of welding residual stress analysis scoping cases are reported.

A.1 Canister Shell Rolling
The canister shell is fabricated by forming sections of plate material into cylindrical rings which
are then completed with a seam weld. Many canister manufacturers use two cylindrical sections
joined by a circumferential girth weld to make the canister shell; however, some manufacturers
fabricate the canisters with a single rolled plate cylinder. While there are few limitations on the
fabrication of cylindrical vessels from formed plate in the ASME Code [101], it is also noted that
there are specific requirements on the cylindrical variability of the canister shells. The required
tolerance on the final shape of the canister constrains the amount of elastic deformation that can
be imposed to align and retain vessel parts to be joined by welding.
The most practical way to meet these requirements is to use a rolling process, a standard process
that plastically deforms the shell into a cylindrical ring of the desired diameter. Therefore, one
source of residual stress in the canister shell sections that will be investigated in this section is
the plastic strain induced by the rolling process. It is not considered likely that additional elastic
strain will be generated in the shell by the rolling and seam welding process. The preferred way
to meet the dimensional requirements of the cylinders would be to generate by plastic
deformation a round shell whose edges meet at the weld seam.
The deformation of the sheet as it is passed through the rollers is effectively the same as a
rectangular beam in pure bending. While the sheet is held in the rollers, it is bent to a uniform
radius of curvature. When the material emerges from the rollers, it springs back elastically until
it reaches static equilibrium. The radius of curvature imposed by the bending process determines
the final part shape and corresponding residual stress state at equilibrium.
Hand calculation methods are used in this section to determine the stresses present in the rolled
cylinder as it is deformed from a flat plate. The hand calculations performed in this section will
calculate the residual through-wall stress distribution for a canister shell that is 0.5 inch thick
with a 67.19-inch outer diameter. All stresses are in the canister hoop direction.
A.1.1 Minimum Radius of Curvature
Only if the applied radius of curvature is sufficiently small will the applied moment be resisted
by a combination of elastic and plastic strains that cause the part to retain a residual curvature.
Plastic strains will be induced when the radius of curvature is less than the critical value given in
the following equation:
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Et
2σ y

ρy =

Eq. A-1

where
ρy
E
t
σy

=
=
=
=

radius of curvature (with outermost fiber at yield)
modulus of elasticity
sheet thickness
yield strength

Using E = 28.3E6 psi, t = 0.50 inches, and σ = 35,000 psi, the critical radius of curvature for the
canister shell sheet metal is calculated to be 202 inches.
y

A.1.2 Elastic and Plastic Stresses During Rolling
In the perfectly elastic regime, the stress at any distance from the neutral axis of a beam
subjected to a bending moment can be calculated using the following equation:

σ bending =

Mc
I

Eq. A-2

where
M
c
I

= applied moment
= distance from the neutral axis
= moment of inertia of the beam (= t3/12 for a unit width sheet)

Equation A-2 implies a linear stress distribution everywhere inside the beam, as shown in the
left-side portion of Figure A-1. However, the stresses in an actual beam will not be those shown
by the linear stress distribution case due to the plastic response of the material.
In calculating the plastic response, it is assumed that the beam behaves using an elastic-perfectly
plastic strain hardening relationship. The yield point used for this relationship is the material
flow stress; for this calculation a nominal value of 60,000 psi is assumed. Using this value for σ
in Equation A-1, the new critical radius of curvature is 118 inches. In this elastic plastic case,
when a beam is bent to a radius of curvature smaller than 118 inches, the outermost fibers of
material yield, and the stress distribution takes on the pattern shown in the right-side portion of
Figure A-1. As the beam is bent further, the thickness of the plastic regions increases, leaving a
decreasingly smaller elastic core region. The half-width of the elastic core region may be
calculated as follows:

y

yy =

t ρ
2 ρy

Eq. A-3

where
yy
ρ
ρy
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= half-width of elastic core region
= applied average radius of curvature (average radius)
= critical radius of curvature (using flow stress for σy) = 118 inches
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Starting with an initial guess of 23.51 inches for the sheet radius of curvature during rolling (this
initial guess will be confirmed at the end of the analysis), Equation A-3 calculates an elastic core
half-width of 0.0498 inches. Using the stress profile given in the right-side portion of Figure
A-1, a diagonal line can be drawn from -σ = -60 ksi at -0.0498 inch to +σ = +60 ksi at +0.0498
inch, and then these lines can be continued horizontally out to the edges of the section, as shown
in Figure A-2 with the dashed blue line.
y

y

A.1.3 Elastic Unloading After Rolling
After the rolling bending moment is released, the sheet metal unloads elastically to a larger
radius of curvature until the net moment on the section is zero, reflecting the fact that there is no
longer any external force or displacement acting on the section. The elastic springback is
therefore equal and opposite to the net moment imposed by the rolling operation when the
material was being held by the rollers. The moment, M, required to bend an elastic-perfectly
plastic beam to a given radius of curvature may be calculated as shown in Reference [102]:
M =

 1 ρ2 
3
M y 1 −
 3 ρ 2 
2
y 


Eq. A-4

where
My
ρ
ρy

= applied moment to achieve yield at the outermost fiber of the beam
= applied radius of curvature
= critical radius of curvature (using flow stress for σy) = 118 inches

Equation A-2 can be rearranged to find My, as follows:

t2
My = σy
6

Eq. A-5

My can then be substituted into Equation A-4:
M=

3 t2  1 ρ 2 
σ y 1 −

2 6  3 ρ y2 

Eq. A-6

where

σy
t
ρ
ρy

=
=
=
=

material flow stress = 60,000 psi
plate thickness = 0.50 inch
applied average radius of curvature = 23.51 inches
critical radius of curvature (using flow stress for σy) = 118 inches

