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Evaluation of Materials Used in Extended Service of Interim
Spent Nuclear Fuel Dry Storage Systems !

This standard is issued under the fixed designation C 1562; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope of off-normal, and accident-level events and conditions that

1.1 Part of the total inventory of commercial spent nucleafMay occur during any period. _ _ _
fuel (SNF) is stored in dry cask storage systems (DCSS) under 1-4 This guide provides information on materials behavior
licenses granted by the U.S. Nuclear Regulatory Commissiof Support continuing compliance with the safety criteria,
(NRC). The purpose of this guide is to provide information towhich are part of the regulatory b_aS|s, for licensed storage of
assist in supporting the renewal of these licenses, safely angNF atan ISFSI. T_he s_afety functions addressed and dlgcussed
without removal of the SNF from its licensed confinement, forin this standard guide include thermal performance, radiologi-
periods beyond those governed by the term of the origina?al protection, confm_ement, sub-criticality, and retrlevablllty.
license. This guide provides information on materials behaviod he regulatory basis includes 10 CFR Part 72 and supporting
under conditions that may be important to safety evaluation&egulatory guides of the U.S. Nuclear Regulatory Commission.
for the extended service of the renewal period. This guide id € requirements set forth in these documents indicate that the
written for DCSS containing light water reactor (LWR) fuel following items were considered in the original licensing
that is clad in zirconium alloy material and stored in accor-decisions: properties of materials, design considerations for
dance with the Code of Federal Regulations (CFR), at aformal and off-normal service, operatlo_nal and natu_ral events,
independent spent-fuel storage installation (ISFSI). The com@nd the bases for the original calculations. These items may
ponents of an ISFSI, addressed in this document, include thH€auire reconsideration of the safety-related arguments that
commercial SNF, canister, cask, and all parts of the storag@@monstrate how the systems continue to satisfy the regulatory
installation including the ISFSI pad. The language of this guidd@quirements. Further, to ensure continued safe operation, the
is based, in part, on the requirements for a dry SNF Storaggerforman_ce of materials must_be_ Jus_t|f|ed in relat_|0n to the
license that is granted, by the U.S. Nuclear Regulatory Comeffect.sf of time, temperature, radiation f|eld_, and environmental
mission (NRC), for up to 20 years. Although governmentcond't'ons of normal and off-normal service. Arguments for
regulations may differ for various nations, the guidance Or{ong-te_rm performan.ce must account for materlals alteratlons
materials properties and behavior given here is expected #&¢Specially degradations) that are expected during the service
have broad applicability. peno_ds, which include th_e per_lods of th_e initial license and of

1.2 This guide addresses many of the factors affecting thihe license renewal. This .gwde pertains only to structures,
time-dependent behavior of materials under ISFSI service [16YStems, and components important to safety during extended
CFR Part 72.42]. These factors are those regarded to b¥orage period and during retrieval functions, including trans-
important to performance, in license extension, beyond th@Ort and transfer operations. Materials information that per-
currently licensed 20-year period. Examples of these factor@ins to safety functions, including retrieval functions, is
are given in this guide and they include materials alterations opertinent to current regulations and to license renewal process,
environmental conditions for components of an ISFSI systenﬁmd this information is the fo_cqs of the guide. This guide is not
that, over time, could have significance related to safety. Fofntended to supplant the existing regulatory process.
ggrsgz:essigf;;];%gge, a license period of an additional 20 t%' Referenced Documents

1.3 This guide addresses the determination of the conditions 2-1 ASTM Standards:
of the spent fuel and storage cask materials at the end of the C 33_Specification for Concrete Aggregdtes o
initial 20-year license period as the result of normal events and € 227 Test Method for Potential Alkali Reactivity of
conditions. However, the guide also addresses the analysis of Ceément-Aggregate Combinations (Mortar-Bar Metffod)

potential spent fuel and cask materials degradation as the resultcfzgg Practige for Petrographic Examination of Aggregates
or Concre

* This guide is under the jurisdiction of ASTM Committee C26 on Nuclear Fuel
Cycle and is the direct responsibility of Subcommittee C26.13 on Repository Waste————————
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C 859 Terminology Relating to Nuclear Materials 2.6 Other Documents:

C 1174 Practice for Prediction of the Long-Term Behavior ASME-B&PV Sect IlI-Div 2 (2001) Code for Concrete
of Materials, Including Waste Forms, Used in Engineered Reactor Vessels and Containménts
Barrier Systems (EBS) for Geological Disposal of High- EPRI-1994 Class | Structures License Renewal Industry
Level Radioactive Waste Report; Revision 1, TR-103842, July 1994

2.2 Government Documents: _

10 CFR Part 50 Domestic Licensing of Production and3: Terminology

Utilization Facilities 3.1 The terminology of Terminology C 859 applies to this
10 CFR Part 60 Disposal of High Level Radioactive Wasteglocument except as given below.
in Geologic Repositories 3.2 Definitions of Terms Specific to This Standard:

10 CFR Part 63 Disposal of High Level Radioactive Wastes 3.2.1 accident-level events or conditiorghe extreme level
in a Proposed Geologic Repository in Yucca Mountain of an event or condition for which there is a specified
10 CFR Part 71 Packaging and Transport of Radioactivéesistance, limit of response, and requirement for a given level
Materials of continuing capability, which exceed “off-normal” events or
10 CFR Part 72 Licensing Requirements for the Indepeneonditions. They include both design basis accidents and
dent Storage of Spent Nuclear Fuel and High-Leveldesign-basis for natural phenomena events and conditions.
Radioactive Waste NUREG-1536, NUREG-1567

2.3 NUREG Standards: i Note 1—Specific accident conditions to be addressed have been
NUREG-1536 Standard Review Plan for Dry Storage Casksyajuated for each dry cask storage system (DCSS) and documented in a
Systems, January 1997 Safety Analysis Report.

NUREG-1567 Standard Review Plan for Spent Fuel Dry 3.2.2 alteration mode—a particular form of alteration, for

Storage Facilities, Report, January 1998 - P
’ L example, general corrosion, passivation. C 1174
N%RE?—;S?llstlnformlatli)r;I Pandtli/cl)oé Sndén?epe;ﬁﬂerg 3.2.3 ASTM guide—a compendium of information or series
pent FUel Storage Instatiations, V. &, Raddatz and M. D options that does not recommend a specific course of action..

Waters, December, 1996 - ;
' T . 3.2.4 canister—in a dry cask storage system (DCSS) for
NUREG/CR-6407 Classification of Transportation I:'aCk":lg'spent nuclear fuela metal cylinder that is sealed at both ends

ing anq Dry Spent Fuel Storage System Componentsomd is used to perform the function of confinement, while a

According to Importance to Safety, February, 1996, II\IEI‘separate overpack performs the functions of shielding and

Report 95/0551 . ) protection of the canister from the effects of impact loading.
2.4 American Congrete Institute Standartls: 3.2.5 cask—in a dry cask storage system (DCSS) for spent
ACI 201.2R-97 Gu[de _to Durable Concre_te nuclear fue] a stand-alone device that performs the functions
ACI 209R-97 Predication of Creep, Shrinkage and Tem-of confinement, radiological shielding, and physical protection

perature Effects in Concrete Structures of spent fuel during normal, off-normal, and accident condi-
ACI 301-99 Building Code Requirements for Reinforced tions 9 ' ' NUREG-1571

Concrete 3.2.6 certificate of compliance-in a dry cask storage

A%I 318'?2 Building Code Requirements for Reinforced system (DCSS) for spent nuclear fugetertificate issued by the
oncrete . RC to the designer/vendor of a specific cask model that meets
ACI 349-00 Code Requirements for Nuclear Safety Relate he requirements set forth in 10 CFR Part 72.236

Concrete Structures . :
3.2.7 confinement-in a dry cask storage system (DCSS) for
AC|.359'01 Code for_Concrete Reactor V_essels and Coné ent nuclear fuelthe ability to prevent the release of
tainments, also de5|_gnated as ASME Boiler and Pressuy dioactive substances into the environmemiUREG-1571
Vessel Code, Section |il, .D'V 2, Code for Concrete 3.2.8 confinement systemsn a dry cask storage system
5 ?ezatg: \é%iiiseﬁ?g Containments (DCSS) for_sp(_ant nuclear fuahe assemply of components qf
A.NSI/ANS-G 4-1985 éuidelines on the Nuclear Analysisthe packaging intended to retain the radioactive material during
o S o storage. These may include the cladding, storage system shell,
I?’r(])(\j/veDrelgllgrr:tgf Concrete Radiation Shielding for NUCIearbottom and lid, penetration covers, the closure welds or seals
. o and bolts and other components. NUREG-1536
ANSI/ANS-57.9 Design Criteria for an Independent Spent 3.2.9 criticality—in a dry cask storage system (DCSS) for

AI\II: gskSthrggelgnséaelﬁt'gn é[r)igrgo;g?ec?ﬁ:g” dation of spent nuclear fuethe condition wherein a system or medium
LWR Soent .Fuel 9 is capable of sustaining a nuclear chain reaction. C 859
P 3.2.10 degradatior—any change in the properties of a
material that adversely affects the behavior of that material;
3 Annual Book of ASTM Standardgol 12.01. adverse alteration. C 1174
4 Available from Superintendent of Documents, US Government Printing Office, 3.2.11 degraded cladding—in spent nuclear fuelcladding
Washington, DC 20402. terial that b . | ti to b t t Il
5 Available from the National Technical Information Service, Springfield, VA materia at by visual Inspection appears 1o be structurally
22161.
® Available from American Concrete Institute, PO Box 9094, Farmington Hills, ———————————
M| 48333. 8 Available from American Society of Mechanical Engineers, 3 Park Ave., New
7 Available from ANSI, 11 W. 42nd Street, 13th Floor, New York, NY 10036. York, NY 10016.
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deformed or damaged to an extent that special handling is 3.2.22 service conditions-in a dry cask storage system

expected to be required. (DCSS) for spent nuclear fyethe time of service, tempera-
3.2.12 dry cask storage system (DCSSh nuclear waste tures, environmental conditions, radiation, and loading, etc.

managementa set of components that performs the functionsghat a component experiences during storage.

of confinement, radiological shielding, and physical protection 3.2.23 spent nuclear fuel (SNF), spent fuehuclear fuel

of spent nuclear fuel during normal, off-normal, and accidenthat has undergone at least one year of decay since being used

conditions. Examples would include canister-based systemss a source of energy in a power reactor, and has not been

with their metal or concrete overpack or vault, or an integratecdseparated into its constituent elements by reprocessing.

cask. NUREG-1571

3.2.13dry storage—in nuclear waste managementhe Note 4—In this guide, only commercial light water reactor SNF that is

storage of spent nuclear fuel after removal of the water fromy,q i zirconium alloy material and has been removed from service is
the fuel, cladding and all components of a dry cask storag@onsidered.

system, and after the atmosphere has been replaced with an o o
inert atmosphere. 3.2.24 sub-criticality margin—in a dry cask storage system

3.2.14 independent spent fuel storage installation (ISFsI) (PCSS) for spent nuclear fyehe difference between one and
any complex designed and constructed for interim dry storag!® allowed calculated effective neutron multiplication factor
of spent nuclear fuel and other radioactive materials associatd§€fh, which is maintained at or below 0.95 in accordance with
with spent fuel storage. It must meet the requirements in 10'UREG-1536 and NUREG-1567.

CFR Part 72. In this guide a Monitored Retrievable Storage Nore 5—An adequate margin of sub-criticality is regarded to be 0.05.
(MRS) site is also considered an ISFSI. NUREG-1571

3.2.15 monitoring—in a dry cask storage system (DCSS)
for spent nuclear fueltesting and data collection to determine
the status of a DCSS and to verify the continued efficacy of th

system, on the basis of measurements of specified paramet fe;y'ZG time limited aqi | 1Q CTFLR Part 7?.1|22i_(a)(4)
including temperature, radiation, functionality and/or charac- "=~ ime limited aging analysis ( T Ja calcu ation or
teristics of components of the system. analysis that addresses the effects of time and environmental

3.2.16 normal events and conditioasthe maximum level conditions on the performance of a system or component.
of an event or condition expected to routinely occur.

3.2.25 thermal performance-in a dry cask storage system
(DCSS) for spent nuclear fydieat-removal capability having
éestability and reliability consistent with its importance to

4. Summary of Guide

Note 2—Specific normal conditions to be addressed have been evalu- s . . . .
ated for each licensed DCSS and are documented in a Safety Analysis 4.1 Information in this guide deal_s_ \.Nlth materials aspe_)cts of
Report for that system. spent nuclear fuel dry storage facilities that relate to license

3.2.17 off-normal events or conditionsin a dry cask stor- extension beyond the original twenty-year license. Safety and

age system (DCSS) for spent nuclear ftiedé maximum level :ﬁ:gﬁ\éﬂgﬂmh%f l??:ﬂ:ggn;er:ilgalear fuel are to be maintained

of an event that, although not occurring regularly, can be 4.2 Topics addressed in this guide all relate to materials

X r with m r fr n nd for whi . : . . .
?hepricigeg ctgrrz(;czndir: m:x?ajrtr?s Zgil;izdcrye’s?stgnc% IimitC erformance including regulations, design, environmental con-
P 9 P ! itions, materials behavior under various conditions and cir-

::easr;%?liste’ or requirement for a given Ie\,’\leLIJF?éé_olrgg%umgcumstances, monitoring, evaluation, etc. References are pro-
P Y. vided to guide the user of this document to find additional

Note 3—Specific off-normal conditions to be addressed have beerinformation and analyses, if needed. The structure of the
evaluated for each licensed DCSS and are documented in a Safefocument is presented here to show the contents and annexes

Analysis Report for that system. and appendices of this guide.

