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ABSTRACT

This report presents a study on criteria for fabricating ductile cast iron shipping
containers used for transporting radioactive materials. Empbasis is on providing a
specification that will not only describe the mechanical properties of the ductile iron
but wil’, in addition, ensure that these properties will be reliably repraduced in
production castings.
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EXECUTIVE SUMMARY

Ductile cast iron used for spent-fuel shipping containers is not, as yet, described by
an authoritative specification. Nevertheless, a code or standard guiding fabrication
should be identified in the Safety Analysis Repo: t. In the absence of an authoritative
standard it is recoinmended that the procedure adopted by the American £ociety of
lechanical Engineers (ASME) for new materials b2 used to characterize the ductile
cas! iron. The key recommendation in this report is that the material be described in
American Society for Testing and Materials (ASTM) form. Emphasis is on providing
guidelines for developing a specification that will completely characterize the
ductile cast iron with regard to material properties. Furthermore, the submittal of
an ASTM-type specification as part of the Safety Analysis Report will obligate the
applicant to provide material meeting stated minimum requirements and to reject
material not meeting these requirements. The guidelines here for preparing the
specification are in ASTM forma.. They address considerations that are particularly
relevant to the fabrication of ductile cast iron for spent-fuel shipping containers.




1.0 INTRODUCTION

o protect the public health and safety, shipments of radioactive jnaterials are
n accordance with the provisions of 49 CFR 170-189" and 10 CFR
1a presented in this report were developed for application

rontainers,

| to the design and fabrication of shipping containers

juality-assurance program approved by the U.S, Nuclear

)

n Mieasures must be implemented to ensure that the
requirements and the approved design provided in the Safety
re correctly translated into specifications, drawings,

ion, The measures should also ensure that

casting, heat treating, and acceptance

by qualified personnel using qualified

fabrication of a shipping container should be

ipproved design. In the absence of codes or

formation describing the process, controls, and
be incluaed in the SAR.

industry uses many codes and standards for fabrica-
'riteria has been adopted by industry for fabricating

n criteria for shipping containers magde of materials
1ave been given in NUREG/CR-3854". This report
n ti r‘ation and acceptance testing of ductile cast

luplicate the information given in NUREG/CR-




2.0 BACKGROUND

The configuration of the shipping cask is set Ly a number of design requirements
governing hea: transfer, shielding and sealing to ensure minimum radiological
hazards, and structural integrity of the cask componeats in their response to various
types of loading. The performance of shipping containers should be assessed by
either analytical evaluations or physical tests as specified in 10 CFR 71*4
Acceptgnce criteria for meeting 10 CFR 71 are iden'ified in Regulatory Guides 7.6
and 7.8°,

While the requir2ments of 10 CFR 71 and the guidance outline in Regulatory Guides

criteria for the structural analysis of shipping casks, is oriented toward safety-
related components made of steel. The introduction of ductile cast iron as a
candidate material for spent-fuel shipping casks prompted concern about using
Regulatory Guide 7.6 for this material. In addition, since duc~tile cast iron has
considerably less toughness than austenitic stainless steel, which had heretofore been
used for the primary containment of shipping casks, the ability of ductile cast iron to
resist brittle fracture under dynamic loads was also questioned. To address these
concerns, research programs were undertaken to evaluate the suitability of ductile
cast iron for shipping casks and to provide a basis for developing regulatory guidgs to
facilitate licensing such casks. These research efforts culminated in suggestions” for
(1) design criteria that assume ductiie behavior, and (2) for a drop test to qualify the
ductile cast iron's resistance to brittle fracture under dynamic loads.

A

A significant finding of this research was the discovery that the mechanical-property
values of thick sections of ductile cast iron may differ substantially from values
given in standard specifications, The former were generally lower; moreover, tests

performed on samples of generic ductile cast iron in "thick" sections revealed a large
degree of variability.,