Solving Equation A-6 gives M = 3,700 in-lb/in. Using this value in Equation A-2, the elastic
springback stress for the applied bending moment is 88.8 ksi. The stress contribution from
elastic springback is plotted in Figure A-2 as the straight red solid line.
A.1.4 Final Residual Stress State
Since the change in stress from springback is elastic, the stress distribution at static equilibrium
can be found by linear superposition of the elastic-plastic stress curve during rolling and the
elastic springback curve. The residual through-wall stress distribution is shown as the green line
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in Figure A-2. As shown in Figure A-2, the residual stress is compressive at the OD surface, and
increases until just before midwall (reaching the elastic core). The stress then decreases sharply
through the elastic core before increasing and becoming tensile on the ID surface.
A.1.5 Residual Radius of Curvature
The residual average radius of curvature may be calculated by observing that the radius of
curvature is the same everywhere through the beam section. Therefore, the radius of curvature
can be calculated using the relation ρ = Ec/σ at any convenient point in the elastic core.
Selecting the point at the edge of the elastic core, the residual average radius of curvature is:

ρ residual =

yy E

σ peak

Eq. A-7

elastic −core

The peak stress in the elastic core is calculated to be 42,300 psi. Using 0.0498 inch for yy and
28.3E6 psi for E, the residual average radius is 33.32 inches, or 66.64 inches in diameter.
Adding one wall thickness to calculate the outer diameter, the final residual OD is equal to
66.64 + 0.50 = 67.14 inches, which is close to the desired residual OD of 67.19 inches; the
difference is attributable to round-off error in the presented numbers. This confirms that the
initial guess of 23.51 inches for the radius of curvature during the bending process produced the
desired results. This initial guess had been developed using a spreadsheet program that
iteratively seeks the desired final bending radius of curvature using the above methodology,
adjusting the radius of curvature applied during bending until the target final residual outer
diameter of 67.19 inches was obtained.

A.2 Welding Residual Stress
Review of the different canister designs has identified a number of welds used in the fabrication
of the canister shell. In this section, a scoping level study of residual stress distributions in these
welds is performed. While specific details of the weld geometry and process have not yet been
identified, the analyses performed are intended to provide a rough sense of the trend for throughwall residual stress distributions.
A.2.1 Analysis Cases
A total of five analysis cases were considered in this evaluation. While they do not represent the
entire set of potential welds used for dry storage canister shell assembly, they include a set of key
weld types. Minor variations in the parameters used for shell thickness and diameter are not
expected to significantly influence the results.
•

Girth weld, single V-groove, no back weld

•

Girth weld, double V-groove, OD followed by ID

•

Girth weld, double V-groove, ID followed by OD

•

Seam weld, single V-groove, no back weld

•

Baseplate to shell girth weld, single V-groove, no back weld
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The shell thickness is 0.5 inch and the shell OD is 67.19 inches for all cases considered. The Vgroove weld geometry was developed using a 60° total included angle. The baseplate to shell
weld evaluated is typical for vertical canister designs.
A.2.2 Analysis Methodology
The welding process is simulated by uncoupled thermal and structural analyses. A transient
thermal analysis is first performed to generate nodal temperature distributions throughout the
model at a number of time steps within each weld pass. These nodal temperatures are then used
as inputs to a structural analysis which calculates the resultant thermally-induced stresses. The
welding analysis methodology is similar to that developed as part of an EPRI-NRC joint project
on weld residual stress modeling for dissimilar metal welds used for reactor coolant systems
components, as reported in References [103] and [104].
All analyses were performed using two-dimensional models; the girth weld models were
axisymmetric analyses and the seam weld model was a plane strain analysis. Therefore, weld
passes are assumed to be deposited as lengths of material extending in both directions from the
plane being evaluated. Additionally, these scoping analyses did not consider the local effects
associated with weld starts and stops or weld repairs. The single V welds were simulated using
four weld passes in three layers from ID to OD, and the double V welds were simulated using
three weld passes in three layers (one on the ID and two on the OD). Plots of the three overall
model geometries showing the weld passes are presented in Figure A-3 through Figure A-6.
A.2.3 Analysis Results
The analysis results for the three shell girth weld cases are presented in Figure A-7 to
Figure A-9, the seam weld case results are presented in Figure A-10, and the baseplate to shell
weld case results are presented in Figure A-11. In order to compare among the seam weld and
girth weld cases, stress orientations are considered relative to the axis of the weld seam.
“Transverse” stresses are oriented across the weld seam and tend to cause cracks along the length
of the weld, and “longitudinal” stresses are oriented parallel to the weld seam and tend to cause
cracks that run along the face of the weld cross section. For each case, a plot of the transverse
stress and a plot of the longitudinal stress are presented. In addition, data plots of the stress
through the cylinder wall along the weld centerline for all five cases considered are presented in
Figure A-12.
Despite the different assumptions for weld sequence, the three girth weld cases have similar
stress results. The transverse stress results tend to be compressive on the OD surface of the
canister and tensile on the ID surface. The stress distribution is similar to those analytically
predicted and independently measured for 0.5-inch thick cylinders (with a much smaller
diameter, however) in Section 3 of MRP-316 [103]. The longitudinal stress tends to be tensile
through-wall, but balanced by compressive stresses approximately two wall thicknesses away
from the weld centerline.
The seam weld case stresses are similar to the girth weld cases in the longitudinal direction, but
differ slightly in the transverse direction. Tensile transverse stresses are present at the OD
surface for this case, but they are significantly smaller than the longitudinal stresses at the same
location.
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The baseplate to shell weld does not deflect in a similar fashion to the girth and seam welds, and
therefore, the stress contour plots differ from these weld cases. Notable tensile stresses are
present in both the hoop and axial direction at the OD surface for this weld configuration.
However, the hoop stresses are higher than the axial stresses.
A.2.4 Conclusions
Based on the scoping analyses performed, weld residual stresses in the direction parallel to the
welding direction are tensile, and they are tensile for a significant part of the through-wall cross
section. However, these elevated stresses exist in a relatively small zone; compressive stresses
tend to surround the region of elevated stress. In contrast, stresses transverse to the weld
direction, are lower and, in some cases, are compressive at the OD surface.
These scoping studies indicate that it is more likely for SCC flaws in the weld region to be
oriented across the weld cross section, rather than running the length of the weld seam.
Additionally, the studies indicate that the weld flaws could reach through-wall, but would tend to
be limited in length to about four times the wall thickness.
The tensile stresses in the direction of welding result in a susceptibility to initiation and throughwall growth of stress corrosion cracks oriented transverse to the welding direction. Furthermore,
as discussed in Section 4.3.3, the critical size for rupture of a part-depth crack is quite large,
meaning that cracks oriented in the welding direction and cracks oriented in the transverse
direction are concerns for through-wall penetration and leakage but not significant concerns for
rupture. Thus, the basic situation regarding the susceptibility to through-wall penetration due to
CISCC is not dependent on whether the stress in the transverse direction precludes through-wall
growth. This conclusion reduces the importance of factors such as weld starts and stops and
potential weld repairs that tend to increase the uncertainty in the through-wall profile of the weld
residual stress in the transverse direction.