3.2.18 radiation shielding—in a dry cask storage system Contents Section

(DCSS) for spent nuclear fydbarriers to radiation, which are  Scope 1
. . Referenced Documents 2
designed to meet the requirements of 10 CFR Parts 72'104(a)'Terminology 3
and 72.106(b), and 72.128(a.2). Summary of Guide 4

3.2.19 retrievability—in a dry cask storage system (DCSS) Significance and Use ' _ 5
for spent nuclear fuelthe ability to remove spent nuclear fuel Peggg?;ﬁnce Requirements in Relation to DCSS 6
from storage for further processing or disposal. 10 CFR The Materials Evaluation Process for Dry Storage 7

Part 72.122 (1) LicensehRenfefwal » p )

3.2.20 safety analysis report (SARJN a dry cask storage 7S ThatAflect Materials Performance in Annex AL
system (DCSS) for spent nuclear fulle document that is Potential Degradation Mechanisms and Behavior of Annex A2
supplied by a DCSS vendor or site specific ISFSI applicant to gpeztt_NUC'ear Fuel Cladding Under Normal

. . . . . onaitions
the NRC for analysis and confirming calculations (review and i Degradation Mechanisms and Behavior of Annex A3
approval). NUREG-1571 DCSS Materials Under Normal Conditions

3.2.21 safety evaluation report (SE-R%iI’I a dry cask stor- Copsequences and Potential D_egradation_Mecha— Annex A4

t DCSS) f t | fiee d t that nisms Under Off-Normal/Accident Conditions
age sysiem ( ’ ) or sper) nuclear, ocume.n a Durability and Properties of Concrete Structures Annex A5
the NRC publishes after review of a Safety Analysis Report  and Components
(SAR). NUREG-1571 Background on Licenses, Materials, and Criticality Appendix X1
3
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5. Significance and Use reloading of casks (with SNF different from that originally
5.1 Information is provided in this document and otherStored in a cask) is very unlikely. If new (replacement) SNF is

referenced documents to assist the licensee and the licensorRHt I the cask, then the requirements on the material properties
analyzing the materials aspects of SNF and DCSS componeff'd the ability to meet them would have to be determined using
performance during extended storage. The effects of the servid8€ conditions established by the properties of the new SNF.
conditions of the first licensing period are reviewed in the 6.2 Structures, Systems and Components (SSC)
license renewal process. These service conditions are high-6.2.1 The functions important to safety of DCSS Structures,
lighted and discussed in Annex Al as factors that affec6ystems and components (SSC) are [NUREG-1536] to main-
materials performance in an ISFSI. Emphasis is on the effect&in:
of time, temperature, radiation, and the environment on the 6.2.1.1 Thermal performance,
condition of the SNF and the performance of components of 6.2.1.2 Radiological protection,
ISFSI storage systems. 6.2.1.3 Confinement,
5.2 The storage of SNF that is irradiated under the regula- 6.2.1.4 Sub-criticality, and
tions of 10 CFR Part 50 is governed by regulations in 10 CFR 6.2.1.5 Retrievability.
Part 72. Regulatory requirements for the subsequent geologic 6.2.2 Systems, structures and components that are important
disposal of this SNF are presently given in 10 CFR Part 60to safety must be designed to accommodate the load combina-
with specific requirements for the use of Yucca Mountain as aions applicable to normal, off-normal and accident events with
repository being given in the regulatory requirements of 10an adequate margin of safety per 10 CFR Part 72-, 122b, 122c,
CFR Part 63. Between the life-cycle phases of storage angnd 24c, 10 CFR Part 100, and 10 CFR Part 72.102(l). The
disposal, SNF may be transported under the requirements of ICSS must reasonably maintain confinement of radioactive
CFR Part 71. Therefore, in storage, it is important to acknowlmaterial under normal, off-normal and credible accident con-
edge the transport and disposal phases of the life cycle. lgitions [10 CFR Part 72.236(1)]. The cask must be designed
doing this, the materials properties that are important to thesgnd fabricated so that the spent fuel is maintained in a
subsequent phases are to be considered in order to promagb-critical condition under credible conditions [10 CFR Part
successful completion of these subsequent phases in the lif@ Part 72.236 § C; 10 CFR Part 72.124 (a)].
cycle of SNF. Retrievability of SNF (or high-level radioactive  §.2.3 For a license renewal, a DCSS should be analyzed to
waste) is set as a requirement in 10 CFR Part 72.122(g)(5) andemonstrate that the SSC will continue to perform so as to
10 CFR Part 72.122(l). Care should be taken in operationgnsure that SNF is maintained under conditions that meet
conducted prior to disposal, for example, storage, transfer, anghfety requirements under design basis conditions, even for an
transport, to ensure that the SNF is not abused and that SNéxtended storage period (up to 80 additional years).
assemblies will be retrievable, the protective value of the g2 4 The requirements of 10 CFR 72.122 (h)(1) seek to
cladding is not degraded and remains capable of serving as @nsure safe fuel storage and handling and to minimize post-
active barrier to radionuclide release during transfer angperational safety problems with respect to the removal of the
transport operations. It is possible that cladding could bgye| from storage. In accordance with this regulation, the spent
altered during dry storage. The hydrogen effects, fractur@,e| cladding must be protected during storage against degra-
toughness of the cladding and the creep behavior are importagtion that leads to gross ruptures, or the fuel and must be
parameters to be evaluated and controlled during the dngtherwise confined such that degradation of the fuel during
storage phase of the life cycle. These degradation mechanisrggyrage will not pose operational problems with respect to its
are discussed in Annex A2 and Annex A4. removal from storage. Additionally, 10 CFR 72.122(l) and
72.236(m) require that the storage system be designed to allow
6. Performance Requirements Related to the Design of a  ready retrieval of the spent fuel from the storage system for
DCSS further processing or disposal.

6.1 Materials for extended service must meet the design and 6.3 Thermal Behaviar

performance requirements given in 10 CFR 72. The DCSS has 6.3.1 The spent fuel cladding must be protected against
been designed to store spent fuel safely for a minimum of 2@egradation by thermally activated processes by maintaining
years and to permit maintenance as required in the originahe temperature below allowable limits. Spent fuel storage or
licensed term. Structures, systems and components importanandling systems must be designed with a heat-removal
to safety have been designed, fabricated, erected and testedc@pability having testability and reliability consistent with its
meet standards commensurate with their function and theimportance to safety [10 CFR Part 72.128(a)(4)]. The DCSS
importance to the safety of the overall system. The servicenust be designed to provide adequate heat removal capacity
conditions for the renewal period may be less severe than thosethout active cooling systems [10 CFR Part 72.236(f)]. The
of the initial licensing period. If the cask contains its original conditions in the second storage period will be less severe than
SNF, then the demands on materials properties for an addin the original license term since the decay heat (as well as the
tional 20 to 80 years of storage may be reduced due to lowardiation source term) decreases with time. The decreasing
temperatures and radiation levels. The general assumption pdécay heat requires less heat removal capacity during the
forth here regarding decreases in thermal and radiation condéxtended licensing period. Hence, the safety function related to
tions are based on the expectation that reloading of SNF dogkermal performance is a requirement to protect to fuel, that is,
not occur. It is assumed that at the time of license renewal, the®d ensure against the type of cladding damage mentioned in
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6.2.3. At the initial licensing of a DCSS, the temperature of theness times the volume density) for solids, such as metal alloys
fuel is limited and the cask design is important to the thermablnd polymers used for mixed neutron absorbers. The geometry
performance requirement of the DCSS. Due to heat decay arat physical configuration of the fixed neutron absorbers in the
the significant decrease in temperatures of the fuel and caslystem is important, and the matrix materials must not fail,
over time, this safety requirement will be met for extendedcorrode or degrade, so as to ensure that the absorber remains in
licensing periods provided that the thermal properties of thelace. If redistribution of SNF rods occurs within the canister,
cask have not been significantly degraded and the geometry of if there are any significant changes or redistribution of either
its contents have not been significantly altered. the absorbing material plates or the moderators of the SNF

6.3.2 Examples of components used to meet the thermayithin the rod, it must be shown that theg; will remain at or
performance criteria arel) cooling fins, which, for metal below 0.95. _ _ _
casks, are usually fabricated from carbon steel (SA 283 or SA 6.5.3 Neutron absorbing materials must continue to be
285 Grade A), copper, or stainless steel (SA 240 Type 304), seffective. The license renewal application should evaluate the

as to increase heat transfer, a@jiienetrations in the concrete durability of the neutron absorbing material in its radiation,
shielding that allow air to cool the canister. thermal, stress, and chemical environment in the cask. It should

6.4 Shielding/Radiation Protection and Confinement demonstrate that the material remains in place at the end of 20

Radiological protection and confinement features that ard©2rs. and will remain in place for the license extension period.
sufficient to meet all necessary requirements of 10 CFR Part 7&°0nsumption of neutron-absorbing materials during dry stor-
should continue to be provided. The confinement canister of §9€ Period is generally not a matter of concern because the
DCSS provides a redundant seal. This feature is one that aid§utron fluxes are low, and are almost entirely fast. Boron
in ensuring that the confinement systems perform their safeycOnSumed in storage usually represents only a tiny fraction of

related functions in a reliable manner that is predictable oveil® available boron in the system. _
time. In some sub-systems the performance must be under6-6 Retrievability—Storage systems must be designed to

intermittent or continuous monitoring using appropriate instru-2/low ready retrieval of spent fuel for further processing or

mentation and control systems. These sub-systems are ediSPosal[10 CFR Part72.122(])]. System conditions are set so
pected to experience material property changes as they a&at materials alteration does not compromise retrievability.

under the combined influences of radiation and temperaturg¢ The Materials Evaluation Process for Dry Storage
(and in some instances chemical environment) associated with | jcense Renewal

dry cask storage. Typical examples are polymer-based materi- . . .
als, elastomers, and organic based materials. In short, t eJ;)n'\élgfrrggiéfﬂzgﬁ;epetig\;\fglaorfez';:ﬁ’ggg?t:[I%Za:c]:}gvr\??t
licensee must be able to determine when corrective actio es of service are to be considered: norrﬁal events agd
needs to be taken to maintain safe storage conditions. Instr /P ;

mentaton and control Systems deemec to be imporan: 160, ool evens, and condions, and sccigent
safety shall also remain operational during the license renew T X . - 19 . ¥ 9
at might be considered (in accounting for alterations of

period. Radiation exposure and dose rates to workers and the

public must not exceed acceptable levels and remain as low aterials) du_n_ng a license renewal. It begins by a_skmg
reasonably achievable (ALARA). whether conditions have been other than normal, and if they

o have not, the user establishes the new initial conditions, which
6.5 Sub-Criticality result from normal service conditions. When either off-normal
6.5.1 Subcriticality must be maintained [10 CFR Partor accident conditions had been experienced for a given cask

72.124]. The neutron multiplication factor, keff, must be system, the user is referred to appropriate Annex materials in

maintained at or below 0.95 so as to obtain an adequatgis guide to cover the selected conditions that may require

sub-criticality margin. The DCSS must be designed to ensurgpecial consideration appropriate to those events. In Annex Al
that this limit on the computed keff is not exceeded, under althe principal factors that affect materials performance in ISFSI

credible conditions. Spent fuel handling, packaging, transfeiservice are briefly described under the headings of Tempera-
and storage systems must be designed to be maintainggre, Radiation and Chemical Environment. The effects of

subcritical and to ensure that, before a nuclear Critica”ty[hese overall environmental conditions, over time, on the

accident is possible, at least two unlikely, independent, angroperties of the materials may be important to the perfor-

concurrent or sequential changes have occurred in the condhance of the materials. For a license renewal, the materials
tions essential to nuclear criticality safety. In an eXtendEChh:erationS and operationa] events during the first 20-year
license period, special attention should be given to all matel’i%torage period are considered a|ong with the origina| design
and components which may undergo thermal or corrosivgases, and future materials requirements for the service condi-
alteration or any actions that would result in geometrictions of the renewal period.

rearrangement of either the boron (or other poison/neutron 7.2 Evaluation of Materials Capabilities in Relation to

absorber) or the SNF. Service Requirements
6.5.2 Boron is the element usually added inside a DCSS to 7.2.1 Assess the service conditions: normal, off-normal and

absorb thermal neutrons and to maintain neutron flux at accident that occurred during the initial storage period.
moderately low level. Other absorbers (Hf, Gd or Cd) may be 7.2.2 Determine the profile or service history (time/
considered for absorber applications. The level of boron isemperature, radiation, chemical environment) of the compo-
customarily specified as an areal density (which is the thicknents to be analyzed.
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Has cask seen other than
normal conditions?

No
[ ]
Off-Normal AccidentLevel
Events and Events and
Conditions Conditions
I I
Analyze Materials Analyze Materials for
for Annex D & E Annex D & E Effects &
Effects Mechanical Trauma
Beyond Design Basis Repackage or Other
Consequences? Corrective Action
Establish New Initial Conditions
for Relicensing
Materials Analyscs Aided with this ASTM Guide
Normal Events and Off-Normal Events Accident-Level Events
Conditions and Conditions and Conditions
Use Guide with Annex Use Guide with Annex Use Guide with Annex B,C,D & E
B, C, & E Potential B, C, D & E Potential and Mechanical Trauma Potential
Materials Effects Materials Effects Materials Effects

| |

Beyond Design Basis
Consequences?

