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Executive Summary

An integrated R&D program is being conducted to study, qualify, and in some cases, develop
materials with required properties for the reactor systems being developed as part the U.S.
Department of Energy’s Generation IV Reactor Program. The goal of the program is to ensure
that the materials research and development (R&D) needed to support Gen IV applications will
comprise a comprehensive and integrated effort to identify and provide the materials data and
its interpretation needed for the design and construction of the selected advanced reactor
concepts.

For the range of service conditions expected in Gen IV systems, including possible accident
scenarios, sufficient data must be developed to demonstrate that the candidate materials meet
the following design objectives:

e acceptable dimensional stability including void swelling, thermal creep, irradiation creep,
stress relaxation, and growth;

e acceptable strength, ductility, and toughness;

e acceptable resistance to creep rupture, fatigue cracking, creep-fatigue interactions, and
helium embrittlement; and

e acceptable chemical compatibility and corrosion resistance (including stress corrosion
cracking and irradiation-assisted stress corrosion cracking) in the presence of coolants
and process fluids.

Additionally, it will be necessary to develop validated models of microstructure-property
relationships to enable predictions of long-term materials behavior to be made with confidence
and to develop the high-temperature materials design methodology needed for materials use,
codification, and regulatory acceptance.

The major materials issues for the four primary systems being considered within the U.S. Gen
IV Reactor Program—the Next Generation Nuclear Plant [NGNP (a very high temperature gas-
cooled reactor)], the Supercritical Water Reactor (SCWR), the Gas-Cooled Fast Reactor (GFR),
and the Lead-Cooled Fast Reactor (LFR)—are described along with the R&D currently planned
to address them. Additionally, materials issues and associated R&D plans for the primary
candidate systems that may be deployed to utilize the high-temperature process heat from the
Gen |V reactors to produce hydrogen are addressed. These systems include both
thermochemical systems and high temperature electrolysis.

The majority of materials-related research within the Gen IV program is focused on NGNP,
since it is anticipated to be the first system to be deployed. Major research activities include:

» selection and qualification of graphite for core and core support structures;

e selection and qualification of high-temperature metallic materials for use within the
primary circuit, with emphasis on the reactor pressure vessel and the intermediate heat
exchangers;

» selection and qualification of structural composites for selected reactor internals that
must withstand temperatures in excess of current metallic material capabilities;

» examination of the effects of the environment and long-term thermal aging on candidate
materials;

» development of the improved high-temperature design methodology for metallic
materials and components needed to meet codification and regulatory requirements;
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» support for development and modification of materials and design codes and standards
bodies; and

» coordination with and utilization of related materials research activities being conducted
by the international Generation IV reactor community.

The other Gen IV reactor systems will take advantage of the materials research being
performed for the NGNP where it overlaps their needs, but will also conduct their own more
limited and highly targeted research. Initially this research will be primarily focused on high-
priority materials questions related to the viability of their concepts. The SCWR materials
research will initially address the question of materials capabilities to withstand the particularly
challenging effects of coolant corrosion combined with moderately high radiation doses on
reactor internals and core support structures. The GFR materials research will initially address
the combined challenges of high radiation doses and high temperatures on reactor internals and
core support structures that must be constructed from materials other than graphite to minimize
excessive moderation of the hard spectrum the concept requires. The LFR system materials
research must address the particularly difficult materials challenges resulting from a very
aggressive coolant corrosion chemistry combined with extremely high radiation doses on
reactor internals and core structures.

While the materials research needed for the nuclear hydrogen production systems will be
conducted within a separate, though related, DOE program, the Nuclear Hydrogen Initiative,
many of the materials and issues that must be addressed are similar to those within the Gen IV
Program, hence, a concerted effort is made to coordinate materials activities in both programs.
Hence, the materials challenges and planned research for the hydrogen production systems are
also included in this integrated program description. Since it is anticipated that one or more
hydrogen production systems will be deployed as part of the NGNP, the selection and
gualification of materials for both the nuclear island and the hydrogen plant must be
accomplished in the same time frame. While the specifics of the materials issues vary both with
the specific hydrogen generation concept and its individual components, the principal
challenges all relate to identifying and qualifying materials that can tolerate both the extremely
corrosive environments and high temperatures within the systems.