A-6

Canister Fabrication Residual Stresses

Elastic-Plastic

Elastic

Plastic
Regions

σy

- σy
Elastic
Core
Region
Figure A-1
Stress distribution for a beam in bending, elastic vs. elastic-perfectly plastic
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Figure A-2
Hoop stress distributions for canister shell during and after rolling
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Figure A-3
Girth weld, single V groove model

Figure A-4
Girth weld, double V groove model

Figure A-5
Seam weld, single V groove model
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Figure A-6
Girth weld, baseplate weld model
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Figure A-7
Girth weld single V model, transverse stress (top) and longitudinal stress (bottom)
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Figure A-8
Girth weld double V model welded OD first, transverse stress (top) and longitudinal stress
(bottom)
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Figure A-9
Girth weld double V model welded ID first, transverse stress (top) and longitudinal stress
(bottom)
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Figure A-10
Seam weld single V model, transverse stress (top) and longitudinal stress (bottom)
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Figure A-11
Baseplate model, transverse stress (top) and longitudinal stress (bottom)
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B
TRANSPORTATION OF CANISTERS FOLLOWING
EXTENDED STORAGE

B.1 Background
Following interim storage, SNF will be transported from the individual ISFSIs to a centralized
storage location, geological repository, or reprocessing center. Part of the appeal of canisters for
dry storage is the capability of some canister designs to be stored, then placed inside a
transportation cask and shipped without the need for repackaging the fuel. These dual-certified
designs (i.e. certified under 10 CFR 71 and 72) are intended to streamline spent fuel handling by
avoiding the need to reopen the canister and individually place the spent fuel assemblies into a
transportation cask.
Spent fuel transportation has been the subject of recent analysis work (e.g. [105], [106], and
[107]) particularly in consideration of criticality analyses for high burnup fuel. FSARs for fuel
transportation do not typically take credit for the integrity of the canister confinement [108]:
“As an integral welded vessel, the canister shell assembly also provides containment for
the fuel, however, credit other than biological shielding is not being taken for this
additional containment in this transportation SAR.
The 10CFR72 postulated accident drop conditions do not result in gross structural failure
of the DSC shell which would negatively impact the ability of the NUHOMS-MP187 to
meet any 10CFR71 safety requirements. The structural evaluations provided in the
following sections concentrate on the MP187 Cask body and the basket assemblies, and
do not address the DSC shell assemblies except where they impact the 10CFR71
analytical results.”

Additionally, the conditions and relatively short time of transport generally preclude agingdegradation during transport by most mechanisms other than fatigue. ISG-11R3 [109] and
Reference [110] indicate that the NRC is approving transportation of spent fuel on a case-by-case
basis.

B.2 Potential Degradation During Transport
Vibration due to transportation by road or rail could feasibly lead to the fatigue growth of partdepth or through-wall flaws that developed in storage due to materials aging degradation
mechanisms such as CISCC.
The expected strains in a canister during transport accident scenarios are shown in Appendix C
of NUREG-2125 [107]. The report concludes that “Radioactive material would not be released
in an accident if the fuel is contained in an inner welded canister inside the cask,” but does not
consider the case where the canister has pre-existing flaws. A breached canister may lead to
contamination of the transportation cask interior but would remain confined within the
transportation cask except potentially during an extremely severe rail accident. It is expected
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that the amount of radioactive material released from the cask in that case would be non-zero but
substantially less than for a cask without a canister. Prior studies [111] have analyzed material
release for casks without canisters or for casks under the assumption that the canisters do not
affect the release.

B.3 Summary of Transportation Issues
Mechanical degradation during transportation is a potential concern for canisters that may have
pre-existing flaws. The authors are not aware of any analyses that specifically consider the
consequences of a breached canister during transportation. Structural analyses typically assume
an initially intact canister while radionuclide release scenarios have assumed there is no canister
as a conservatism or found that the canister will remain intact leading to no release.
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C
STORAGE OF FUEL HAVING STAINLESS STEEL
CLADDING

C.1 Background
Only eight power reactors in the U.S. have used fuel with stainless steel cladding [112]. All of
these reactors have since shut down, and ISFSIs have been constructed to store the SNF at these
locations. The DCSS designs in use at these plants include every vendor listed in Section 2 (i.e.
Advanced NUHOMS, HI-STORM, NAC-MPC, and FuelSolutions), with almost half using the
NAC-MPC design. Four different stainless steels alloys were used for commercial reactor fuel
in the U.S.: 304, 304L, 348, and 348H [112]. The primary concern for aging-degradation of
stainless steel cladding following penetration of confinement is IGSCC due to radiolysis in moist
air. The stainless steel cladding material was also frequently sensitized by irradiation at
moderate temperatures during operation, increasing its susceptibility to IGSCC, even at low
temperatures. It is noted that the amount of spent fuel clad with stainless steel is approximately
one percent of the present spent fuel inventory. Additionally, this fuel is very old and very cold,
with the last fuel discharged in 1996 [112].

C.2 Potential for IGSCC
IGSCC of stainless steel cladding has led to circumferential fracture during normal handling of
fast breeder reactor fuel rods with Type 316 cladding [112]. Similarly, extensive IGSCC of
Type 304 cladding occurred for gas-cooled reactor fuel assemblies stored in a high-humidity
environment [112]. It should be noted that the stainless steel cladding in these cases was
sensitized. The aggressive species that induced the IGSCC is thought to be nitric acid generated
by radiolysis of moist air [113]. In the context of the FMEA, SCC of early stainless steel
cladding is a credible degradation mechanism, after the penetration of canister confinement, that
has led to circumferential rupture of fuel rods in prior experience.