Repackage or Other
Corrective Action

License Extension
Application

FIG. 1 Analysis Logic and Identification of Materials Conditions to be Considered in ISFSI License Renewal

7.2.3 Establish the relevant properties of SNF and DCS$naterial alterations that have been observed or predicted to
materials at the start of the license renewal period based omccur under dry storage conditions during the initial and
materials alterations that may have occurred during the initiatenewal license periods. To insure system performance in each
storage period. of these periods, an acceptable methodology for life prediction

7.2.4 Assess the capability of the materials to perform theishould () identify alteration mechanisms2)( quantify the
functional and safety requirements during the renewal periocalterations, §) evaluate the effects (on materials properties) of

7.2.5 Methodologies for life prediction, under the scope ofthe alterations,4) determine if the alterations compromise any
this guide, are concerned with the alteration of the materialsafety functions of the system, anf) [determine the conse-
used in the sub-systems, structures and components of a DCSfilences of compromising the performance of the component,
Guidance is provided on evaluating the most significanthe sub-system or the system (safety, operational, economic).
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The use of an acceptable methodology will help to establish thdiscussed in Annex A4, must be addressed in addition to the
requirements for materials data and testing, monitoring andhechanisms discussed in Annex A2, Annex A3, and Annex A5
surveillance, preventive maintenance and operations manage-establish the initial material condition for the license renewal
ment. In addition, it is noted that Practice C 1174 is expectecnalysis.
to be a useful reference for evaluations of materials issues 7.3.3 Accident Level Events and Conditieasf an
related to license renewals for spent fuel dry storage. Thisiccident-level event or condition has occurred during the initial
ASTM practice includes the prediction of long-term behavior,(20-year licensed) period of the ISFSI, there is a possibility of
as well as methods and criteria for accelerated testing and ttadteration or damage to the spent fuel due to air/water ingress
use of models and mechanistic understandings of alteratioand/or mechanical trauma to the SNF or components of, the
processes. storage cask. The material degradation mechanisms discussed
7.3 Establishing Initial Conditions for License Renewal N Annex A4, therefore, should be addressed in addition to the

Almost all components of an ISFS| that are subject to licenséN€chanisms discussed in Annex A2, Annex A3, and Annex AS
renewal will have undergone only normal service conditiong” establishing the initial material condition for the license
during the initial license period. If off-normal or accident renewal analysis. _

conditions occurred in a manner that had adverse effects on /-4 Consideration for Future DCSS Usagduring the
some components of an ISFSI during the initial license periodiC€Nse renewal process, the applicant should assess the radia-
the components would have been required to be restored #9N and th'ermaI. Ipad for which Ilgense renewal is sought. If
their original design and licensing bases. However, the effectdh® SNF is anticipated to remain throughout the renewal
if any, of the off-normal or accident conditions on the ISFSI period, then the service conditions as a result of the SNF will
components are to be included in forming the initial conditions?€ /€SS severe than those of the initial license period. However,
for materials evaluations for ISFSI license renewal and this idf credit is taken in the license renewal application for the less

shown in Fig. 1. Aging mechanisms evaluated for the originaf€V€ré conditions, then the SNF permitted to be stored in the
licensed term must again be evaluated for the license renewRCSS may be limited by those less severe conditions. Consid-
eration should be given to the unlikely event that the applicant

term. Similarly, any evidence gained through intermittent or . ) X
routine monitoring of ISFSI components during the initial M&Y ”ee‘,’ to r_eload the DCSS durlng. the _renewal penod with
storage term that suggest accelerated or unanticipated agi F having different thefma' and ra(_jlologlcal properties than
must be evaluated for the license renewal term the SNF stored at the time of the initial license period. To
7.3.1 Normal Events and ConditiorsNormal conditions preclude SNF loading penalties in a DCSS, the applicant may
inclﬁde a dry and inert protective environment ) he SNF consider storing SNF having design basis properties during the
and inner ar>1ld outer suffaces of the cladding, Bydriside thé reneyval period. The original design basis may differ from that
9 required in the renewal period. Therefore, the design basis used

cask and all interior components of the storage containef, 5 renewal application should correspond with the type of
Neutron absorbers must continue to be adequately effective ang\- to be stored during the renewal period

structural components (for example, baskets, supports, weld 7.5 Degradation of SNF and DCSS Components During
closures, lifting lugs and all other components) of the DCSS,tanded Storage

must have sufficient strength to meet the required performance. 7 5 1 After decades of storage, SNF in extended dry storage
Seals must be maintained in accordance with requirements Qf oyhected to undergo little, if any, further alterations. For
the sz_zlfety _evaluatllon and safety analysis reports. If during the ntinued safe operation and to protect the SNF, the cask,
first licensing period for the ISFSI only normal events orneiron absorbers, shielding materials baskets, supports, clo-
conditions have occurred, then it can be assumed that there hgg,eg lifting lugs as well as other (including minor) compo-
been no air or water ingress into the storage casks and NQunis of the DCSS, must retain sufficient strength and other

significant damage to the spent fuel due to mechanical damaggyysical and mechanical properties to meet the required
Thus, only those material degradation mechanisms d'SCUSS‘ﬁ%rformance criteria, specifications, etc.

for normal conditions need be considered. These include the 7.5.2 Alteration modes that could lead to degradation or
spent fuel in Annex A2, the DCSS materials in Annex A3, andtaijyre of cladding in extended dry storage under normal

the concrete in Annex AS. All require analyses needed Qorage conditions are discussed in Annex A2. Alteration
establish the initial conditions for a license renewal.

7.3.2 Off-Normal Events and ConditiorsAny off-normal
events that occur during the original license term must be TABLE 1 Guide to Use of Annex Al through Annex A4 for

evaluated for their impact on materials behavior and capabili- Material Evaluations

ties during the extended term. Under off-normal events and Normal Off Normal/Accident

conditions during the initial license period, the ISFSI may have Factors Affecting Performance A A
ienced def i design related faults Fue! (V0" ° D

experienced no permanent deformation or design related faults Cladding3 5 o

associated with a degradation of capability to perform its full  cask components* c b

function over the full license period, although operations may Pad/Concrete E E

be suspended or curtailed. If during the initial 20-year license 4 only corrosion is discussed in Annex A4. There is no discussion of mechanical

period, an off-normal event or condition has occurred, and thatisruption as these are unique to a given event and reports are developed to
. . . . describe their relevance to safety.

event has potentlally allowed al!' or water mgress Into _the B Under normal conditions, the fuel material is not expected to be adversely

storage cask, then those material degradation mechanismsgcted.
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modes that could lead to degradation or failure in the othemmportant in off-normal or accident conditions are discussed in
DCSS components under normal conditions are discussed nnex A4. Mechanisms by which concrete can be altered are
Annex A3. Other degradation mechanisms that could becompresented in Annex A5.

ANNEXES
(Mandatory Information)

Al. FACTORS THAT AFFECT MATERIALS PERFORMANCE IN AN ISFSI

Al.1 Introduction Al1.2.3.1 Phase +Temperatures above 300°C are charac-
Al1.1.1 Factors that affect the behavior of SNF (and othef€rized by a rapid decrease in temperature. Phase | is a short

components) in ISFSI service include) (temperature, k) ~ t€rm stage, typical of the first two years in dry storage for SNF

radiation, and ) the environment. The values of these factorsOut of the reactor for less than seven years. The duration of this

change as a function of time. stage in dry storage is, of course, is a function of the initial time
in wet storage.
Al.2 Temperature Al1.2.3.2 Phase —Temperatures between 175 and 300°C

A1.2.1 Temperature is an important factor for material@’® characterized by a medium rate of decrease in temperature

performance since many degradation mechanisms are theRccurring later in interim storage (usually from two to five
mally activated. Over time in the DCSS, the temperature willyéars in dry storage).

decrease due to decreasing decay heat. Temperatures discussedil.2.3.3 Phase Il—Temperatures between 120 and 175°C
in this section are fuel-cladding temperatures. While the headre characterized by a moderate rate of decrease in tempera-
decay characteristics of the fuel govern the cladding tempergure.

ture, in a DCSS various factors, for example, initial enrich- Al1.2.3.4 Phase IV—Temperatures below 120°C, character-
ment, decay time (time after reactor discharge, or time in weized by a negligible decrease in temperature.

and dry storage), cask design, and even the fuel burnup level, A1.2.3.5 Phases Il and IV are characteristic of the tempera-
affect the temperature over the time that fuel remains in drtures expected for extended dry storage.

storage. The temperature profile of the DCSS varies both a1 2 4 Thermal conditions external to the cask can be
radially and axially, with the maximum temperature occurringimportant to the alteration of properties to the concrete
over the center 50 % of the cagk.2)’ and falling away atthe ~components. When concrete is used as shielding the design

outer edges. temperature range is given in the Safety Analysis Reports for

Al.2.2 The temperature of the various components of ghe DCSS system. A general discussion of the effect of
particular DCSS depends on the burnup, initial enrichment, angsmperature on concrete is found in Annex A5.

decay time of the spent fuel and the design (that is, orientation,
heat removal capability) of thg DCSS. The temperature prof.ilg\l'?, Radiation
of the DCSS varies both radially and axially, with the maxi-
mum temperature occurring over the center 50 % of the cask A1.3.1 After 20 years of dry storage, the fast neutron
(1,2) and falling away sharply at the outer edges. Temperatur@ue4nce at the interior of the DCSS is typically on the order of
drop over time has been calculated using cask heat transféP." n/cn and the cumulative gamma dose is on the order of
codes and decay heats from ORIGHR-4). In general a 10° rad. The radiation shielding within a DCSS absorbs
temperature drop from 380°C to 100°C was calculated (for &€utrons and decreases the exposure levels and the potential
typical 5 year, 30 GWD/MTU SNF) for the first 10 years, with damage to the materials of the exterior components but, in
the temperature remaining at about 100°C for the next 90 yea@eneral, at this fluence level the effects on materials of interest
(). are small. These levels of neutron fluence could potentially
A1.2.3 One methodology for assessing the effect of temPave some effects on mechanical properties of steels, but not
perature on material performance was given by Peehs et 4Pf any austenitic materials. The ferritic materials would
(5-7) who suggests four phases (modes) that define thEequire at least several orders of magnitude greater neutron
temperature range over a given period for evaluation ofluénce to have any significant effect on mechanical properties
expected degradation mechanisms. Rates of temperatuf®) and the effects would be limited to those on impact
change are principally a function of the age of the SNFProperties, thatis, on either on the upper-shelf energy absorp-
Duration and temperature of these phases are functions of ti{{on Or on the transition temperature behaviors.
specific fuel and cask conditions. Peehs e(%7) dealt with A1.3.2 While these levels of gamma radiation {1&d) are

commercial light water reactor fuel with Zircal®ycladding. ~ not significant for materials used inside a cask system, their
absorption by the shielding materials is important to the

radiation protection afforded to people.

9 The boldface numbers in parentheses refer to the list of references at the end of A1.3.3 For discussion of materials used in seals, see
this standard. A3.3.3.3.
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Al.4 Chemical Environment fission products. The effects of radiolysis on the composition of

Al.4.1 The potential chemical environments to be considihe internal atmosphere should be assessed in a license
ered are: backfill gases which may be air, nitrogen, helium, ofénewal, whenever concern exists over the presence of nitrogen
argon, residual water remaining in the cask after drying, zin®r water.
vapor if internal components are galvanized, and (potentially)

A2. POTENTIAL DEGRADATION MECHANISMS AND BEHAVIOR OF SPENT NUCLEAR FUEL CLADDING UNDER
NORMAL CONDITIONS

INTRODUCTION

Alteration modes that could lead to degradation or failure of cladding in extended dry storage under
normal storage conditions are discussed here.

A2.1 Potential Degradation Mechanisms of Spent At temperatures of the drying, transportation and initial storage
Nuclear Fuel Cladding operations, there may be significant recovery of mechanical

A2.1.1 Under normal storage ConditionS, the major degraand irradiation damage, which will affect the creep behavior
dation mechanisms of spent nuclear fuel (SNF) cladding that9.10)
have been hypothesized to result in (lead to) failure include A2.1.2.2 To avoid degradation of cladding, the strain needs
creep, hydrogen mechanisms, stress corrosion cracking, amal be limited. The strain calculated to occur in storage should
diffusion controlled cavity growth. be determined to be less than the creep strain to failure. In

A2.1.2 Creep creep tests at temperatures between 250 to 400°C of Zif€aloy

A2.1.2.1 It is widely held that the enveloping criterion for cladding irradiated up to burnup of 64 GWd/MtU, no failures
consideration of cladding integrity during inert dry storage ishave been observed below 2 % strgiii,12) Therefore, a
creep. Creep is the progressive deformation of a material undeonservative cladding strain limit of 1 %, has been used in
an applied stress. Creep occurs in three stages. The primasggveral countries, including Germany and the U.S.A.
stage has rapid deformation and a decrease in creep rate ovein2 1.3 Hydrogen-Related Mechanisms and Effeets
time, the secondary stage has a constant creep rate and $igconjum alloys absorb hydrogen during corrosion with water.
tertiary stage has a rapid creep rate increase with time untifhe guantity of hydrogen absorbed into the matrix depends
fracture occurs. The creep behavior of unirradiated claddingimarily on the environmental conditions and the composition

may be a function of many variables including chemicalyt yhe aiioy. The quantity of hydrogen absorbed, determined as

composition, metallurgical structure and processing conditionsGl fraction of the total hydrogen generated, is known as the
For irradiated cladding, radiation effects overshadow thesﬁydrogen pick-up fraction. For Zircaléy in either BWR or

fabrication and chemical effects. The two principal factors INBWR service this fraction is typically in the range of 10 %, or

the creep behavior of irradiated cladding are the hoop stres uivalent to less than about 500 ppm. As with most materials,
and the temperature. The hoop stress results from the rot?f - S . . .
. o - . e solubility of hydrogen in zirconium alloys increases with
internal pressure, a combination of the original fill gas and the . . . . .
o . . creasing temperature in the unirradiated condit{®8-15)
fission gas release during service, and the temperature resul’??adiation does not appear to have a significant impact on this
from the decay heat of the fuel assemblies. At low temperatur Sahavior. The solubiIFi)tp of hvdrogen ir? Zircaley a? room
and stresses, the deformation (strain) is negligible and can he - '€ Solubliity ydrog .