Lastly, it is recognized that there are several areas of materials technology that are common to
all the nuclear systems being developed. Hence, crosscutting materials tasks have been
established, where appropriate. Principal areas of technology being currently examined for
crosscutting applications include high-temperature materials, materials for radiation service,
microstructural analysis and modeling, and high-temperature design methodology.

This report is divided into two principal parts. One part is designed to provide an understanding
of the different nuclear systems being considered within the Gen IV Program with regard to the
challenges they pose to structural materials. The activities comprising the materials R&D
program that is being conducted to address those challenges is the focus of the later portion of
the report. Where credible information on materials research funding profiles is available,
assumptions are made regarding both the FY06 and future activities within the materials
research program. However, the schedules for research activities identified for out-years are
highly dependent upon levels of available resources that are largely not known at this time.
Updates on these out-year research activities and their schedules will be provided in
subsequent editions of this document.
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FY 2009 and beyond
e Complete materials testing programs

« Complete assessment and development of fabrication methods and required
infrastructural needs

3.1.2.4 Recuperator, Piping, and Valve Materials Selection and Issues

The piping, valves, and recuperators include a number of components that operate at a wide
range of conditions. These are also listed in Table 10 and include the hot duct and bellows in
the cross vessel, the butterfly valve and ducting in the SCS helium circulator, and the
recuperators in the power generation unit. Normal operating temperatures for these components
range from 600 to 950°C, with only modest increases for accident conditions. The mechanical
loading in the hot duct is due to its own weight but the bellows will experience loads associated
with the expansion it is designed to accommodate. The loads are not well defined but will
include fatigue-type conditions. Additionally, changes in the system design from the reference
concept to indirect cycles or other coolants would dramatically affect operating conditions.

The status of most components in the reference concept turbine system is covered below, but
the recuperator is included here. The operating temperature is relatively low, with a 600°C inlet
gas temperature from the turbine exhaust and a less than 200°C outlet temperature.
Recuperator technology for the temperatures and pressures of operation is relatively mature,
using fine-grained 300 series stainless steels, such as type 347. Since relatively thin sections
will be present, there is concern that environmental effects could be significant. Also, long-time
exposure of 300 series stainless steels often leads to sigma phase embrittlement.

The primary-to-secondary piping operates at 950°C and will experience an operating pressure
as high as 7 MPa. Creep-type conditions will prevail. Further, thermal stresses and expansion
loads are always a concern in such piping systems. Again, the materials in all components are
subject to environmental and aging-induced degradation.

The leading potential candidate alloys for all components discussed above are identical to those
selected for the metallic core components. Alloy 617 is the lead for service above 760°C. Alloy
800H is the lead for 600 to 760°C. A number of choices exist for alloys that are intended for
service to 600°C.

Expected research, testing, and qualification needs for recuperator, piping, and valve
materials

An initial comprehensive and detailed review of the potential candidate alloys identified in Table
11 will be performed. Since most of the relevant information needed for materials for the
recuperators, piping, and valves will be included in that needed for the metallic reactor internals,
only limited additional review will be required, but will include the status of weldment strength
factors for piping, weld categories, and dissimilar weld metals and the identification of the
technologies that need to be developed to provide confidence in the adequacy of existing
construction codes and the reliability of life-prediction models for these NGNP components.

Experimental R&D plans for recuperator, piping and valve materials

A brief summary of R&D plans and schedules for the NGNP recuperator, piping and valve
materials needed to meet the deployment time schedule is provided below. The bulk of the
research needs for these materials will be addressed by the more extensive program outlined
for the reactor internals. Supplemental tasks addressing component-specific needs are
included below. The schedule for these tasks is contingent upon funding availability.