C.3 Summary of Potential SS Cladding Degradation
A technical basis for the dry storage of spent fuel with stainless steel cladding is presented in
EPRI TR-106440 [112]. Unlike Zircaloy, the hydrogen solubility of stainless steel is low (<1
ppm), and therefore stainless steel cladding is not considered susceptible to the degradation
mechanisms discussed in Section 4.4.2.4. However, hydrogen may play a minor role in the low
temperature IGSCC discussed above. The calculated maximum storage temperature based on
creep is greater than that of Zircaloy, and breached stainless steel fuel rods are susceptible to
rupture by fuel pellet swelling by the same mechanism.

C-1

Storage of Fuel Having Stainless Steel Cladding

Because the presence of stainless steel cladding is limited, it has received less consideration than
Zircaloy in dry storage analyses. The main implication of susceptibility to low-temperature
IGSCC is that the lower bound temperatures for Zircaloy cladding degradation during the
extended lifetime of interim dry cask storage may not preclude degradation to stainless steel
cladding.
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產品說明

由於用後核燃料的最終地質處置場延後開闢，乾貯儲存系統的儲存期可能延長至 120 年
或更久。為確保延長的這段臨時儲存期的安全，必須評估瞭解有可能造成貯存筒密封邊界
穿透的裂解機制。為因應此問題，Electric Power Research Institute (EPRI) 執行了
失效模式及效應分析 (FMEA)，以識別尚未最後運輸至最終處置場或再處理設施之前，現
場儲存期間的可信裂解機制及其後果。
背景
大多數的核電廠皆已興建獨立的用後燃料貯存架設 (ISFSI) 工程，利用乾貯儲存系統
(DCSS) 舒緩用後燃料儲藏區的擁擠。鑒於部分電廠 DCSS 內部不銹鋼筒在延長至 120 年
或更長期間的使用期限內可能存在腐蝕之虞，Electric Power Research Institute
(EPRI) 遂制定了老化管理計劃。此計劃包括易腐蝕標準，用以識別可能導致所貯存 DCSS
喪失密封功能的情況。
目標
• 識別作為某些乾貯用後燃料儲存系統密封邊界之用的不銹鋼筒，於儲存期延長期間可
能作用的老化相關裂解機制。
•

判定相關失效模式的潛在後果。

方法
本 FMEA 共計六節。第一及第二節介紹本報告以及報告範圍內所考量之各種 DCSS 設計的
背景資訊。第三節內容涵蓋本 FMEA 所用流程、標準及詞彙。第四節討論裂解機制、貯存
筒失效模式及貯存筒裂解之潛在後果的技術細節。第五及第六節分別為 FMEA 的意涵與本
報告的結論。文後附錄含有計算過程，其慮及由於貯存筒外殼滾壓及銲接導致的殘餘應
力。本報告亦包含另外兩篇附錄，其一檢視儲存期延長之後以運輸為循環或意外應力來源
的考量，另一篇則檢視具有不鏽鋼護套之燃料組件的特定問題。
結果
本 FMEA 所識別之可信裂解機制為 (依可能性順序) 氯化物所引起的應力腐蝕裂縫
(CISCC)、蝕孔、裂縫腐蝕、微生物引起的腐蝕及晶間腐蝕。分析的結論為，各種裂解機
制中以 CISCC 最有可能導致密封邊界穿透。最可能出現的貯存筒密封失效模式為裂縫透
壁增長與穿透。其他可能性較低的模式包括顯著腐蝕缺陷及部分深度或透壁裂縫的破裂。
貯存筒密封邊界喪失的後果主要考量燃料護套的完整性，及釋出放射性物質的可能性。預
計最易腐蝕的位置為有碎浪波之海洋環境附近，ISFSI 外殼靠近銲接部位的較冷區域。
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應用、價值與用途
FMEA 依照可察覺性、可能性與後果嚴重性對裂解機制分類，以便將資源聚焦於最重要的
機制。繼本 FMEA 之後，EPRI 將製作「產業易腐蝕評估標準」報告，以解決本 FMEA 所
識別並排列優先順序的主要裂解疑慮。該報告將反映裂縫增長及裂縫容差評估的結果，
及對 CISCC 與相關裂解機制的文獻進行審閱的結果。此等報告可最終形成老化管理計
劃，用以支持此問題的長期管理。
關鍵詞
乾貯儲存系統 (DCSS)
用後核燃料儲存
氯化物所引起的應力腐蝕裂縫 (CISCC)
失效模式及效應分析 (FMEA)
不銹鋼銲封筒
多用途貯存筒
可運輸儲存筒
乾式屏蔽貯存筒
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摘要
本報告記錄大多數乾貯儲存系統中用以密封用後核燃料的銲封不銹鋼筒的失效模式及效應
分析 (FMEA)。本文件具體考量於美國領有執照的乾貯儲存系統中的不銹鋼筒，並專注於
目前使用中的設計。FMEA 識別貯存筒於儲存期延長期間 (120 年或更久) 可能作用的老
化相關裂解機制。本報告調查各種貯存筒失效模式的效應與潛在後果，包括所貯存燃料的
完整性及潛在放射危害。FMEA 依照可察覺性、可能性與後果嚴重性對裂解機制分類，
以便將資源集中於對有效管理老化最重要的機制上。繼本 FMEA 之後將製作「產業易腐蝕
評估標準」報告，提出更加量化性的老化相關裂解處理措施。
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DESCRIPTION DU PRODUIT