perature is significantly less than 1 microgram per gram. At

ignored; at high temperatures and stresses the strain can I .
9 ' g P 0°C the calculated solubility is in the 170 to 300 microgram

substantial. For typical fuel cladding hoop stresses, strain ma )
be detected at temperatures above about 300°C althou%“?r gram range. These value; compare to typ|ca.l hydrogen
ncentrations of 15 to 20 microgram per gram in the as-

significant strain (for zirconium alloy cladding) is not expected onc - . o g
to occur until the temperature is well in excess of 350°C. Ovelrecelved condition. As a_result o_f corrosion during |_rrad|at|on
long storage times, both the pressure and the temperatupée hy(_jrogen concentration can increase to values in excess of
decrease thus the strain rate tends to zero. At temperaturdgQ microgram per gram (for higher burnup fuels, the concen-
below 300°C, creep may be considered to be immeasurabyations may be considerably higher) and hence result in
slow. The creep strain rate and strain at failure of spent nucledtydride formation and precipitation. The zirconium hydrides
fuel cladding are affected by material parameters like alloyformed canimpact the mechanical properties of the Zircaloy
composition, fabrication steps (for example, cold work, soly-generally increasing the strer)gth and qlecreasmg the ductility
tion anneal, recrystallization anneal), hydride content, andut may also produce hydride embrittiement and delayed
radiation fluence. Irradiation effects are predominant, in irralydride cracking (DHC)16-19)

diated materials. In general, the creep strain can be calculatedA2.1.3.1 Hydride Embrittlemenrt-Hydride embrittlement is
from creep equations, but their applicability for a particulardue to the formation of hydrides sufficient to cause detrimental
material or set of materials parameters should be questioneffects to mechanical properties, including tensile ductility,
and not applied without consideration of all important factors.fracture toughness and ultimate fracture strength. The amount
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of ductility degradation depends on hydride orientation, con-of an intact rod will be negligible. Therefore, the stress on the
centration and distribution. As the fraction of hydrides with cladding is highest at the start of storage and decreases with
radial orientation increases, the effects of cladding hoop stresgorage time due to a decreasing temperature. In addition, it is
on cladding ductility become more significant. Hydrides typi- expected that no corrosive fission products will be released
cally precipitate as platelets (with thickness to length aspedrom the fuel pellets to the cladding gap during the storage
ratios of 0.02 to 0.1) along specific crystallographic planesperiod. Therefore if the unexpected SCC is going to occur in a
Hydride platelets oriented normal to the stress direction causgarticular fuel rod, it would likely occur early in storage, when
large reductions in strength and ductility, whereas hydridestress is highest, not later during the extension period.
platelets oriented parallel to the stress direction have little A2.1.5 Diffusion Controlled Cavity Growth-Diffusion re-
effect. In cladding for commercial SNF, the radial hydride lated phenomena manifest themselves as voids formation and
orientation is regarded as more detrimental (than circumferermigration, ion migration, grain boundary alteration and enrich-
tial hydrides) and is important upon cooling under highment, and formation and migration of reaction products from
circumferential stress. Except for some of the earlier (~prethe site of generation. Diffusion processes accelerate at el-
1980) fuels, commercial fuel cladding is fabricated with a€vated temperatures, and the kinetics of the processes generally
specific texture (that is, preferred orientation of hexagonafollows an Arrhenius rate law. A temperature threshold some-
close-packed grains) that results in hydrides predominatelfimes exists below which the kinetics of the process may be too
oriented in the circumferential directiq®0). However under slow to be of any concern even for a dry storage period of up
sufficient stress, hydrides will reorient to the radial direcan  to 100 years. Diffusion controlled cavity growth is a potential
20-22) The amount of hydrogen necessary to severely reduc@echanism for mechanical degradation, but one that has never
ductility of SNF cladding depends on the storage servicdeen observed on actual SNF cladding and its potential effect
temperature and the orientation of the hydrides. Small amoun@n degradation of the cladding in a ISFSI is expected to be very
of hydrogen (as low as 30 ppm may be required to reducémall. The occurrence of failures from DCCG has not been
ductility at room temperaturgl6,23)and, in general, at higher Observed to date, either in Zircalgyor in any components of
temperatures a higher concentration (over 600 [(p&) may  dry storage facilities.

be required at 300°C. Thus, the mir]imt_Jm amount of hydrogen,, - Driving Forces for Cladding Degradation

that has been reported (for a reduction in ductility) may be very

low at room temperatur¢16,23) and may be very high at A2.2.1 The driving forces for cladding degradation are
300°C (23). The combined effects of hydrides and prior stress and chemical effects. These driving forces act indepen-

irradiation on ductility in Zircalog® cladding are a complex d€nty and synergistically depending on the particular degra-

function of temperature. The current understanding sugges tion mechgmsm. The SNF fuel rod; have.an '”t‘?”‘a' stress
e to the internal gas pressure. Discussions given below

that at temperatures around 300 to 400°C radiation damal dicate that the chemical effects that may lead to SNF

determines ductility loss, while at room temperature the effect . O .
of hydrogen and radiation damage are addi(®4) cladding degradation include fission products, hydrogen, and
) zinc vapor.

A2'.1'3'2 Delay(_ed Hydride Cracking-Delayed _hydT'de A2.2.2 Stress—Stress is a driving force of the potential SNF
cracking (DHC) is a process that occurs by diffusion of youradation mechanisms of creep, delayed hydride cracking,
hydrogen atoms to a flaw region. The fracture process ffoMyeqs corrosion cracking and diffusion controlled cavity
hydrides includes an incubation period, the formation of a, 4. h (see A2.1). The performance limiting stress of SNF
hydride zone, growth of a flaw, and subsequent fracture of th
brittle hydride zone. The tensile stress region at the flawy the hoop stress; therefore, the resultant axial strain is small
provides the driving force for diffusion of hydrogen atoms. compared to the hoop strain. The hoop stregs;s defined as
When the hydrogen concentration exceeds the solubility Iimit%: prit, wherep is the pressure, s the radius of the cladding,
hydrides will start to form and grow. When this hydrided zone 4t is the wall thickness of the cladding. During the dry
reaches a critical size under a sufficient tensile stress, fracturﬁOrage period, the hoop stress can (potentially) be changed due
through this zone can occur. The repeated process can eventy-any of several factord) an increased diameter due to creep,
ally lead to failure. Initiation of DHC occurs only if the stress (2) a decreased cladding thickness due to corrosi@), (
intensity is above a threshold value, and stress intensities iﬂossibly any extension of existing flaws, ad)l ¢hanges in the
inert dry storage conditions are expected to be lower than thigternal rod pressure.
critical stress intensity. A2.2.2.1 Internal Gas Pressure-The internal gas pressure

A2.1.4 Stress Corrosion CrackingThis mechanism in- of commercial SNF is due to as-fabricated fill gas and the
volves chemical corrosion of a crack tip with crack extensionfission gas released from the fuel. The pressure at beginning of
being driven by a stress on the cladding. Pesca{@®  storage depends on the temperature and internal void volume
reviewed the testing done on SCC of irradiated Zirc&a@nd  of the SNF fuel rods. Fill gas pressurization was introduced as
determined that under conditions expected for dry storage that design feature of commercial LWR fuel rods in the late 1970s
failure would not occur by this mechanism. Even underto increase the heat transfer in the rods. Usually the fill gas is
conditions of higher than expected stress (270 MPa), onlynert He, although some of the early PWR rods were not
pinhole breaches were observed. It is shown in A2.2.3.1 of thisvacuated of air prior to backfill. The nominal fill gas pressure
guide, that under normal storage conditions that gas and/af pressurized LWR fuel rods has evolved overtime, being
volatile fission product release from the fuel pellets to the gafpetween 1.5 to 3.5 MPa (200 to 500 psia) at 20°C for PWRs
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and 0.3 to 0.7 MPa (50 to 120 psia) at 20°C for BWRs. Themagnitude less than that of the fuel average temperature.
source of fission gas contributing to internal gas pressure iherefore under dry storage conditions for fuel temperatures
discussed in A2.2.3.1. less than 400°C, it is expected that no fission gas will be
A2.2.2.2 Void Volume—The void volume of as-fabricated released at all, even under extended periods of storage time.
LWR fuel rods consists of the plenum above the fuel column]nvestigation of the Cs and | releage-7,26)from irradiated
the annular gap between fuel pellet column and cladding innefuel has shown that the release is diffusion controlled and the
diameter, and the void spaces at pellet-to-pellet interfaces dusiffusion coefficients of those fission product isotopes are
to chamfers and dishes. Two fuel performance phenomenrsimilar to those of the fission gases. It was found that a
reduce void volume during in-reactor service. First, the cladtemperature exists under which there is no release at all. This
ding creeps inward due to the higher external coolant pressutemperature decreases with increasing burn-up and will be
(N.B. referred to as cladding creep down) until it contacts theabove 800°C to 900°C. This corresponds to the findings for the
fuel. Second, the fuel swells (radially and axially) and thisfission gas release as discussed above. “Release of iodine from
reduces the annular gap between the cladding and fuel ando, generally is low at in-reactor fuel temperatures (1000 to
decreases the plenum void volume, respectively. The pressut®00°C) and will be negligible at inert dry storage tempera-
inside the cladding during dry storage exceeds the canister fiflires (<400°C)"(2,26) The threshold concentration of iodine
pressure, resulting in cladding creep at sufficiently high cladavailable to the cladding, which is the amount needed for
ding stresses and temperatures. The void volume will increassromoting stress corrosion cracking, is greater thax 50°®
during dry storage if the cladding creeps. glcm (2,27-29) lodine at this concentration level will not be
A2.2.3 Chemical Effects-The environment referred to here present in inert dry storage. Therefore, it can be concluded that
includes conditions such as moisture, chemistry and othefieither fission-Cs-isotopes nor fission-l-isotopes will be re-
effects of the surroundings (within, throughout and outside alleased under normal dry storage conditions from the fuel to the
components of the DCSS) of the ISFSI. The environment cagap of a spent LWR fuel rod. New fission products are not
affect the durability and performance of the fuel, cladding ancexpected to be released during storage and those released at
all materials used in structures, systems and components. Thgactor temperatures (for example, Cs and 1) are expected to
environment can affect the protection provided by coatings, fohecome immobilized through chemical reactions (for example,
example, oxides on the materials or interactions of coatings Gormation of Cs compounds). Therefore, no cracking is ex-

coating products. Materials must withstand effects of environpected because both stress and iodine concentrations are
mental conditions associated with normal operation and stolaxpected to be low in the SNF of a DCSS.

age conditions and postulated accidents. Accidental and envi-
ronmental hazards causing breach of a DCSS coul
compromise the ability of the system to perform at the intende

design level. If chemical effects have been properly considere inside th K ot d
in the original license application, the period of a license'S Present inside the cask system, it forms a vapor at modest

renewal is expected to present no new safety issues. temperatures. The vapor can react with Zi_rc@oyladding
A2.2.3.1 Fission Product Release to Fuel/Cladding Gap (30) and perhaps other materials present inside the system.
Fission products are not likely to cause degradation of SNlReactlpn products may contmue_ FO form until the avallablg zinc
cladding in ISFSI servicg26). The release of metastable vapor is consumed. As the ductility 9nd s_trength propertl_es are
implanted fission products occurs by diffusion processes. Sinda°t as favorable as those of the zirconium alloy cladding, it
diffusion is a thermally activated process, the temperatur&@y be important to understand the extent of these reactions
distribution in the fuel will be of importance when considering Under actual storage cask conditions where their effects on the
fission product releases. Data and operations experiences aygnavior of stored cladding materials may become important
available to describe the release of the fission gases from tH81)- Further research has been conducted to clarify this area
fuel during reactor operation. Typically, the fuel surface(32), but it too has left some questions unanswered so that
temperature during reactor operation is around 400 to 500o@1rther research W!|| be required to close_t_hls potential issue for
and its centerline temperature is between 1300 and 1800°c¢€alistic cask loading and storage conditions.
depending on the heat rating and burn-up. For temperatures A2.2.3.4 Radiation Effects-In general, in-pile irradiation
above 1000°C the diffusion coefficients are only dependent ogauses an increase in strength and a decrease in both ductility
the temperature. Those coefficients are decreasing betweemd fracture toughness. This occurs as a result of radiation
1800 and 1000°C from 1% cn?/s to 10*¢ cn/s, that is, by 4  hardening, and in Zircalo§® it reaches a saturation level
orders of magnitude. Between 1000 and 400°C the purithin the first cycle of reactor operation. During subsequent
thermal diffusion is combined in-core with a radiation sup-cycles, mechanical properties of Zircaf®yare not affected
ported term only decreasing by 2 orders of magnitude. Theignificantly. Drying, and dry storage may lead to partial
radiation level in storage is negligible in comparison to in-corerecovery in Zircalo§® resulting in some improvement in
conditions; hence, only pure thermal diffusion will contribute ductility. The radiation doses received during dry storage will
to fission gas release. The diffusion coefficient at storagdse approximately four to seven orders of magnitude lower than
temperatures is at least 8 orders of magnitude less whemeceived during reactor irradiation. Therefore, no new radiation
compared with that at fuel centerline temperature or 5 orders alamage is expected to occur in dry storage.

A2.2.3.2 Hydrogen—See A2.1.3 for discussion mechanisms
nd effects.

d A2.2.3.3 Zinc Vapor—In addition, it is noted that when zinc
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A3. POTENTIAL DEGRADATION MECHANISMS AND BEHAVIOR OF DCSS MATERIALS UNDER NORMAL CONDITIONS
INTRODUCTION

The properties of non-fuel components of the system may be affected or altered by the normal
service conditions encountered in the initial storage period. For these components the importance of
the service requirements and the effects of the service conditions are described here. The potential
degradation mechanisms that may alter materials properties are important to the assessment. Industry
practices related to plant license renewal provide a good basis for informational needs required in a
DCSS license extension and these too are described here.