Notwithstanding, an appropriate specification for the mechanical properties of
ductile cast iron shipping containers is essential to establishing design allowerble
stress limits. In the absence of an appropriate American Society for Testing and
Materials (ASTM) specification, Regulatory Guide 7.6, by implication, specifies the
American Society of Mechanical Engineers (ASME) code rules for new materials as
an alternative method for establishing mechanical properties data. In accordance
with the requirements of Section III of the ASME Boiler and Pressure Vessel (BPV)
Code, mechanical-property values given by an ASTM specification are acceptable to
define allowable stresses when these allowable stresses are not furnished by the
code. In the event that no applicable ASTM specification exists, acceptability for a
period of three years is based upon (1) evidence that a specification for the material
is before ASTM, (2) evidence that the material is commercially available, (3)
evidence that there is a demand for the material, (4) a request for approval of the
material in ASTM specification form, and (5) all the data specified in 1V-1200 and 1V-
1300 of Article 1V-1000, Section III, Div. 1, Appendices of the ASME BPV Code. The
recommendations in Reference 6 for specifying the properties of ductile cast iron
follow those outlined by the ASME BPV Code except that in the event that no ASTM
specification is available, a specification should be submitted by the licensee to the
NRC in ASTM form for approval. It was further suggested that steps be taken to
develop an ASTM standard for ductile cast iron in the thickness range applicable to

-5~
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Since easting i1s the principal fabrication process for the primary containment of the

ductile iren shipping cask and since there does not appear to be a specification in

existence that addresses all the required mechanical properties, the guidelines in
hapter 3 should be foliowed in developing such a specification




3.0 FABRICATION CRITERIA

Where applicable, the criteria for fabricating metal components for shipping
containers used for transporting radioa:tve materials should he based on
NUREG/CR-3854." The following specific criteria apply only to components made
of ductile cast iron,

The specification for ductile cast iron to be used in shipping containers should
identify minimum mechanical-property values that can serve not only as bases for
acceptance or rejection of the casting but also as bases for establishing design
stress-intensity limits, These values are presumably based upon comprehensive testy
performed by the applicant, Also inciuded should be the specification of maximum
allowable flaw size and minimwn fracture toughness emerging from the prototype
cask test program. Furthermore, the specifications should define testiag end
inspection procedures that will add confidence in the mechanical properties reporied
and should define procedures that will maintain the quality of the shipping containers
throughout the production eycle. The following guidelines are designed to reflect the
rules contained in Article IV-1000, Section III, Div. 1, Appendices of the ASME BPV
Code, Particular attent]»n should be given to the requirement that the specification
be written in ASTM format,

This section deals with guidelines that should be fo’lowed by the applicant in
preparing the material specification. Assgistance in establishing these guidelines was
provided by a panel representing both the shipping container industry and a segment
of the foundry industry experienced ia the production of large ductile iron castings,

3.1 Tive

The titie should be as concise as possible but complete enough to identify the
material covered by the specification, Titles are used in lists, tables of contents,
and indexes, It is most important that they be brief but inclusive. A suggested title
is "Standard Specification for Luetile Jron Castings for Spent-Fuel Shipping
Containers,"”

3.2 Scope

3.2.1  This specification covers castings made of ductile cast iron that are
applicable to the fabrication of thick-wall nuclear spent-fuel shipping casks
over eight inches thick,

The type of duetile cast iron designatea for this application is limited to the
predominantly ferritic grade (as defined in 3.11.1) in which the graphite is
substantially spheroidal in shape and essentialiv free of other forms.

3.2.2  The values stated in inch-pound units are to be regarded as the standard,
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shown in Fig. 1. The sectioning procedure for removing test specimens from
the test block is also shown in Fig. I. These test blocks should be separately
rast iimmediately after the castings. They should represent the melt used
for, and be identified with, the production castings.

3.8.2 Test blocks should be cast in open molds made of sand, similar to the mold
used for the production casting and having a minimum sand thickness of
seven inches, The blocks should t ) n

1 the mold until they cool to a black
color (approximately 800°F or less),

The test blocks should be

the same treatment applied (o
production casting prior to the

e preparation of test specimens

the
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Type ||

Suggested classification of graphite form in ductile cast iron (Ref. 8),
Graphite types are identical with Plate | of ASTM Recommended
Practice A-247 and are so identified.




3.12 Samplmg

J.12.1 The two 4 in. x 6 in. x 3 in. specimens from the test block should be cut to
yield 12 tensile test specimens from one and 12 precracked Charpy impact
specimens from the other.