Du fait du retard de l'ouverture d'un stockage géologique final pour les combustibles
nucléaires usagés, la durée de vie des systèmes de stockage en châteaux secs peut être
allongée à 120 ans ou plus. Pour assurer la sûreté sur cette longue période de stockage
intermédiaire, les mécanismes de dégradation susceptibles d'entraîner la pénétration de la
barrière de confinement du conteneur doivent être évalués et bien compris. Pour étudier ce
problème, l'EPRI (Electric Power Research Institute) a effectué une analyse des modes de
défaillance et de leurs effets (FMEA) pour connaître les mécanismes de dégradation crédibles
ainsi que leurs conséquences lors de la période de stockage sur site jusqu'au transport final vers
un stockage définitif ou une installation de retraitement.
Contexte
La majorité des centrales nucléaires ont bâti une installation indépendante de stockage de
combustibles usagés (ISFSI, independent spent fuel storage installation) pour soulager
l'encombrement de la piscine de combustibles usagés, et elles utilisent pour cela des systèmes
de stockage en châteaux secs (DCSS, dry cask storage systems). Suite aux inquiétudes sur les
possibilités de corrosion des conteneurs intérieurs en acier inoxydable de ces châteaux secs sur
certains sites lors d'un stockage sur une longue période de 120 ans ou plus, EPRI (Electric Power
Research Institute) élabore un plan de gestion du vieillissement. Ce plan inclut des critères de
susceptibilité permettant d'identifier les conditions pouvant conduire à une perte de la fonction
de confinement des systèmes de stockage en châteaux secs.
Objectifs
• L'identification des mécanismes de dégradation associés au vieillissement pouvant être
actifs sur la durée de vie des conteneurs en acier inoxydable utilisés comme barrière de
confinement de certains systèmes de stockage de combustibles usagés en châteaux secs.
•

La détermination des conséquences potentielles des modes de défaillance associés.

Approche
Cette étude FMEA est constituée de six sections : la première et la deuxième sont une
introduction au rapport et des données de contexte sur les différentes conceptions de châteaux
secs prises en compte dans le cadre de ce rapport. La troisième traite des procédures, des
critères et de la terminologie utilisés dans cette étude FMEA. La quatrième couvre les détails
techniques des mécanismes de dégradation, des modes de défaillance des conteneurs et des
conséquences potentielles de la dégradation du conteneur. La cinquième et la sixième section
traitent respectivement des implications de l'analyse FMEA et des conclusions du rapport. Une
annexe intègre les calculs prenant en compte les contraintes résiduelles provenant du laminage
des coques de conteneur et des opérations de soudage. Le rapport comporte aussi une annexe
prenant en compte le transport, après un stockage prolongé, comme source de contraintes
cycliques et d'accidents, et une annexe étudiant les problèmes spécifiques des assemblages de
combustibles avec gaine en acier inoxydable.
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Résultats
Les mécanismes de dégradation crédibles identifiés par cette analyse FMEA sont (par ordre de
probabilité) la fissuration par corrosion sous contrainte induite par les chlorures (CSCIC),
la piqûre, la corrosion de fissure, la corrosion causée par les micro-organismes et l'attaque
intergranulaire. Parmi ces mécanismes de dégradation, la corrosion CSCIC est celle considérée
comme posant le plus grand risque de pénétration de la barrière de confinement. Le mode
le plus probable de défaut de confinement d'un conteneur est la croissance et la pénétration
d'une fissure à travers la paroi. Les autres modes moins probables comprennent un défaut
important de corrosion et une rupture par fissure sur une partie ou la totalité de l'épaisseur
de la paroi. Les conséquences d'une perte de la barrière de confinement du conteneur sont
prises en compte essentiellement pour l'intégrité de la gaine du combustible et les possibilités
d'émission de matière radioactive. Les sites les plus susceptibles attendus sont les régions
les plus froides de la coque au voisinage des soudures sur les installations indépendantes
de stockage de combustibles usagés proches de milieux marins avec vagues déferlantes.
Applications, valeur et utilisation
L'analyse FMEA définit des catégories de mécanismes de dégradation en matière de détectabilité,
de probabilité et de gravité des conséquences, pour permettre de concentrer les ressources sur
les mécanismes les plus importants. Au-delà de cette analyse FMEA, EPRI est en cours
d'élaboration d'un rapport de critères d'évaluation de susceptibilité industrielle permettant de
traiter des principaux problèmes de dégradation identifiés et hiérarchisés par cette analyse FMEA.
Ce rapport prendra en compte les résultats des croissances de défauts et des évaluations de
tolérances aux défauts, et les résultats d'un examen de la littérature sur la corrosion CSCIC et
les mécanismes de dégradation correspondants. Ces rapports conduiront à un plan de gestion
de vieillissement au service de la prise en charge à long terme de ce problème.
Mots clés
Système de stockage en châteaux secs (DSCC, Dry cask storage system)
Stockage de combustibles nucléaires usagés
Fissuration par corrosion sous contrainte induite par les chlorures (CISCC, Chloride-induced
stress corrosion cracking)
Analyse des modes de défaillance et de leurs effets (FMEA, Failure modes and effects analysis)
Conteneur en acier inoxydable soudé
Conteneur multi-usage
Conteneur de stockage transportable
Conteneur blindé sec
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RESUME
Ce rapport détaille une analyse des modes de défaillance et de leurs effets (FMEA) des
conteneurs en acier inoxydable soudés utilisés pour le confinement de combustibles nucléaires
usagés dans la plupart des systèmes de stockage en châteaux secs. Ce document s'intéresse
plus précisément aux conteneurs en acier inoxydable des systèmes de stockage en châteaux
secs autorisés aux États-Unis et met l'accent sur les conceptions actuellement en usage. L'étude
FMEA identifie les mécanismes de dégradation liés au vieillissement pouvant être actifs
pendant la durée de stockage prolongée des conteneurs sur 120 ans ou plus. Le rapport étudie
les effets et les conséquences potentielles de différents modes de défaillance des conteneurs,
notamment sur l'intégrité des combustibles stockés et les risques radiologiques potentiels.
L'étude FMEA définit des catégories de mécanismes de dégradation en termes de détectabilité,
de probabilité et de gravité des conséquences, pour permettre de concentrer les ressources sur
les mécanismes les plus importants pour une gestion efficace du vieillissement. Cette étude
FMEA sera suivie d'un rapport de critères d'évaluation de susceptibilité industrielle comportant
un traitement plus quantitatif de la dégradation associée au vieillissement.
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製品説明