The materials analysis for the license extension should address the effects of normal events and
conditions during the license extension period on the spent fuel and DCSS materials. These service
effects must be analyzed from the perspective of the initial condition of the materials at the beginning
of the license extension period. These conditions are likely to be much less demanding (that is, lower
temperature, radiation, etc.) when compared with initial licensing conditions. If the ISFSI has not
experienced off-normal or accident-level events during the initial license period, it would be expected
that those potential degradation mechanisms operative during the initial license period would be
considered for the license extension period. Thus, the analysis of the normal condition for a license
renewal would focus on the degradation mechanisms and aging factors given in Annex A2 (for SNF
cladding) and Annex A3 (for the cask and other components). Under normal storage conditions, the
selected degradation and/or failure mechanisms to be considered would include sensitization, and
hydrogen effects for the cask and components.

A3.1 DCSS Materials and Components TABLE A3.2 Examples of Coatings Used in DCSS

A3.1.1 Tables A3.3 and A3.433) give examples on some Component Coating Comment
components, basket assemblies and the types of materials useger cask surfaces  Electroplated Ni (1.5 mm) Also O-ring seating surfaces
in the primary confinement vessel for some DCSS. Typical A T e aps poallc flame-sprayed
materials that penetrate shell lids, etc. are shown in Table A3.5 Carbo Zinc 11, ’ resistant up to 1200F if
(33), and materials used for lifting devices are shown in Table Dimetcote 6 completely dry, but gen-

erally rated at 750-800°F

A3.6. Examples of materials used in gamma and neutron for continuous exposure

ShIE|d|ng are shown in Table A3.7. The vessel consists of a@-ring seating surfaces SS weld overlay

metal shell with one to three metal lids sealed by multi-passOUtekr Surfacest;lfifzil) /EFOX% resin, paint 500 A thick
. . asket assembly oxiae thic

welds or by bolts W|t_h metal seals. Ea_ch of the_se materials ma)zasket assembly Metallic Thermally applied

have reactions relating to exposure time to high temperaturesg-steel)

irradiation and hydrogen effects. These reactions should be

analyzed for the specific materials used in a given ISFSI in

terms of stability and performance of intended function. TABLE A3.3 Examples of Materials Used for Confinement
Components in DCSS
A3.2 DCSS Materials and Components Classification Shell Lids Bolts/Studs Seals
A3.2.1 Classification of Materials by FunctieaA conve-  Nodular cast GGG40  304L SS Metal
. - . . . iron
n!em way to Identlfy the DCSS pOtentlal degradatlon me_ChaCarbon steel 515 Gr 70 193 Gr B7 Inconel X730° spring, Al jacket
nisms for components other than SNF and Claddmg IS tQ_ow alloy steel 515 Gr 70 320 Gr L43 Nimonic 90° spring, Al jacket
examine the components by their functi(88). Six primary 516 Gr 70 SB637 Gr NO7718 Inconel X750°, Al, 304L SS
; ; it jackets
fun_ct|0ns for cask components ard) confinement, Z) criti Forged steel 508 Cl 4b SA564 Type 630
cality control, @) shielding, @) heat transfer,J) structural H1150
integrity, and ) operations support. It is noted that most of the | | 350 Gr LF3 ElistlomerA | |
e : . Stainless steel, 304, 304L, Ethylene propylene copolymer,
components of safety classification A, fall under the first threeZ - - 630 siicone rubber, propylene. Viton,
PTFE (polytetrafluoroethylene)
TABLE A3.1 Examples of Dissimilar Materials in Contact A Generally used for leak testing and do not have a confinement function.
Material Contact Material Comment
Ni, SS, shell/lid, Al, SS, ethylene, pro-  Metallic or elastomer O-rings functions. The A classification is for components critical to safe
coatings pylene, silicone rubber, in contact with sealing surface operation. The safety classifications for the functions and
PTFE, Viton® i
Structural (shell, basket, Boral®, BISCO®, lead Shielding material in contact Componems are based on termanIOgy of NUREG/CR-6407.
etc.) with structural component A3.2.2 Safety Related Componenté table of safety re-
Non-coated materials  Coatings Coated material in contact lated materials used in the storage system may be tabulated as
with non-coated or coated id f ducti th . f ted behavi fet
material (basket/shell, etc.) an aid for conducting the review of expected behavior, safety

analyses, problems and properties under extended service
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TABLE A3.4 Examples of Materials Used for Basket Assemblies

in DCSS
Component Material Comment

Basket assembly 304 SS with Boron Cu plating, Al rails
6061-T651 Al 500 A oxide coating
SA 705 Type 630 SS Al heat transfer fins
SA 516 Gr 70
240 SS Cell structure
479 SS Rail structure

Neutron absorbers Metal matrix composites In SS wrappers welded
(B4C/Al matrix, Al clad) to panels

Castable borated shielding Encased tubes

TABLE A3.5 Description of Devices that Penetrate Confinement

Shell/Lids
Component Material Seal
Drain port plug SA240 Type 304 SS, Metallic
SA36, SA516 Gr 70
Vent port plug SA240 Type 304 SS, Metallic
SA36, SA516 Gr 70
Pressure port plug  SA240 Type 304 SS PTFE O-ring
Interlid port plug SA705 Type 304 SS PTFE O-ring

Pressure sensor Ni-plated Cu Be diaphragm  Electronic (Ag, Au, SS),
ceramic and weld seals

TABLE A3.6 Examples of Materials Used for Lifting Lugs/
Trunnions/Grapples

Component Material Comment

Lug/trunnion/grapple 304 SS, 508 Class 2a, 564 Type 630,
A537, SA705 Type 630 SS
Lug/trunnion bolts 304L SS, 193 Gr B7, 320 Gr L43, 4340 Generally same
as lid bolts

TABLE A3.7 Examples of Materials Used in Gamma and Neutron

Shielding
Component Material Comment
Gamma Shell material (thick-walled) See Table A3.3
shielding  B29 chemical lead Between inner and outer shell

Reinforced concrete (0.28 MPa) 29-in.-thick overpack, A36 inner
liner

Reinforced concrete (0.35 MPa) Used for overpack. A 615 or A 706
Gr 60 steel for inner liner

Neutron Polyethylene, polypropylene In shell wall and lids

shielding  BISCO® (borated polymer) Cast into metal containers (Al, Fe)
RX 277¢© (castable borated In lids
shielding)

original SAR. In an application for a license renewal, tabular
information can be organized and serve as an aid in determi-
nations of the suitability of the materials for their continued
service. The table would give the names of each component
part of the DCSS and, where applicable the function, the
material specification(s) to which it is produced, and the
nominal values for the following parameters: strength, thick-
ness, surface finish or coating, and dissimilar materials which
may be in direct contact. If materials are welded, the list could
include the welding process and filler metal, preheat treatment,
and post-weld heat treatment, if any, or the governing code.
Other tabulations could include the stress (nominal and maxi-
mum) in service, the residuals (chemicals/foreign matter) on
the surface of the component after loading and after storage,
the service temperatures (for the storage period, as well as
during loading and during unloading), the internal pressure
(min., max.) and the type/composition of gas or liquid in the
container. The tabulation should include all materials used for
components with an important-to-safety function, for example,
confinement, confinement systems, transport, criticality con-
trol, shielding. In addition, materials that coat or in other ways
support or interact (physically, chemically, or electrochemical)
with the components with important-to-safety functions could
be tabulated. Information in this table can aid the reviewer in
formulating the types of performance-related questions that are
important for each component of a storage system. Additional
information and guidance on the materials, parts and perfor-
mance are available in Annex Al, Annex A2, Annex A4, and
Annex A5.

A3.3 Potential Degradation Mechanisms of DCSS
Materials

A3.3.1 Materials used in the DCSS must meet performance
requirements needed in the respective functions. A table
showing functions, materials, properties, and specifications of
components could be developed similar to that discussed
earlier (33). Examples of potential degradation mechanisms
associated with the materials of the DCSS include mechanical
failure, sensitization in welds, corrosion, thermal effects and
environmental interactions. Degradation mechanisms would be
specific to the materials used and type of exposure and service
in the DCSS. Fast neutron irradiation of metals increases the
yield strength and reduces ductility. For example, the increase
in Charpy-V transition temperature as a function of fast

conditions, and some of the information would be availableneutron fluence for various pressure vessel steels has been
from the initial licensing. The table could include the servicereported(8,34) Extrapolation of the results in these references
conditions for those materials. The primary class functionsto the 13* n/cn? range indicates that no measurable embrittle-
could be correlated with the associated components such asent would occur in steel during 20 years of storage. Neutron
cask, seals, lids, baskets, plugs, neutron absorbers, suppétix levels are even less for the period from 20 to 80 years of
pads, support structures, etc. The list could include the type aéxtended storage. In many DCSS, the primary confinement
material, specifications and standards, vendor, mechanicakssel is metallic and designed with some of the same
properties, surface finish, internal surface coatingsAmerican Society for Mechanical Engineers (ASME) codes
temperature/pressure exposure, welds, etc. This table coultsed to design nuclear reactor pressure vessels. However, some
facilitate and expedite the review process by permitting a quiclallowances and modifications take into account the different
reference for each component. The listed information is aequirements of storage vessels and nuclear reactor pressure
useful starting point for specialists (materials, shielding, etc.)vessels. Several DCSS use reinforced concrete as the primary
in assessing potential problem areas. The table would illustratghielding material. A methodology for degradation assessment
various types of information that the reviewer may expect to bdnas been developed in the nuclear industry for the concrete
available throughout the original licensing application andcontainment building. Thus, some aspects of the methodology
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for life extension developed for nuclear reactor systems mightonditions than components having low levels of stress. Thus,
be appropriate for DCSS. welds, bolts and seals are of concern in this regard.

A3.3.2 General Degradation Mechanisms A3.3.3.1 Welds—Welds could have degraded during the

A3.3.2.1 Galvanic Corrosion of DCSS MaterialsWhen first 20 years and should be evaluated. Welding material
dissimilar metals are connected electrically in the presence d@fpecifications, fabrication procedures and properties of fabri-
an electrolyte, a galvanic cell is established and electrochemfated components, along with available inspection results,
cal actions occur. For example, if bolts are anodic to a largghould be reviewed in license extension applications. This
component of a cask system, the bolts may corrode quickly anéiformation may be given by reference to the code that was
impair their ability to function successfully as a fastener in theused in the weld. For ISFSI casks licenses, most welds are
cask system. The galvanic series lists metals in terms of theipspected volumetrically using methods (ultrasonic and radio-
electrochemical potential and may be useful in establishingraphic) that ensure that defects and cracks don't exceed
potentia| prob|ems in either agueous systems or vapors cﬁcceptable levels. Welds that have not had the benefit of
moderate to high humidity. As many different metals are usedost-weld-stress-relief heat treatment have high levels of
within a cask system, and some may be exposed to water vaptfsidual stress and a greater potential for extension of flaws
and therefore subject to its electrochemical effects, it igluring the first licensing period. Closure welds are in this
important to note the possible interactions for dissimilar-metaFategory and special treatment is given to them during fabri-
systems and to pass judgment on the possibilities for unfavogation, for example, PT examinations of various weld passes
able interactions in relation to functions that are important toand the use of redundant seals (as mentioned in 6.4), so as to
the safety of the systems. Some examples of dissimilar metagsure performance over the life of the system. Other concerns
in contact in the DCSS are given in Table A3(23). A for welds include sensitization caused by heating during
relatively active metal such as zinc, in the presence of larg#elding, the tendency for divergent microstructures and re-
areas of ferrous surfaces that are cathodic to zinc, will corrodgéidual stress fields to promote precipitate formation and growth
at a rate greater than that for zinc alone. The products of thithat can affect corrosion behavior, and even strength level, in
reaction are gaseous hydrogen, and ions and compounds $¥me welds. Additional evaluation of welds of materials that,
zinc. These products must not impair any safety functiongisually, are not welded, may be needed to ensure that the
under the service conditions of the cask system. In addition, ivelding process and materials chosen have yielded a durable
is noted that when zinc is present inside the cask system, @omponent that has not become adversely affected during the
forms a vapor that can interact with the Zirca®ycladding licensing period. Records describing the conditions of welds at
(30-32) and other materials present inside the system. Applithe onset of the first (original licensed) storage period could be
cants for license extension could demonstrate either, that thésed as a guide in determinations concerning the need for
effects of these interactions will not impair the safety functionsinspections or repair.
or that such interactions are not possible under the service A3.3.3.2 Bolts—The service life of a bolt in a DCSS is
conditions. Coatings are a source of dissimilar metals. Coatingsased on a 20 year to 30-year historical database. On question-
that are used include paint, epoxy, and oxides, as welhg the acceptability of a bolt for extended service of an
asthermally sprayed metal, electroplated metal and weld ovegdditional 20 to 80 years of service, the original acceptability
lays. The source of the zinc discussed in A2.2.3.3 was paint obf the bolts should be checked and the potential failure
the inside of the cask. Typical examples of coatings used argroblems unique to bolts must be analyzed. Bolts that are
shown in Table A3.233). improperly heat-treated may crack in service under normal

A3.3.2.2 Corrosion of Canister, Cask and Other conditions (if tempered too little) or under off-normal (acci-
Components-Corrosion of external (or exposed) componentsdent) conditions (if tempered too much). Factors that may
of storage systems is detectable to inspectors during routiraffect their performance, for example, environmental effects of
monitoring of the storage system. As corrections needed fotorrosion or creep, must be considered and discussed in an
this type of corrosion would occur in the normal operation ofapplication for extended service. Materials and their specifica-
an ISFSI, this corrosion is not regarded to be a concern that sons used in bolt selection should be stated along with
specific to the license renewal process. Of direct interest tassessments of the current condition of the bolts at the time of
license renewal would be any corrosion that would reduce thapplication for license extension. Bolts may be removed tested
effectiveness of a confinement boundary (see Annex A4 foand replaced, as necessary.
further discussion). The presence of water could increase A3.3.3.3 Metallic and Elastomeric SealsMetallic seals
potential for initiation of corrosion degradation of the metalcan be used for primary and secondary confinements, but
components of the DCSS. However, with routine monitoring, itelastomeric seals can only be used for secondary confinement.
is unlikely that a failure of a confinement boundary would goEg|astomeric seals are more sensitive to radiation and tempera-
undetected for long. For components that can not be monitoregire than metal seals. Radiation will cause polymerization
routinely, evaluation methods including analysis or remotgcross-linking) in elastomers, and doses above about 106 rad
inspection might be considered for assessment of their condigill result in an increase in strength and a loss of elasticity
tion. (embrittlement). Radiation also tends to reduce permeability