As an alternative, tensile-test and precracked Charpy-impact specimens may
be prepared from material taken directly from the casting.

Minimum values for ultimate tensile strength and dynamic fracture
toughness should be established at an exceedance level of 95% assuming a log
normal distribution of the iest data.

crk nanship and Finish

The casting should be smooth, free of injurious defects, and should conform
to the dimensions of the drawing supplied by the purchaser. The surface of
the casting should be examined visually and be free from adhering sand,
scale, and hot tears,

Other defects such as surface and subsurface cracks should meet acceptance
standards specified by the purchaser. The limitations on surface and sub-
surface defects will be based upon the flaw sizes introduced in the casting
meeting the drop test acceptance criteria,
3.14 Repair
Castings for spent-fuel shipping containers should not be repaired by
plugging, welding, brazing, or inpregnation, Shallow defects may be
removed by grinding in a manner that leaves the area smooth and faired in
with the surface,

Grinding out defects from structures that serve as shielding should not result
In transmitted radiation levels higher than allowable,

Identification Marking

Each casting should be identified by a part number and a unique serial number in
raised numerals. Location of markings should be as indicated on the applicable
irawing.

e

ge, and Preparation for Delivery

Unless otherwise specified, cleaning, drying, preservation, and packaging of castings
should te in accordance with the manufacturer's commercial practice, However,
these should be perforned in a manner precluding damage or deterioration of the
castings. When necessary, special handling, lifting, or storage facilities should be
used to adequately preserve the castings. Packing and marking should be acceptable
to the carrier for the mode of transportation e nployed,




4.0 VALUE IMPACT ASSESSMENT

This section considers the safety and industrial impact of the fabrication guidelines.
The discussion covers only those recommendations not referenced to such widely
accepted standards as those of ASTM and the ASME BPV Code. Here the evaluation
cites a particular recommendation as it appears in the fabrication guidelines and
follows it with a value impact assessment. References to "safety" do not refer to
radiological hazards or risk but rather to the recommendation's impact on the
structural integrity of the shipping cask.

4.1 Chamical Composition

4.1.1

4.1.2

4.1.3.

The composition of the ductile cast iron snould be at the manufacturer's
option. However, analyses are required to show that the composition and
limits established for elements conform to the acceptance standards
specified by the purchaser,

Impact on Safety

The specific chemical composition is 1ot specified in the guidelines because
no optimal chemical composition has been established for ductile cast iron
suitable for spent-fiel shipping casks. Furthermore, it is recognized that
many factors associated with foundry practice contribute to the selection of
an appropriate composition. It is likely that variation in composition from
one manufacturer to the next may still result in castings having acceptable
mechanical and physical properties, Nevertheless, once a prototype cask has
passed prescribed acceptance tests, safety considerations dictate that
subsequent production castings conform as closely to the prototype as
possible. Since the effect of variations in chemical composition cannot
easily be ascertained, it is imperative that these variations be held to a
minimum to ensure a level of quality at least equal to that of the
prototype. Consequently, the chemical composition of the prototype should
become the standard formulation for the cask design that is ultimately
granted a license. Adherence to a specific chemical composition should be
enforced, at least until an authoritative standard for ductile cast iron
suitable for spent-fuel shipping casks is published. The composition and limits
for the various elements as licensing conditions should be specified in the
standard as well as in the purchase order. The procedure for ensuring
adherence to this guideline should appear in the applicant's quality assurance
program plan.

Impact on Industry

The recommendations allow the industry a maximum degree of flexibility in
formulating a chemical composition for ductile cast iron suitable for spent-
fuel shipping casks. Uniform composition requirements within specific limits
are not unusual or unreasonable for well equipped foundries with experience
in producing large castings.



4.2
4.2.1

4.2.2

4.2,3

4.3

4.3.1

Tensile Tests

The ultimate *ensile strength, yield strength, and percent elongation of a
diuctile cast iron test block, as shown in Fig. 1, should meet acceptance
s'.andards specified by the purchaser.