使用済み核燃料用の最終地層処分場の使用開始が遅れているため、ドライキャスク貯蔵
システムの寿命は 120 年以上に延びる可能性があります。この長期間にわたる中間貯
蔵庫の寿命期間中に安全を保証するため、キャニスタの閉じ込めバウンダリで浸透を引
き起こす可能性のある劣化メカニズムを評価して理解する必要があります。この問題に
取り組むため、電力研究所（EPRI）は最終貯蔵施設または再処理施設へ輸送する前に
現場で貯蔵する間の信頼性のある劣化メカニズムとその影響を特定するための故障モー
ドとその影響の解析（FMEA）を実施しました。
背景
ドライキャスク貯蔵システム（DCSS）を使用して使用済み核燃料プールでの過密状態
を緩和するために、大多数の原子力発電所では個別消費燃料貯蔵設備（ISFSI）が建造
されています。120 年以上もの寿命期間中に DCSS の内部ステンレス鋼キャニスタに
腐食が発生することへの懸念から、電力研究所（EPRI）は老朽化管理計画を進めてい
ます。この計画には保管された DCSS での閉じ込め機能の劣化につながる条件を確定
するために、感受性基準が含まれています。
目的
• ドライキャスク使用済み核燃料貯蔵システムの閉じ込めバウンダリに使用されるステ
ンレス鋼キャニスタの長い寿命期間中における老朽化による劣化メカニズムを特定
•

関連する故障モードの予想される結果を特定

方法
FMEA は 6 セクションから構成されています。１番目と 2 番目のセクションはレポー
トの導入と、このレポートの範囲内と考えられているさまざまな DCSS 設計に関する
背景情報を記載しています。3 番目のセクションは、この FMEA で使用されるプロセ
ス、基準、用語を記載しています。4 番目のセクションは劣化メカニズムの技術的な詳
細情報、キャニスタの故障モード、キャニスタの劣化による影響を記載しています。
5 番目、6 番目のセクションはそれぞれ、FMEA の関連事項と本レポートの結論を記載
しています。付録にはキャニスタシェルの圧延と溶接によって生じる残留応力を考慮し
た計算が記載されています。このレポートにはまた、長い寿命期間後の、周期的または
偶然の応力の原因となる輸送を分析した付録と、燃料集合体とステンレス鋼被覆に特有
の問題が記載された付録とが含まれています。
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結果
この FMEA によって特定された可能性のある劣化メカニズムには、可能性が高い順に、
塩素誘起応力腐食割れ（CISCC）、孔食、隙間腐食、微生物誘起腐食、粒界腐食があ
ります。劣化メカニズムについては、CISCC は閉じ込めバウンダリの浸透を引き起こ
すものとして、最も重大な懸念事項であると結論付けられました。キャニスタの閉じ込
めバウンダリの故障モードで最も可能性が高いのは、ひび割れが壁を越えて成長し拡大
することです。それより可能性の低いモードには、全体的な腐食、および浅い破断また
は壁貫通亀裂があります。キャニスタの閉じ込めバウンダリが故障すると、燃料の被覆
の完全性に影響を与え、放射性物質の放出につながる可能性があります。最も影響を受
けやすいのは、波が砕ける海洋環境に近接した ISFSI の溶接部に近接するシェルの低温
部であると考えられています。
応用、値、および使用
FMEA は劣化メカニズムを、検出し易さ、可能性、結果の重大性の観点から分類してお
り、リソースを最も重要なメカニズムに集中させることができます。この FMEA の後
で、特定し優先順位付けした主要な劣化に関する懸念に対処するため、EPRI は産業感
受性評価基準レポートを作成しています。このレポートには欠陥成長評価および欠陥耐
性評価の結果と、CISCC と関連する劣化メカニズムに関する文献レビューの結果を反
映させています。この問題を長期的に管理するために、このレポートを元にして老朽化
管理計画が作成されます。
キーワード
ドライキャスク貯蔵システム（DCSS）
使用済み核燃料の貯蔵
塩素誘起応力腐食割れ（CISCC）
故障モードとその影響の解析（FMEA）
ステンレス鋼溶接キャニスタ
汎用キャニスタ
輸送可能貯蔵キャニスタ
ドライキャニスタ
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要約
このレポートは使用済み核燃料を大部分のドライキャスク貯蔵システムに閉じ込めるた
めに使用する溶接ステンレス鋼キャニスタの故障モードとその影響の解析（FMEA）に
ついて記載します。この文書はアメリカ合衆国認可されているドライキャスク貯蔵シス
テムのステンレス鋼キャニスタを考慮しており、現在使用されている設計に注目してい
ます。FMEA によって、120 年以上に及ぶキャニスタの寿命期間中の老朽化による劣化
メカニズムが特定されました。このレポートでは、貯蔵した燃料の完全性と、放射性物
質の漏出などを含む、キャニスタの多様な故障モデルの効果と影響が調査されました。
FMEA は劣化メカニズムを、検出し易さ、可能性、結果の重大性の観点から分類してお
り、効果的な老朽化管理にとって最も重要なメカニズムにリソースを集中させることが
できます。この FMEA の後で産業感受性評価基準レポートが作成され、老朽化による
劣化メカニズムがより定量的に取扱われます。
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제품 설명

사용후핵연료 최종 지층 처분장의 지연 개방으로 인해 건식 저장 시스템의 수명이 120 년 이상
증가할 수 있습니다. 연장된 잠정 저장 기간 동안 안전을 보장하기 위해서는 캐니스터 밀폐 경계의
침투 원인이 될 가능성이 있는 성능 저하 메커니즘을 평가하고 이해해야 합니다. 이 문제를
해결하기 위해, EPRI(Electric Power Research Institute, 전력 연구소)는 최종 처분장 또는 재처리
시설에 최종 운반하기 전에 현장 저장소에 있는 동안 신뢰할 수 있는 성능 저하 메커니즘과 그
결과를 확인하고자 고장 모드 및 영향 분석(FMEA)을 수행하였습니다.
배경
대부분의 핵 발전소는 건식 저장 시스템(DCSS)을 이용한 사용후연료 풀의 크라우딩(crowding)을
완화하기 위해 사용후연료 저장 설치(ISFSI)를 독립적으로 구축했습니다. DCSS 내부 스테인리스 강
캐니스터의 부식이 120 년 이상의 오랜 기간 동안 일부 사이트에서 발생할 수 있다는 우려로 인해,
EPRI(Electric Power Research Institute)에서는 노화 관리 계획(Aging Management Plan)을 개발
중입니다. 이 계획에는 DCSS 저장의 밀폐 기능 손실을 가져올 수 있는 상황을 파악하기 위한 감수성
기준이 포함됩니다.
목표
•