A3.3.3 Component Specific Degradation Mechanisms for the same reason; at least initially higher doses reverse these
Components, under higher loads of stress, whether residual tnends. Radiation may also produce a chemical breakdown of
applied, are more likely to be affected by ISFSI servicethe elastomer, and the decomposition products may interact
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with other components of the DCSS. Elastomers may also stactete (0.28 MPa and 0.35 MPa). Materials for neutron shield-
to degrade at higher temperatures and extended exposurey include polyethylene, polypropylene, borated polymer, and
times. Metallic seals should not be affected by radiationconcrete. Shielding materials are shown in Table AR3).
because of the high threshold value required to alter th®uring extended storage, the shielding materials must not
mechanical properties of metals. However, time and temperareep or slump to any extent that critically impairs the safety
ture effects on metallic seals should be carefully assessed fanction. The effect of radiation on any polymeric materials is
ensure continued safe performance. Any schedules for thegg¢ concern because of potential changes in the polymers
assessments should be carefully reviewed and updated gbnfiguration by slumping or granulation. Radiation can cause
relation to their applicability during the license extensionchain scission or crosslinking of the polymer structure. Chain
period and in accordance with the information developed aftegcisssion can result in a reduction in molecular weight and an
the original SER was completed. Elastomeric seals, designed facreased tendency of the polymer to creep. Crosslinking can
be replaced at intervals, should be specified in the SAR. Thixcrease the molecular weight of the polymer, increasing its
SAR should be checked to determine the procedures to bgardness and resistance to creep. These radiation effects are
followed to ensure continued safe performance. Most elassensitive to the applied dose rate and the presence of oxidants
tomers are resistant to absorbed radiation doses up®eatl0 and other reactive species that make polymer performance
(35,36) The radiation exposure conditions for safety-relatedapplication specific. The use of accelerated radiation testing
elastomeric o-rings, seals, and neutron shielding materialgsults may be misleading in evaluating polymer performance

should be determined and compared with the radiation resisind useful life. Shielding performance can be directly verified
tance for the particular elastomer. Some stu@dj conclude  py field measurements of dose rates.

that for neutron shielding materials, thermal damage is far 53 3 4 Time Limited Aging AnalysesAn important con-
more significant than radiation damage. In addition, the releasﬁderétion in a license renewal may be a list of time-limited

of corrosive gases, for example, fluorine from an elastomen%lging analyses (TLAA), similar to the one defined in 10 CFR
seal, must be considered for any potential effect of the gas %84 3 The analysis mig,ht demonstrate the following:
DCSS components. . . :

A3.3.34 ghielding Materials—The metal shell for thick- A3.3.4.1 Th.e analyses remain valid for the period of ex-
walled monolithic metal canister systems provides gammdaended operation;
radiation shielding, by lead in multi-shelled metal casks, and A3.3.4.2 The analyses have been projected to the end of the
by the concrete in thin-walled metal casks. Neutron shieldingP€riod of extended operation; or
can be located in the metal shell(s) or exterior to the shells. A3.3.4.3 The effects of aging on the intended function(s)
Typical materials used for gamma radiation shielding includewill be adequately managed for the period of extended
thick walled steel, B29 chemical lead and/or reinforced con-operation.

A4. CONSEQUENCES AND POTENTIAL DEGRADATION MECHANISMS UNDER OFF-NORMAL/ACCIDENT CONDITIONS
INTRODUCTION

If an off-normal or accident level event has occurred during the initial licensing period, the materials
analysis for the license renewal must address the potential consequences of off-normal and
accident-level events and conditions as defined in NUREG-1536 for the initial condition of the SNF
after 20 years of storage, and potential behavior of the system during the extended storage period. The
materials degradation mechanisms of Annex A4 should be analyzed in addition to the mechanisms of
Annex A2 and Annex A3.

Accident level events and conditions may compromise the ability of selected components to
perform at the intended design level. Some accident conditions are cask drop, cask tip-over, airflow
blockage, and fire that could lead to fuel damage, leakage of the confinement boundary or explosive
over-pressure. Some natural phenomena events include flood, tornado, earthquake, burial under debris,
lighting, seiche, tsunami, and hurricane. Effects of each accident should be analyzed for its possible
consequences during the extended storage service.

If off-normal/accident conditions exist, the storage conditions of the SNF could change due to either
air or water ingress, or excessive temperature excursion. In addition, the possibility of fuel damage by
mechanical trauma also may occur. In the event of off-normal/accident conditions, retrievability must
be considered and reevaluated by the licensee. If there is air ingress, oxidation of the Zrcaloy
cladding and fuel may occur.
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A4.1 Air Ingress and needs to be evaluated for retrievability. Oxidation of the
A4.1.1 Oxidation of both the fuel and cladding are ther_Z|rcaI0y® (42) is a thermally induced process. Dry storage

mally activated processes governed by the time at temperatugé;%:r l'geétr %?,Zrcgﬂgltfﬁsvf?ﬁg i;(:):c(j)i t;‘grr]thoefr f'i?];e;zih'grthee
and the amount of oxidant available. During the initial license om they reactor. since the storage conditions rule out t%e
period, when temperatures within the DCSS are higher, thg : g

; S fesence of oxidizing substances. In the event of air ingress,
potential for adverse consequences due to oxidation is greatgr oxidation at storage temperatures below 300°C is probabl
than during the extended license period. The total amount of ait y g P P y

admitted to the DCSS must be considered in addition to th of no concern since _the extent of OX|datlon IS _muc_:h smaller
temperature and the total time that the off normal or acciden an fche cladding thickness. Above 300°C, Oxidation of the
condition existed when determining the consequences of alcrladdlng should be evaluated, depending on the temperature
) S : 9 =d and amount of air. Oxidation of Zircal&y has been discussed.
ingress. Limited access of air can be assumed if the seals of the

DCSS failed during the first (original licensed) dry storageA4.2 Water Ingress
period or if the system assessment indicates the potential of the p4 5 1 \water ingress may raise the potential for degradation

sealing system leaking in the license renewal period. Smallt e cladding, canister, cask and other components due to the
leaks, where the amount of air ingress has been minimag o ation of a humid atmosphere. Possible effects of the humid
should result in only minor oxidation of either the fuel or yynagphere include: radiolysis of the moisture to create highly
cladding, with limited consequences. oxidizing radicals, corrosion of the cladding and cask compo-
A4.1.2 Oxidation of UQ—Oxidation of the fuel, UQ, is  nents, and hydrogen ingress into the cladding. The presence of
possible only if the fuel is exposed directly to air in the DCSS.moisture can enhance or alter existing degradation mecha-
A comprehensive review of the mechanisms and kinetics ofjsms. For example, if the relative humidity inside the DCSS
fuel oxidation has been performg88). Typical spent fuels exceeds 50 %, then the oxidation of the fuel can be accompa-
oxidize by first forming either 4O, or U,O,, phases that are njed by formation of hydrated phases of the f(@8), accel-
more dense than the original YOThis first transition is  erating the oxidation process. A thermal excursion will accel-
accompanied by a net contraction of the fuel, relieving meerate the rate at which the phenomena will occur. During a
chanical stress on the cladding. Oxidation typically occurs firsthermal excursion inside a storage cask, oxidation and corro-
along the fuel grain boundaries. Thus, the release of fissiogjon reactions of a uniform nature could result in decreases in
gases, such &Kr, to the DCSS relatively early during this the cladding wall thickness that would weaken the cladding
transition is possible. Upon further exposure to air, the fuel isnechanically. However, it is expected that any remaining water
oxidized to UOg, a phase which is approximately 36 % lessin the cask would uniformly corrode the Zirca®ycladding.
dense than the original fuel. The swelling of the fuel 8Ol  Because there is a large available cladding surface and only a
forms has been shown to supply sufficient mechanical stress §mall amount of available water, the overall effect would be
split the cladding(39,40) U;Og formed by oxidation of the insignificant. Defects in the cladding that could serve as
fuel is a fine powder that spalls from the fuel surface. Thejnitiation sites for cracks or reactions may have occurred
release of fines and/or fuel relocation from split cladding musturing reactor service or wet storage. The effects from reactor
be evaluated if YOy formation is suspected. The extent of service and storage would be primarily those pertaining to
oxidation of irradiated UQ is a time and temperature- forms of localized corrosion and their contribution to the
dependant phenomenon. In addition, the oxidation of spent fuglydrogen content of the cladding. Pitting is a severe form of
to U;Og has been showif41) to be burnup-dependent. As |ocalized corrosion and occurs at sites of breakage in protective
burnup increases, the soluble fission products and actinidegyrface oxide films, defects in materials, and other discontinui-
stabilize the matrix and inhibit the formation of;Os. For ties. Zircaloy™ is resistant to pitting attack, but is not immune.
example, at 229°C, the reported incubation time for crack=nvironments conducive to Zircal®y pitting include halide
propagation due to fuel oxidation was approximately 1000 hsolutions containing ferric or cupric ioné&3). Casks are
for a rod with an assembly average burnup of about 1Z%jesigned to maintain an atmosphere that precludes the presence
MWwad/kg U, whereas a rod with an assembly average burnup aff these environmental constituents under normal service and
about 30 MWd/kg showed no sign of splitting or dilation after these conditions are not likely to form even under off-normal
5962 h (39). At the lower temperatures expected duringconditions. Stress corrosion cracking (SCC) may occur in
extended storage, oxidation of even low-burnup fuels will takestainless steels and other metallic materials used in the DCSS
sufficiently long, at least months or years, that detection an@gomponents and SNF cladding. Stress corrosion cracking is a
mitigation of the off-normal condition should prevent fuel complex form of localized corrosion that occurs in the presence
oxidation from being a concern. At higher burnup levels, undef a corroding environment and a tensile stress. If present,
the conditions of extended storage, sufficient oxidation tohalides can also contribute to SCC. SCC has been discussed in
propagate cladding defects should not occur and no mitigativgetail in the literaturg(28). Galvanic corrosion is of conse-
measures are required. Excessive oxidation of defected SN"ﬁjence on|y for instances of ||qu|d water ingress or under
should be considered in transferring SNF. conditions of equilibrium saturation pressure. It is not expected
A4.1.3 Oxidation of Zircaloy®—Excessive oxidation of the that any buildup of the hydrogen content of cladding would
Zircaloy™ cladding combined with an internal stress canoccur in storage, unless a thermal excursion with water ingress
potentially breach the cladding. Cladding failure could result inwould occur under accident conditions. The applicant may
a risk of contamination of the interior of the confinement vesseheed to evaluate the potential for hydride-induced failures. It is
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important to note that hydrogen can be absorbed by cask
materials, for example, ferrous materials, other than the
cladding.

A5. DURABILITY AND PROPERTIES OF CONCRETE STRUCTURES AND COMPONENTS

A5.1 Concrete Structure and Components A5.3 Aging-Related Effects of Concrete

A5.1.1 Reinforced concrete structures and components may A5.3.1 The concrete typically used in DCSS consists of
play multiple roles in Independent Spent Fuel Storage InstalType Il Portland cement because of its higher sulfate resistance
lations (ISFSI) sites. These many and varied roles includ@nd lower heat of hydration relative to the general purpose
providing radiological shielding or forming ventilation pas- Type | Portland cement. However, the potential aging-related
sages, weather enclosures, structural supports, access dengigigradation effects of both types of concrete should still be
foundations, earth retention, anchorages, floors, walls, remowvaluated. The various admixtures that are used to improve air
able shields, bulk fill, and protection against natural phenomentrainment and workability, to modify the hardening or setting
ena and accidents. Bulk fill of concrete or other materials magharacteristics, to aid in curing process, to reduce evolution of
be emplaced with an enclosing structure to provide additionaheat, or to provide other material property enhancements
shielding and strength. should also be included in the scope of review.