65



Milestones

FY 2006
» Perform comprehensive review of the potential candidate alloys
» Initiate baseline testing and aging of piping materials

» Review performance requirements for the primary to secondary piping and the hydrogen
plant HX for supplemental materials needs

» Develop details of testing program to address special joining issues identified in the
comprehensive review

FY 2007

» Perform detailed evaluation of recuperator needs based on manufacturer experience for
similar operating conditions

* Review updated creep, rupture, relaxation, and fabrication technology data accumulated
on recuperator materials from DOE-sponsored work on microturbines

« Initiate limited testing to produce data design analysis of the recuperator

» Initiate confirmatory testing to improve confidence in the predictive methods for
recuperator performance in helium

» Initiate testing of similar and dissimilar welds in piping

FY 2008 and 2009
» Provide initial required creep data for high temperature design methodology task
» Perform model tests of recuperators and bellows for metallurgical performance

» Evaluate the performance of constitutive equations, analysis methods, and continuum
damage models based on data from tests on welded piping

» Perform commercial scale demonstration of capability to provide high-quality thin sheets
for producing recuperator corrugated heat exchange surfaces.

FY 2010
» Complete primary materials testing program on aged and unaged materials

» Provide materials data needed for development of continuum damage models for piping
materials

e ldentify primary failure mechanisms from model testing
FY 2011 and beyond

» Complete very long-term creep behavior assessment of piping materials
3.1.2.5 Power Conversion System Materials Selection and Issues

Three very important components in the NGNP power conversion system (PCS) are the turbine
inlet shroud, the turbine blades and disks, and the recuperator (described in the previous
section). The first two, covered in this section, will operate continuously at very high
temperatures, ~950°C for the inlet shroud and perhaps almost as high for the turbine blades.
Off-normal (accident) temperatures for all of these components are about the same as their
maximum operating temperatures. The pre-cooler and inter-cooler (both He-H,O heat
exchangers) are also important components but operate under conditions and temperatures that
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are standard commercial technology. Additionally, changes in the system design from the
reference concept to indirect cycles or other coolants would dramatically affect operating
conditions.

Preparation of a materials test program in support of these component materials requires
knowledge and understanding of the materials requirements for those applications. For the
turbine inlet shroud collar and the turbine shroud insulation package container/boundary, the
property of greatest importance is very high-temperature creep strength. Further, it is extremely
important that the creep behavior (strength and ductility) not be degraded by gas-metal
interactions (reaction of the material with impurity gases in the primary coolant helium to cause
carburization, decarburization, and/or internal oxidation) or by microstructural changes resulting
from holding at elevated temperatures for long periods of time (thermal aging).

Prime potential candidates for the non-insulated turbine inlet shroud collar are Alloy 617 and the
cast Ni-base alloys shown in Table 12 for the turbine blades; the insulation boundary/container
material could be Alloy 617 or a C/C composite.

Table 12. Operating conditions affecting candidate material selection for NGNP higher
temperature PCS components and potential candidate materials.

PCS Operating Neutron Environment Potential
Component Temperature/Life  Fluence Candidate
Materials
Turbine Inlet 950°C/7 years Negligible  Helium Alloy 617
Shroud Cast Ni-base

[see Blades]
Ci/C Composites

[insulation
package]
Turbine 850 to 950°C with Negligible  Helium Alloy 713LC
Blades blade cooling/7 IN-100
years IN-738
Mar-M 247

Nimonic alloy
115 [wrought]

Turbine Discs  750°C with Negligible  Helium Hastelloy X
cooling/>7 years Hastelloy XR
Hastelloy S
Alloy 617
Alloy 625
Nimonic 80A
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Expected research, testing, and qualification needs for PCS materials

Early work should be initiated on the turbine shroud material to assure that adequate long-term
creep data is available in the temperature range 950°C to 1050°C. Long-term in reference to the
collar may be relatively short as the collar could be replaced at each 7-year maintenance period;
however, it is likely that a much longer life is desired for the insulation package container.
Confirmatory demonstrations of the manufacturing processes are needed for the forming and
welding procedures required for the turbine inlet shroud collar and the shroud thermal insulation
boundary/container and the recuperator.