일부 사용후핵연료 건식 저장 시스템의 밀폐 경계로 사용된 스테인리스 강 캐니스터의 연장된
수명 기간에 활성화될 수 있는 노화 관련 성능 저하 메커니즘을 파악하고자 합니다.

•

관련된 고장 모드의 잠재적인 결과를 확인하고자 합니다.

접근방식
본 FMEA 는 6 개의 섹션으로 이루어져 있습니다. 제 1 및 제 2 섹션에서는 이 보고서 내에서
고려하고 있는 서로 다른 DCSS 디자인에 대한 보고 및 배경 정보를 소개합니다. 제 3 섹션에서는 본
FMEA 에 사용된 프로세스, 기준 및 용어를 설명합니다. 제 4 섹션에서는 성능 저하 메커니즘,
캐니스터 고장 모드 및 캐니스터 성능 저하에 대한 기술적인 세부사항을 설명합니다. 제 5 및 제 6
섹션에서는 각각 FMEA 의 영향 및 이 보고서의 결론에 대해 다루고 있습니다. 부록에는 캐니스터
쉘 압연 및 용접에서 발생하는 잔류 응력을 고려한 계산이 포함되어 있습니다. 또한 이 보고서에는
반복 및 사고 응력의 근원으로서, 연장된 저장 수명 후 운반 고려사항을 시험한 부록이 실려 있으며,
스테인리스 강 클래딩 연료 어셈블리에 대한 특정 문제를 검사한 부록이 실려 있습니다.
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결과
이 FMEA 에 의해 파악된 신뢰할 수 있는 성능 저하 메커니즘은 (발생 가능성 순서로) CISCC(chlorideinduced stress corrosion cracking , 염화물 응력부식균열), 피팅, 틈새 부식, 미생물에 의한 부식 및
입계 부식을 들 수 있습니다. 성능 저하 메커니즘 중에서 CISCC 는 밀폐 경계의 관통을 유발할 수
있는 잠재력이 크다는 결과가 나왔습니다. 캐니스터 밀폐가 안 될 가능성이 가장 높은 모드는 관통
균열 성장 및 침투 균열입니다. 가능성이 덜한 모드에는 부분 균열 또는 관통 균열의 전체적인 부식
결함 또는 파열이 포함됩니다. 캐니스터 밀폐 경계의 손실 결과로는 주로 연료 클래딩의 무결성,
그리고 방사성 물질의 방출 가능성이 고려됩니다. 가장 민감한 위치는 해양 환경(쇄파가 있음)에
인접한 ISFSI 용접부 근처 쉘의 냉각 영역이 될 것으로 예상됩니다.
용도, 가치 및 사용
FMEA 는 가장 중요한 메커니즘에 자원을 집중시키면서 검출 가능성, 확률 및 결과의 심각성
측면에서 성능 저하 메커니즘을 분류합니다. 이 FMEA 에 이어서, EPRI 는 FMEA 에서 식별하고
우선순위를 정한 주요 성능 저하 문제를 해결하기 위해 산업 감수성 평가 기준(Industry
Susceptibility Assessment Criteria) 보고서를 개발하고 있습니다. 이 보고서는 결함의 성장과 결함
허용 오차 평가 결과, 그리고 CISCC 및 관련 성능 저하 메커니즘에 대한 문헌 검토 결과를
반영합니다. 이 보고서는 이 문제의 장기적인 관리를 지원하기 위해 노화 관리 계획(Aging
Management Plan)으로 개발될 것입니다.
키워드
건식 저장 시스템(DCSS)
사용후핵연료 저장
염화물 응력 부식균열(CISCC)
고장 모드 및 영향 분석(FMEA)
용접된 스테인리스 강 캐니스터
다목적 캐니스터
운반 가능한 저장 캐니스터
건식 차폐 캐니스터
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요약
이 보고서에서는 대부분 건식 저장 시스템에서 사용후핵연료를 밀폐하는 데 사용되는 용접된
스테인리스 강 캐니스터의 고장 모드 및 영향 분석(FMEA)을 설명합니다. 이 보고서에서는 특히
미국에서 사용이 허가된 건식 저장 시스템의 스테인리스 강 캐니스터를 고려하고 있으며, 현재
사용중인 디자인에 초점을 맞추고 있습니다. FMEA 에서는 120 년 이상의 캐니스터에 대한 연장된
저장 수명 기간에 활성화될 수 있는 노화 관련 성능 저하 메커니즘을 식별합니다. 이 보고서에서는
저장된 연료의 무결성과 방사선 위험 가능성을 포함하여 캐니스터의 다양한 고장 모드의 영향 및
잠재적인 결과에 대해 조사합니다. FMEA 는 효과적인 노화 관리에 있어서 가장 중요한 메커니즘에
자원을 집중시키면서 검출 가능성, 확률 및 결과의 심각성 측면에서 성능 저하 메커니즘을
분류합니다. 이 FMEA 는 노화 관련 성능 저하의 정량적 처리에 대해 산업 감수성 평가 기준(Industry
Susceptibility Assessment Criteria) 보고서를 따르게 됩니다.
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DESCRIPCIÓN DEL PRODUCTO