A5.1.2 All concrete used in an ISFSI isreinforced, regard- A5.3.2 The reinforcements that act together with the con-
less of the functional role or need for structural strength ocrete in resisting forces include any embedded bars, wires,
integrity [NUREG-1536]. The structural design of the rein- §trands, or other sle_nder members and §hou|d also be included
forced concrete structures shall withstand the effects of credD the review for aging-related degradation effects.
ible accident conditions and natural phenomenon events with- A5.3.3 Portland cement has been used in concrete structures
out impairing their capability to perform safety functions. The since the early 1800s, and its proven durability to aging-related
principal safety functions stated in the initial license include€ffects is one of the main reasons for its widespread use in
maintaining subcriticality, containing radioactive material, pro-buildings and industrial facilities. However, concrete that is
viding radiological protection for the public and workers, andexposed for an extended period of time to extreme environ-
maintaining retrievability of the stored spent nuclear fuelments such as freeze-thaw, aggressive chemicals, flowing

(SNF). abrasive fluids, and elevated temperature may experience
significant aging-related degradation in performance. The
A5.2 Codes and Standards aging-related degradation effects that are evaluated for all

. concrete and the steel reinforcements include loss of material,
A5.2.1 Certain codes and standards have been accepted f&‘écking, and change in material properties. As part of the

reinforced concrete structures associated with DCSS. ANSY.onse renewal program, various aging degradation mecha-
ANS-57.9 generally applies to ISFSI design and also iqysms and the applicability within bounds of the specific

construction of DCSS and its associated ISFSI. The NRC hag,aterial and environments for concrete structures or compo-
not accepted the use of a set of criteria selected from multipl@ants are evaluated to determine if a particular aging degrada-

standards and codes, except when the selected criteria meet {)6, mechanism is significant to cause detrimental degradation
most limiting requirements of each code. However, in recogs its intended safety function.

nizing a graded approach to quality assurance, the NRC has
approved the use of ACI 349 for design and material selectiorgI
of reinforced concrete structures important to safety (nota
confinement), and has allowed the optional use of ACI 318 a
an alternating standard for construction [NUREG-1536]. Th

pnnmpal.codes and standards used in DCSS include thF:‘hemical attack, and corrosion of reinforcement steels.
following: ) i A5.3.5 Cracking in concrete structures or components is
A5.2.1.1 Concrete Containment ACI 359, also designated agnaracterized as general cracking, map cracking, hairline
Section Ill, Division 2, of the ASME Boiler and Pressure ¢racking, pitting, and erosion. These effects result from one or
Vessel Code, Subsection CC. more of the following aging degradation mechanisms: freeze-

A5.2.1.2 Reinforced Concrete Structures Important tothaw, reaction with aggregates, shrinkage, settlement, elevated
Safety ACI 349, except that ACI 318 may be allowed fortemperature, irradiation, and fatigue.

construction provided conditions and limitations described in  A5.3.6 Change in material properties is evidenced in con-

NUREG-1536 are met. crete structures or components as increases in permeability and
A5.2.1.3 Other Reinforced Concrete Structures ACI 349 omporosity of concrete material, and reductions in pH value,
ACI 318; if ACI 349 is used for design, the NRC accepts usetensile strength, compressive strength, modulus of elasticity,
of ACI 318 for construction [NUREG-1536]. In addition, an and bond strength of concrete. These effects result from one or
alternative to the temperature requirements of ACI 349 ignore of the following aging degradation mechanisms: leaching
provided in NUREG-1536. of calcium hydroxide, aggressive chemical attack, elevated

A5.3.4 Loss of material in concrete structures or compo-
ents is characterized as scaling, spalling, rust staining, pitting,
nd erosion. These effects result from one or more of the
f’ollowing aging-related degradation mechanisms: freeze-thaw,
brasion and cavitation, elevated temperature, aggressive
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temperature, irradiation, and creep. In addition, the potentiaB49-85, and constructed in accordance with ACI 301-66 or
change in material properties of the reinforcement steel is dukater using materials conforming to ACI and ASTM standards
to irradiation. are not subject to freeze-thaw aging degradation mechanism
A5.4 Aging-Related Degradation Mechani f [EPRI-1994].
4 Aging-Related Degradation Mechanisms o A5.4.3 Leaching of Calcium Hydroxide

Concrete .
. . , i A5.4.3.1 When water passes through cracks, inadequately
A5.4.1 The license renewal technical evaluation consists Ofyenared construction joints, or inadequately consolidated
four parts. First, the component evaluation basis is established .54 during concrete placement, the calcium compounds in the

which includes component descriptions, the general COmpQsyncrete can be dissolved due to presence of small amount of
nent design bases, and relevant component operating histoy,ciym jons in water. Since the most readily soluble calcium

Second, the aging-related degradation mechanisms that could,n4nds in concrete is calcium hydroxide or lime, water can
affect this component are described and their potential signifira 4. lime from concrete. When calcium hydroxide or lime in
cance to component safety function performance as defined ity crete is leached away, other cementitious constituents
the original license of the DCSS is evaluated. Third, theyecome exposed to chemical decomposition, eventually leav-
effectiveness of existing programs, which also helps managg,q penind silica and alumina gels with little or no strength
the facility aging phenomena, is examined to determine i 44). The significance of leaching effect depends on salt
credit can be _tal'<en for the existing programs. Fourth, for caséOntent and temperature of water [EPRI-1994]. The areas of
where the existing programs cannot be shown to adequate|¥,ching in concrete can be found in concrete structures or
manage the effects of age-related degradation, aging manag&mponents subject to flowing water, ponding, or hydraulic

ment options for plant specific programs are recommended fQf oq re. The leaching action of the water can only occur if the
the extended operation. The following aging-related degradgg,tar passes through the concrete.

tion mechanisms are identified from a review/evaluation of A5.4.3.2 Leaching over long periods of time can increase

nuclear power plant operating experience, relevant Iaborator% . Iy N
; 4 : . i the porosity and permeability of concrete, making it more
data, and related experience in other industries [EPRI 1994]Susceptible to other forms of aggressive attack and reducing

A5.4.2 Freeze-Thaw .
A5.4.2.1 Repeated cycles of freezing and thawing maystrength. Leaching can also lower the pH of the concrete and

change the mechanical proberties and phvsical form of Cone_lffect the integrity of the protective oxide film of reinforcement
9 proper pny Steel [EPRI-1994].

crete [EPRI-1994]. The durability of concrete to freeze-thaw

damage mechanism depends primarily on the porosity charac-. 0 !

teristics of aggregates, the presence of moisture to saturate t Ilng "{ﬁ“er ar;e_ related éo perrr]neablgt)t/)of concrete. Reszstangtﬁ

fines pores in aggregates, and the permeability of the hard g 'eaching action can be enhanced Dy using a concrete wi

cement mortar matrix to the passage of water. Freeze-tha w permeability [EPRI-1994]. A dense concrete with a suit-

damage typically occurs on relatively flat surfaces such agble cement content that has been well cured will be less

pavement, where water remains in contact with the concreté”sceptible to leaching of calcium hydroxide because of its low

Freeze-thaw damage often originates at the surface and the[%ermeablhty and low absorption. Guidance to assure a dense

fore is readily detected by visual inspections. The effects ofi"d Well-cured concrete is provided in ACI 201.2R-67.
freeze-thaw damage are local in nature and by itself will not A5-4.4 Aggressive Chemicals .
affect the strength of the concrete. A5.4.4.1 Concrete is highly alkaline (pH > 12.5) and
A5.4.2.2 Concrete structures or components located in aredgerefore is vulnerable to degradation by strong ag#is).
of the country that experiences numerous freeze-thaw cycledcid attack can increase porosity and permeability of concrete,
with significant winter rainfall are more likely to exhibit reduce its alkaline nature at the surface of the attack, reduce
damage than areas in milder climates. Specification C 35trength and render the concrete subject to further degradation
groups the areas of the U.S. into severe, moderate, arlg5). Portland cement concrete, regardless of its composition,
negligible weathering regions on the basis of the weatherind/ill not withstand exposure to highly acidic fluid for long
index. This index is the product of the average annual numbeperiods of time [EPRI-1994]. Sulfates solutions of potassium,
of freezing cycle days and the average annual winter rainfall i§odium, and magnesium sometimes found in groundwater may
inches. If concrete structures or components located in @ttack concrete over time. Sulfate attack can produce signifi-
geographic region subject to negligible weathering conditionsf}am expansive stresses within the concrete, Ieadlng to crack-
that is, a weathering index of less than 100 day-in. per year, th#d, spalling, and strength loss. Groundwater chemicals may
freeze-thaw is not a significant aging degradation mechanis@lS0 damage the foundation concrete [EPRI-1994].
for the concrete, and requires no further evaluation [EPRI- A5.4.4.2 A dense concrete designed and constructed in
1994]. accordance with ACI 318-63 and ACI 301 with materials
A5.4.2.3 Freeze-thaw damage is not a significant agingonforming to applicable ACI and ASTM standards will result
degradation mechanism for concrete structures and comp#? a concrete with low permeability and high resistance to
nents, if the concrete is of an appropriate mix and constructiofggressive chemical attack [EPRI-1994]. If concrete structures
quality or is located in geographic regions not subject to severer components are not exposed to an aggressive chemical
weather conditions with significant freeze-thaw cycles [EPRI-environment, the aging degradation of concrete strength due to
1994]. Also, concrete structures are designed in accordans#emical attack is considered to be insignificant [EPRI-1994].
with the ACI 318-63, a later version of ACI 318, or ACI  A5.4.5 Reactions with Aggregates

A5.4.3.3 The dissolving and leaching actions of the perco-
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A5.4.5.1 Chemical reactions may develop between certaiin tensile stresses and eventually cause hairline cracking,
mineral constituents of aggregates and alkalis that compose tli@llowed by rust staining, spalling and more severe cracking in
Portland cemen(46). These alkalis are largely introduced in the concrete surrounding the embedded steel [EPRI-1994].
the concrete by cement, but may also be present from impropdiypically, the high alkalinity (pH>12.5) nature of concrete
admixtures and salt-contaminated aggregates [EPRI-1994provides an environment around embedded steel and steel
Seawater and solutions of deicing salt can also inject alkaliseinforcement, which protects them from corrosion. If the pH
into concrete by action of penetration. Three types of chemicak lowered (for example, pH<10) due to leaching of alkaline
reactions may occur depending upon the composition of theroducts through cracks, intrusion of acidic materials, or
aggregates. They are alkali-aggregate reaction, cementarbonation, corrosion may ocoi4). Chlorides could also be
aggregate reaction, and expansive alkalis-carbonate reactignesent in constituent materials of the concrete mix (that is,
[EPRI-1994]. cement, aggregates, admixtures, and water), or they may be

A5.4.5.2 Alkali-aggregate reaction, also known as alkali-introduced environmentally. The severity of corrosion is influ-
silica reaction, occurs when aggregates that contain silica get #nced by the properties and type of cement and aggregates, as
contact with alkaline solutions. All silica minerals have thewell as the concrete moisture content [EPRI-1994].
potential to react with alkaline solutions, but the degree of A5.4.6.2 The degree to which concrete will provide satis-
reaction and ultimate damage incurred can vary significantlfactory protection for embedded steel is, in most instances, a
[EPRI-1994]. Alkali-aggregate reaction can cause expansiofunction of the quality of the concrete and the depth of concrete
and severe cracking of concrete structy#ed. Amap and data cover over the steel. The permeability of concrete is also a
showing geographic areas known to yield natural aggregatemajor factor affecting corrosion resistance. Concrete of low
suspected of, or known to be capable of, alkali-silica reactiopermeability contains less water under a given exposure and
is included in ACI 201.2. The reactivity of such aggregateshence is more likely to have low electrical conductivity and
might not be recognized until the structures are over 20 yeargetter resistance to corrosion [EPRI-1994]. Such concrete also
old, even if used in combination with high alkali cement resists absorption of salts and their penetration to the embedded
[EPRI-1994]. steel and provides a barrier to oxygen, which is an essential

A5.4.5.3 Cement-aggregate reaction, which is a second typglement of the corrosion process. Low water-to-cement ratios,
of reaction similar to alkali-aggregate reaction, occurs betweel®w aggregate to cement ratios, and adequate air entrainment
the alkalis in cement and siliceous constituents of the aggrdncrease resistance to water penetration and thereby provided
gates, and is complicated by environmental conditions thatesistance to corrosion [ACI 201.2R-67].
produce high concrete shrinkage and alkali concentrations on A5.4.6.3 Corrosion of embedded steel can be an aging
the surface due to drying (aging) of the concrete [EPRI-1994]degradation mechanism for concrete structures. If the concrete

A5.4.5.4 Expansive alkali-carbonate reaction is a third typds degraded by other aging mechanisms, which may reduce the
of reaction between certain carbonate aggregates and alkal@rotective cover of the steel, corrosion may occur at a
which in some instances produces expansion and cracking &fgnificantly higher rate. Adequate management of the other
concrete. Certain limestone aggregates have been reported@@ng mechanisms will help control the corrosion of the
reactive [EPRI-1994]. Aggregates that react with alkalis carembedded steel [EPRI-1994].
induce expansion stress in the concrete to a degree of varyingA5.4.6.4 If steel-reinforced concrete is exposed to aggres-
severity, and in some cases, the expansion stresses may be hgve groundwater (pH<11.5 or 500 ppm chlorides with avail-
enough to produce cracking of the concrete structures. Thiability of oxygen) for extended periods, aging degradation due
cracking is irregular and has been referred to as “map cracke corrosion of the embedded steel should be considered a
ing” [EPRI-1994]. potentially significant aging degradation mechanism [ACI

A5.4.5.5 Operating history of nuclear power plant concrete?01.2R-67]. Use of concrete with a low water-to-cement ratio,
structures do not indicate that structural integrity of thesdow aggregate to cement ratios, and adequate air entrainment,
concrete structures is significantly affected by alkali-aggregat@hich yields low permeability, and sufficient reinforcement
reactions. Aggregates used in the concrete can be tested a@igtribution to minimize crack development, will prevent
petrographically examined in accordance with Practice C 2950rrosion of the embedded steel and degradation of the
and Test Method C 227 to determine potential for reactivityconcrete [EPRI-1994].
with alkalis. When aggregate reactivity is considered a possi- A5.4.6.5 Induced or stray currents can cause rapid corrosion
bility, limitations may be imposed on cement alkalis during of embedded steel. Induced currents are of special concern if
construction, and/or an effective pozzolan is used in combinathe DCSS is located near a power station or transmission line.
tion with the cement. Reaction with aggregates is not aathodic protection systems used to protect other components
significant aging degradation mechanism for concrete strucef the ISFSI can be a source of stray currents.
tures designed and constructed in accordance with provisions A5.4.6.6 If the concrete structures are designed and con-
given in the ACI 201.2. structed in accordance with the provisions given in ACI and

A5.4.6 Corrosion of Embedded Steel ASTM standards-which provide a good quality, dense, and low

A5.4.6.1 Corrosion is an electrochemical process involving?ermeability concrete that provides adequate concrete cover
metal, oxygen and an electrolyte that results in the formation opver the embedded steel-corrosion of embedded steel is not a
ferric oxide, that is, rust. The oxide product which has asignificant aging degradation mechanism [EPRI-1994].
significantly greater volume than the original metal can result A5.4.7 Elevated Temperatures
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A5.4.7.1 The concrete mechanical properties such as theading history, environment and material properties of the
compressive strength, tensile strength, and modulus of elasticoncrete. The time-dependent creep deformation of concrete
ity may be degraded when subjected to prolonged exposure tnder compressive load consists of cumulative strain resulting
elevated temperatu(d8). Test data suggests that reductions infrom progressive cracking at the aggregate-cement paste inter-
excess of 10 % begin to occur in the temperature range of 18face, from moisture exchange with the atmosphere, and from
to 200°F(48). However, concrete age affects the magnitude oimoisture movement within the concrets?).

strength loss—the older the concrete, the lower the strength A5.4.9.2 Crack in the concrete due to creep is typically
loss. ASME Boiler and Pressure Vessel code, Section lllgma]l and not visible since it causes cracking at the aggregate-
Division 2 [6] indicates that aging degradation mechanism dug@ement paste interface [EPRI-1994]. Creep degradation is not
to elevated temperature is not significant so long as concretggnificant enough to result in concrete degradation or in
temperature is less than 150°F. ACI 349 allows local aregyposure of reinforcing steel to environmental effects. Creep is
temperature to reach 200°F before special provisions argjgnificant when new concrete is subject to load; the effects of
required [ACI 349]. Long term exposure to high temperaturécreep decrease exponentially with time. Any degradation due
that is, greater than 150°F in general area, or greater thap creep can be detected in the first few years of the concrete
200°F in localized area, may cause a change in materidlgyice life. According to ACI 209R-82, approximately 78 %
properties. If these temperature limits are exceeded for a longs creep occur within the first year, 93 % within 10 years, 95 %

period of time, the effect of aging-related degradation shoulgyithin 20 years, and 96 % within 30 years. Therefore, creep is
be evaluated to assure that any change in concrete mechani¢gk 5 significant aging degradation mechanism.

strength is not excessive for extended operation [ACI 349]. A5.4.10 Shrinkage—Excess water is typically added to the
A5.4.7.2 Long-term exposure to elevated temperature above . : . - . .