Impact on Safety

The reported values for the mechanical properties of duetile cast iron
suitable for shipping casks display a wide variation just as do chemical
composition vaiues, Until an authoritative standard is published specifying
minimum acceptable mechanical properties, these specifications are left to
the manufacturer. This does not necessarily compromise safety because the
cask design is constrained by stress-intensity limits determined by applying
appropriate "safety factors" to the minimum value of ultimate tensile
strength or yield strength. Thus, ductile cast irons of variable strengths can
be used within a given range of stress-iniensity limits, Suggestions for
appropriate safety factois have been considered in connection witn ductile
cast iron design criteria.” Although specification of definite limits for the
percent elongation has not been mandated in these fabrication guidelines, the
potential licensee should be aware that a lower limit of 12% has been set by
the guidelines in order to meet design criteria for ductile-behaving
materials. Lower limits on percent elongation may be acceptable if the
stress limits predicted by appropriate failure theories can be convircingly
demonstrated to exceed appiied stresses b, adequate margins of safety.

Minimum mechanical-property values are not specified in this guideline, as it
is anticipated that minimum values will be established by the manufacturer.
Appropriate tests can be made on specimens from the test blocks associated
with each pour and from tne as-cast prototype casting. Adherence to the
minimum mechanical-property requirements should be enforced, at least
until an authoritative standard for ductile cast iron suitable for spent-fuel
shipping casks is published. The minimum mechanical properties should be
specified as licensing conditions and in the purchase order. The procedure
for ensuring adherence to this guideline should appear in the applicant's
quality assurance program plan.

Impact on Industry

This recommendation allows the industry considerable flexibility in
establishing minimum mechanical properties for ductile cast iron suitable for
spent-fuel shipping casks. The implementation of an adequate test program
to establish these properties would not be unusual for a foundry qualified to
produce large ductile iron castings or unreasonable in light of the limited
experience in the use of this material for spent-fuel shipping casks.

Fracture Toughness Tests

The fracture toughness of the ductile cast iron represented by the large test
Dlock material should meet the ninimum acceptance standards specified by
the purchaser,

-20-



4.3.2

4.3.3

Testing for fracture toughness should be performed in accordance with ASTM
Subcommittee E-24.03 proposal "Standard Method and Test for Instrumented
Impact Testing of Precracked Charpy Specimens of Metallic Materials,"

Impact on Safety

heference 6 suggests that resistance to brittle fracturé be evaluated by
means of the response of a prototype cask to a 30-foot (9-meter) drop test on
a hard unyielding surface. The specification for the drop test included a
requirement that flaws be introduced at the raost critically stressed portions
of the cask. These stressed portions result from "striking the surface in such
a position as to suffer maximum damage" (10 CFR 71.77). If the cask
successfully passes the test, the toughness of the iron near the flaws is
deemed sufficient for the highest dynamic loading conditions expected. It
remains to ensure that the production casting does not display a lower
toughness, If it does, a flaw size limit could be specified such that the
minimum toughness expected will not, within specified margins of safety,
result in unstable flaw prope gation.

Because limits for the fracture toughness of ductile cast iron suitable for
spent-fuel casks are not wel! established, these limits should be based upon
the qualifying drop tesi. “lthough this guideline does not define any limits,
production castings shoula be required to meet the limits established by this
test. The test limits should be identified as licensing conditions and specified
in the purchase order. The procedure for ensuring adherence to this
guideline should appear in the applicant's quality assurance program plan.,

The instrumented, precracked Charpy test, although not yet adopted as an
ASTM standard, is considered to be a reliable indicator of comparative
fracture toughness, Valid measures of fracture toughness obtained as
indicated in ASTM E-399 are not essentiai. This is because the
fracture-toughness measurements for test specimens taken from production
runs of ductile iron will be compared to those for the qualified
prototype-casting specimens., [t should be noted that the major issues
delaying adoption of the test as a standard by ASTM Subcommittee E-24.03
seem to involve the specification of valid calibration procedures. T» avoid
any questions about the validity of the testing procedure, it is strongly
recommended that the potential licensee include infermation in his quality
assurance document about calibration procedures used to establish fracture
toughness values for the prototype casting and how ‘bese procedures will
remain invarjant during the testing of production-casting specimens,

Impact on Industry
This specification allows the industry considerable flexibility in establishing
fracture toughness requirements for ductile cast iron suitable for spent-fuel

shipping casks. The fracture toughness test recommended is relatively
inexpensive and can be performed at a number of commercial test facilities.

-21-
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