Debido al retraso en la apertura de un repositorio geológico final para combustible nuclear
gastado, la vida útil de los sistemas de almacenamiento en contenedores en seco puede
ampliarse hasta 120 años como mínimo. Para garantizar la seguridad de este período
prolongado de almacenamiento temporal, se deben evaluar y conocer los mecanismos de
degradación que pueden penetrar en los bordes de confinamiento de los contenedores. Para
abordar esta cuestión, Electric Power Research Institute (EPRI) ha llevado a cabo un análisis
modal de fallos y efectos (AMFE) para identificar mecanismos de degradación fiables y sus
consecuencias durante el almacenamiento en el sitio antes del transporte definitivo a un
repositorio final o a las instalaciones de reprocesamiento.
Antecedentes
La mayoría de las centrales nucleares han construido instalaciones de almacenamiento de
combustible gastado independientes (ISFSI) para liberar la acumulación en la piscina de
combustible gastado a través de sistemas de almacenamiento en contenedores en seco (DCSS).
Electric Power Research Institute (EPRI) está desarrollando un plan de gestión del
envejecimiento como resultado de la preocupación relacionada con la aparición de corrosión en
los contenedores de acero inoxidable internos del sistema DCSS en algunos sitios durante un
período de tiempo prolongado de al menos 120 años. Este plan incluye criterios de
susceptibilidad para identificar condiciones que puedan dar lugar a la pérdida de la función de
confinamiento de los sistemas DCSS almacenados.
Objetivos
• Identificar los mecanismos de degradación relacionados con el envejecimiento que pueden
estar activos durante la prolongación de la vida útil de los contenedores de acero inoxidable
utilizados como bordes de confinamiento de algunos sistemas de almacenamiento de
combustible gastado en contenedores en seco.
•

Determinar las posibles consecuencias de los modos de fallo asociados.

Enfoque
Este análisis AMFE está formado por seis secciones. Las dos primeras secciones son una
introducción a los datos del informe y a la información anterior sobre los diferentes diseños de
sistemas DCSS que se han tenido en cuenta para el alcance de este informe. La tercera sección
trata el proceso, los criterios y la terminología que se han utilizado en este análisis AMFE. La
cuarta sección aborda los detalles técnicos de los mecanismos de degradación, los modos de
fallo de los contenedores y las posibles consecuencias de su degradación. Las dos últimas
secciones cubren las implicaciones del análisis AMFE y las conclusiones del informe,
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respectivamente. El apéndice incluye cálculos que tienen en cuenta las tensiones residuales
derivadas de la soldadura y del laminado de la carcasa del contenedor. El informe también
incluye un apéndice que examina un estudio del transporte, tras el período de almacenamiento
prolongado, como una fuente de tensiones accidentales y cíclicas, y otro apéndice que analiza
cuestiones específicas de elementos combustibles con vainas de acero inoxidable.
Resultados
Los mecanismos de degradación fiables identificados a través de este análisis AMFE son (por
orden de probabilidad) agrietamiento por corrosión bajo tensión inducido por cloruros (CISCC),
picaduras, corrosión en grietas, corrosión inducida microbiológicamente y ataque intergranular.
De los mecanismos de degradación, se concluye que CISCC constituye el mayor problema
posible, ya que penetra en los bordes de confinamiento. El modo más probable de fallo en el
confinamiento del contenedor es el desarrollo a través de la pared y la penetración de una
grieta. También existen otros modos menos probables, entre los que se incluyen un defecto de
corrosión grave y la ruptura de una grieta a través de la pared o de la profundidad de una pieza.
Las consecuencias de la pérdida de los bordes de confinamiento del contenedor se tienen en
cuenta principalmente para la integridad de las vainas de combustible y la posible liberación de
material radioactivo. Se espera que las ubicaciones más susceptibles sean las regiones más
refrigeradas de las soldaduras situadas cerca de la carcasa en las instalaciones ISFSI próximas a
entornos marinos con olas rompientes.
Aplicaciones, valor y uso
El análisis AMFE categoriza los mecanismos de degradación en términos de detectabilidad,
probabilidad y gravedad de las consecuencias, lo que permite que los recursos se centren en los
mecanismos más importantes. Tras este análisis AMFE, EPRI desarrollará un informe de
criterios de evaluación de la susceptibilidad de la industria para abordar los principales
problemas relacionados con la degradación que se han identificado y priorizado en este análisis
AMFE. Dicho informe reflejará los resultados de una evaluación sobre la tolerancia a los
defectos y el desarrollo de defectos, así como los resultados de una revisión bibliográfica sobre
CISCC y los mecanismos de degradación relevantes. Estos informes se transformarán en un plan
de gestión del envejecimiento para servir de apoyo a la gestión a largo plazo de este asunto.
Palabras clave
Sistema de almacenamiento en contenedores en seco (DCSS)
Almacenamiento de combustible nuclear gastado
Agrietamiento por corrosión bajo tensión inducido por cloruros (CISCC)
Análisis modal de fallos y efectos (AMFE)
Contenedor de acero inoxidable soldado
Contenedor multiuso
Contenedor de almacenamiento transportable
Contenedor para almacenamiento en seco
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RESUMEN
Este informe documenta un análisis modal de fallos y efectos (AMFE) de los contenedores de
acero inoxidable soldados utilizados para confinar combustible nuclear gastado en la mayoría
de sistemas de almacenamiento en contenedores en seco. Este documento tiene en cuenta de
forma específica los contenedores de acero inoxidable en sistemas de almacenamiento en
contenedores en seco con licencia de Estados Unidos y se centra en diseños que se están
utilizando en la actualidad. El análisis AMFE identifica los mecanismos de degradación
relacionados con el envejecimiento que pueden estar activos durante la prolongación de la vida
útil del almacenamiento de los contenedores de al menos 120 años. El informe investiga los
efectos y las posibles consecuencias de diferentes modos de fallo de los contenedores, incluida
la integridad del combustible almacenado y los posibles peligros radiológicos. El análisis AMFE
categoriza los mecanismos de degradación en términos de detectabilidad, probabilidad y
gravedad de las consecuencias, lo que permite que los recursos se centren en los mecanismos
que son importantes para la gestión eficaz del envejecimiento. A este análisis AMFE seguirá un
informe de criterios de evaluación de la susceptibilidad de la industria con un tratamiento
cuantitativo de la degradación relacionada con el envejecimiento.
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