300°F may cause concrete surface scaling and cracking. Sin gncrete mix to improve its workability during fqrm_mg of

very few localized areas in DCSS systems would experiencgoncret.e structure. Shrinkage of concrete occurs initially dur-

temperatures in this range, aging degradation due to elevat curing as the result of excess water leaving the concrete.

temperature above 300°F is not required for consideration. is curing period typically continues seyeral months afte:r
A5.4.8 Irradiation: plac_ement. As excess water evaporates .|nto the surrounding
A5.4.8.1 When exposed to high levels of fast and slowEhvironment, tensile stresses are mduc;ed in the concrete due to
neutrons, concrete may exhibit aggregate growth, decompogmemal pressure from the capillary action of water movement,
tion of water, and thermal warming of concrete. High gammaand cracks develop. Subsequent drying andoshrmkage occurs in
radiation may affect the cement paste portions of the concret&2NCrete for up to about 30 years. Over 90 % of the shrinkage

producing heat and causing free water migration and exchanggeccurs during the first year a’?d aboqt 98 % n th_e first f[ve
with atmospherg49). With loss of free water, the mechanical ears [AC.|'209]' Thefef"’e' shrlnka}ge is not a significant aging
properties of concrete, that is, compressive strength, tensifé€dradation mechanism for licensing renewal.
strength, and modulus of elasticity may be subjected to aging A5-4.11 Managing Aging-related Degradation Effects of
degradation mechanism [ANS-6.4-19880). Impact of di- oncrete StructuresAny age-related degradation mechanism
rect radiation on the mechanical properties of concrete can bg considered significant if, when allowed to continue without
found in ACI publication SP-5551). The hydrogen atoms any additional prevention or mitigation measure, it cannot be
present in water can influence the moderation of fast neutronghown that the component would maintain its safety function
thus affecting the neutron shielding characteristics of concret@uring the license renewal period or extended operation
if significant water evaporates. Concrete degradation due ttllowing the initial license. The potential for significant
neutron and gamma irradiation is not always observable. Thage-related degradation of specific component evaluated is
most likely physical manifestation of excessive irradiation isdependent upon design features, design basis, operating his-
cracking and/or spalling of concrete caused by thermal strestry, and the extent to which they are susceptible to the
ANSI/ANS-6.4-1985 reports that for incident energy fluxesage-related degradation mechanism(s). If it can be shown that
less than 1010 MeV/cfrs, nuclear heating is negligible. This @ DCSS component is not affected by the degradation mecha-
standard also indicates that for concrete temperature maifism under consideration, or is only affected to such a small
tained below 65°C (149°F), the amount of degradation to be&legree that the component safety function is not adversely
expected is minimal, and need not be given consideration. affected throughout the license renewal term, then the
A5.4.8.2 In DCSS systems, the level of irradiation over thecomponent/degradation combination is not significant. Other-
extended operation is not expected to reach a level that igise, the combination is potentially significant. If a potentially
sufficient to cause significant mechanical strength reduction o$ignificant problem (component/degradation mechanism com-
concrete, therefore, irradiation effect is not considered to be hination) is adequately addressed by effective existing pro-
significant aging degradation mechanism. grams, then the issue is not a license renewal concern as it is
A5.4.9 Creep considered to be resolved on the basis that the degradation is
A5.4.9.1 Creep is the time-dependent increase of strains imanaged acceptably. Combination of mechanisms and compo-
hardened concrete that has been subjected to sustained strasts for which existing programs cannot be shown to manage
primarily compressive in nature. The sustained stress resulfotentially significant age-related degradation will require
from dead load, live load, and pre-stress on the structure anglant specific enhanced monitoring program to effectively
from temperature effects. Creep deformation is a function ofmanage the age-related degradation phenomena.
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APPENDIX
(Nonmandatory Information)

X1. BACKGROUND ON LICENSES, MATERIALS, CRITICALITY

X1.1 Type of License issued to plants with no plans for decommissioning such as

X1.1.1 The use of DCSS for the storage of SNF may beOconee,_ Surry, Prairie Island, Calvert Cliffs, anc! Nprth Anna.
conducted under either a site-specific or general license fofhe options for a plant that plans to decommission dje (
operating an ISFSI. From the perspective of a utility, advan2pply for a site-specific license or2)(maintain the Part 50
tages and disadvantages may be associated with each typeli§ense and use the general license under Part 72.
license. X1.1.5 A General License is restricted to sites with a 10

X1.1.2 The ISFSI licenses are of two types, general and sit€FR Part 50 license. A general license has been issued for each
specific. Title 10 of the Code of Federal Regulations, Part 72f the storage casks listed in 10 CFR Part 72.214, with each
(10 CFR Part 72 subpart K) grants a general license focask being approved for storage of spent fuel under the
operation of an ISFSI to power reactor sites operating under eonditions specified in its COC. The main advantage associ-
current 10 CFR Part 50 license. The ISFSI must use onlyted with the use of a certified DCSS is that its use requires
storage systems with a Certificate of Compliance (COC) issuedeither an SAR nor a new Safety Evaluation Report (SER),
under 10 CFR Part 72 subpart L. The 10 CFR Part 72 .23@hen the storage system is to be employed by a Part 50
gives requirements that must be met to obtain a COC for a caglcensee, that is, at a particular utility. The utility need only
to be used at an ISFSI. Once a cask has been approved, tgrify that the conditions for the general license will be
NRC issues a COC to the designer/vendor. See 10 CFR Part 7gatisfied at the site. For example, the site conditions must be
Subpart K for a list of approved casks. The license for theyounded by the conditions specified in the SAR for the cask
Storage of SNF in each cask terminates 20 years after the flrabs|gn Thus, under the genera| license, no approva| (Or
use of that cask, or 20 years after the COC renewal, whichevee_approval) that is specific to the site is required for the use of
comes later (10 CFR Part 72.212(a) 3). The cask COGn approved DCSS design. A practical consequence of this it
re-approval is governed by 10 CFR Part 72.240. that the utility may save costs that would have been associated

X1.1.3 Ageneral license is issued under 10 CFR Part 72.6yjth having a cask design re-approved on a site-specific basis.
Subparts A, B, and C provide the basis for issuance of a genergl js reasonable to anticipate that, under future regulations
ISFSI license. A power reactor site operating under 10 CFRg|ateq to license renewal, this same notion may become a cost
Part 50 may use a general license. The site-specific applicatiaer for utilities that use cask designs that have been re-
must have an approved Safety Analysis Report (SAR) thaknroved for continued storage in a license renewal term of 20
demonstrates how the requirements given in Part 72, Subpart§ "go years beyond the initial licensing period. Another

(License Application, Form and Content) are to be met at the,y antage of a general license is that for the general license
ISFSI site. A general licensee may use storage systems with es not require the period of public hearing that may be

.COC' Thgy may use a cask.w!thout. a general [lcense b)éssociated with a site-specific license application. This too may
mcorporatmg the sqfety analysis in the|r ISFSI application, Ofacilitate license extension, as only one re-approval may be
by referenC|_ng atopl_cal _safet_y analysis report for that cask. Th?equired vis-a-vis re-approval for each site.

SAR may include justifications for modifying the storage
system or using it outside of its original design basis, as needeg
by the site. The ISFSI license must be renewed within 20 years
from the date of issuance, in accordance with 10 CFR Part
72.42.

X1.1.4 A Site-Specific License can be issued, for example, X1.2.1 Pertinent information on the SNF, the materials used
to a utility for a particular storage system at a specific site. Thign the storage system, their functions, expected behavior,
license permits the user to tailor a DCSS to particular needgerformance, etc. that was provided in the license application
(fuel type, burn-up level, thermal, or other considerations). Foshould be reviewed along with any data taken during the
example, if a plant were operated under a general license thatorage period to assess their significance in license extension.
does not cover a particular fuel, one option would be to obtairAs with the original application, in which design events were
a site-specific license to cover the characteristics of this fuelconsidered, the reviewer must consider the suitability of
The site-specific license also permits the development ofaterials for their functions as components of safety protection
alternative (such as a vault system) to the common caskystems. The materials and components of principal concern
designs. Site-specific licenses have been issued for use ate those used in safety arguments that satisfy regulatory
plants with plans to decommission such as Fort St. Vrainrequirements. The properties and characteristics that are im-
Rancho Seco and Trojan. Site-specific licenses have begquortant to these requirements are important to license extension

1.2 Review of SNF and Dry Storage System
Component Performance Requirements for License
Renewal
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and often must be demonstrated to be adequate for thearticles is not be considered a gross rupture. Descriptions of
remainder of the storage life cycle. selected degradation modes are given in Annex Al and Annex

X1.2.2 Normal, Off-normal, and Accident events should beA2 to serve as a guide in determining the probability of
considered for the extended service period. Where historicgiccurrence and the extent of the damage that could be
precedents are available, they may furnish reasonable ass@nticipated.
ance that the material is suitable for the extended service of 213 Maintaining Sub-Criticality

iven component in k lication, provi hat th . .
given component a cask application, provided that the X1.3.1 The principal function of boron or other neutron

service conditions are sufficiently similar to those of the bsorbers is 1o absorb th | ¢ hich ired
precedent. Where such analogies are not available, the appfi- SOTDETS IS 10 absorb thermal neutrons, which are required for
e critical multiplication of neutrons in UQOfuel. Since fast

cant must present arguments that will be assessed by tH O . .
reviewer. When additional information is required, a brief Neutrons are not significant to this process, thelde5|gns., are such
literature search may suffice. When necessary, the require&'i‘at the_beha\_/lor of boron-containing _matenals during dry
information must be developed, through research, monitorin torage s not |mpo_rtant unless and unt.ll water or some ot'her
’ ' eutron moderator is present. Thus, until the fuel is placed in a

inspections, or other means. N :
;1 53 Th hist fthe SNF should be k dth situation wherein (non-borated) water engulfs the fuel, the
- € nistory ot the should be known, and thén &g, ;4 multiplication process is not an issue. When the fuel is

step-by-step procedure for review of the dry storage SVSte’Th the presence of the water (or other) moderator, specific

under normal conditions (dry, inert environment) should bemi imum amounts of boron (the level of which is specified as

p;owlcéleg, c?nd aregsl t?at nﬁed _emphgds% .forth.rezssessm 'oncentration or areal density) may be required to inhibit any
fs Otl:] d'e ISCUSSE f. n ormla |ond|i_pr0w E.Bd i this ocur_r&e eutron multiplication or to limit keff to calculated values that
or the discussion of-normar CONCItions guldance 1S providecd, o acceptable. This level of boron is obtained from either

for use in evaluat.ing SNF a.n.d materials th_at have undergongorates in the pool water or some form of boron in neutron
off-normal or accident conditions. Information for evaluating absorbing plates.

tShNF IS foI:joyvedh.b):C;.nformatlﬁ)n ct))nltother npatgngls, mcluddmt% X1.3.2 Factors affecting the systems ability to meet critical-
0se used in Shielding, Welds, Dotts, seals, J-1ings and ot safety requirements include fuel geometry, geometry of

applications. Verification of these features constitutes part o bsorbing material, and water incursion (if full water flooding

the process .Of assuring that the design ba_S|s can be eXt.raRﬁés not assumed in the initial safety analysis). Some DCSS for

lated. A service period of up to 100. years, including the f'rStPWR fuel include no fixed neutron absorber materials in the

twenty years, 'S. assumed in this gum-ie.. basket, and depend entirely on water exclusion for criticality
X1.2.4 Cladding Performance Criteria-The spent fuél control during dry storage, and dissolved boron in the pool

cladding must be protected during dry storage against degragater for criticality control during loading and unloading.

dation that leads to gross ruptures, or the fuel must be

otherwise confined so that degradation of the fuel during<l.4 Supplemental Information on Effects of

interim storage will not pose operational safety problems with Temperature

respect to its removal from storage. Damage modes and failure X1.4.1 Under normal conditions, at long times, as tempera-

mechanisms can be tolerated as long as they result in a loss ofre decreases, the wall thickness and fission gas content and

fuel rod internal pressure and termination of the damag@ressure remain nearly constant. The strain rate tends to

mechanism. A small breach in the cladding, such as a pinholespproach zero, and stress levels are insufficient to promote

or a hairline crack that would not release irradiated ,UO further creep.
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