The situation relative to the turbine blade material is essentially identical to that described
above. Temperatures, environments, service periods, and many of the candidate materials are
identical. In addition to the creep and environmental work it will be necessary to address
guestions relative to both low-cycle and high-cycle fatigue at very high temperatures and the
effects of gas-metal interactions on fatigue behavior. Creep-fatigue interactions will also require
study.

A large number of wrought Ni-base alloys are potentially appropriate to the turbine disk
application. Of these, Hastelloy X and Hastelloy XR and Alloy 617 (also a candidate for the
turbine inlet shroud collar) have been studied extensively in simulated gas-cooled reactor
environments. Creep and tensile strength data should be available for all candidate materials;
further studies will likely be needed on fracture toughness and crack growth properties. Some
confirmatory environmental exposures are desirable on the down-selected materials but effects
at the temperature of application (~750°C) should be relatively minimal. Testing efforts aimed at
the materials for the recuperator should be minimal. All needed mechanical property data are
available; confirmatory environmental exposures are desirable but no adverse effects are
expected.

The manufacturing technology is an important issue for the bellows. The hot ducting and
bellows operate at 600°C but could reach 700°C in event of an accident. Alloy 800H is the
leading candidate. Nevertheless, there have been several instances of early failures in bellows
fabricated from alloy 800H and operating at temperatures in the range of 600 to 650°C. These
failures may be related to fabrication technology. Some testing will be undertaken to
demonstrate that failures of 800H components in the refining and petrochemical industries are
understood and can be avoided in the NGNP components. The testing will be largely
confirmatory and will include aging effects and environmental effects studies under simple and
complex loading conditions.

The helium circulator operates at 600°C. There are no pressure stresses, but some concern
exists in regard to high-cycle fatigue and creep-fatigue. Stainless steels may be considered
for this application. However, ferritic steels, such as 2 1/4Cr-1Mo steel, and F/M steels, such
as 9Cr-1Mo-V steel, are potential candidates. The material selection will be based to some
extent on the fatigue or creep-fatigue resistance of the candidate alloys. It is expected, for
example, that the high yield strength of the F/M steels will produce favorable fatigue
resistance in the absence of severely oxidizing environments. It is important that an
assessment of the loading conditions be undertaken before the leading potential candidates
are identified.
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Experimental PCS materials R&D plans

A brief summary of R&D plans and schedules for the NGNP PCS materials needed to meet
the deployment time schedule is provided below. None of these activities other than
assessments should be initiated until designs and materials candidates become reasonably
firm. The schedule for these tasks is contingent upon funding availability.

Milestones
FY 2007
» Perform comprehensive review of the potential candidate alloys.
» Procure leading potential candidate materials
» Initiate mechanical and thermal-physical properties testing program of unaged materials
» Initiate aging of materials in helium
FY 2008
» Initiate fatigue, creep-fatigue, and fracture toughness testing
» Initiate creep and thermal-physical properties testing of aged materials
« Determine corrosion allowables for long-term helium exposure
e Complete selection of primary candidate materials
» Procure additional primary candidate materials
FY 2009 and 2010
« Initiate fatigue, creep-fatigue, and fracture toughness testing of aged materials
» Demonstrate formability and weldability of shroud collars
» Fabricate and initiate mechanical properties testing of shroud weldments

 Demonstrate castability of cast Ni-base candidates for turbine inlet shroud collars and
turbine blades

FY 2011 and beyond
e Complete materials testing programs

e Conduct commercial demonstration of the capability to provide turbine disk materials in
the size and geometry required

3.1.2.6 High-Temperature Design Methodology

The current elevated temperature nuclear design criteria and material coverage (Subsection
NH) originate largely from the LMR program of the late 1960s, ‘70s, and early ‘80s. A High-
Temperature Structural Design (HTSD) Technology task within the nationwide Materials and
Structures Technology program supported the development and experimental confirmation of
design criteria to guard against creep, creep-fatigue, and ratcheting failures. The Mechanical
Properties Design Data task provided the uniaxial data for design and quantification of the
criteria. In companion efforts, the HTSD Technology task provided simplified methods and
recommended constitutive equations for inelastic design analyses, and the Design Data task
provided the uniaxial stress-strain and creep data needed for designers to implement the
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equations. All of this work was based on experimental data from common heats of materials, so
that the resulting design methods, criteria, and data were as consistent as possible. An Argonne
National Laboratory report prepared for the NRC provides a good overview of Subsection NH
and its associated cases and their shortcomings for HTGR components [3.7]. Today, DOE
supports two similar tasks at ORNL for Gen IV — a HTSD task and a High Temperature Metallic
Material task. The structural design and materials tasks are very dependent upon one another,
and as such are referred to jointly as HTDM. The HTSD task is outlined here, which does
include specific testing for constitutive and life prediction model verification. Some of these
activities are included and funded within the crosscutting activities for HTDM in section 4.4.
Additional materials related tasks that will support HTDM in providing necessary material
properties data, such as uniaxial creep testing of RPV materials, metallic internals, and metallics
for the IHX are discussed in the preceding sections of this report.

While not included explicitly with the research requirements for each individual component,
time-dependent failure modes and time- and rate-dependent deformation response to time-
varying thermal and mechanical loadings will characterize the design of NGNP metallic
components operating at high temperatures. The primary role of the HTSD Technology task,
which is an integral and inseparable part of the overall NGNP materials program, is two-fold.
First it will provide the data and models required by ASME Code [3.8] groups to formulate time-
dependent failure criteria that will assure adequate life for components fabricated from the
selected NGNP materials [3.1]. Second, it will provide the experimentally-based constitutive
models that are the foundation of the inelastic design analyses specifically required by
Subsection NH of Section Il of the ASME Boiler and Pressure Vessel Code, which governs
design of elevated-temperature Class 1 nuclear components. This task is thus a key part of the
codification and utilization of the selected NGNP structural materials.

A secondary role of the task deals with regulatory acceptance. Safety assessments, required by
NRC, will depend on time-dependent flaw growth and the resulting leak rates from postulated
pressure-boundary breaks. This requires a flaw assessment procedure capable of reliably
predicting crack-induced failures as well as the size and growth of the resulting opening in the
pressure boundary. Identification of an overall proven procedure is a part of this task.

The challenges, requirements, activities, and ASME Code considerations for designing high-
temperature NGNP components are summarized in the following sections. Additional details
are provided in an R&D plan for development of HTSD Technology [3.9].

Challenges and Requirements for High Temperature Structural Design

High-temperature components respond to thermal and mechanical loadings inelastically. Their
responses are very rate dependent and both strain and cyclic softening can occur. Each time
the secondary and peak stress is cycled due to start-ups, shut-downs, and other changes in
operational levels, the stress-strain state at each location in the component undergoes a
complex cycle involving plasticity and creep, or at higher temperatures, time-dependent
viscoplastic behavior. The subsequent stress state during operation may bear little resemblance
to that envisaged for the primary pressure stress alone, and the accumulated cyclic strains can
be considerably larger than those due to creep alone.

Early in the development of ASME Subsection NH (rules for Class 1 elevated-temperature
nuclear components), it was recognized that without a reasonably accurate prediction of the
complex, multiaxial time-dependent stress-strain behavior throughout a component, structural
integrity could not be assured. This was especially true in light of the recognition that elevated-
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temperature failures are likely to occur at notch-like geometric discontinuities and at weldments
(metallurgical discontinuities) where the material response is most complex. Subsection NH is
thus predicated on the use of inelastic design analysis to accurately predict stress-strain-time
response at critical component locations.

Simplified procedures based on simplifying models of stress-strain behavior, are also provided,
and these can often be used to avoid fully detailed inelastic analyses. The existing simplified
inelastic design procedures in NH have not been proven adequate or inadequate for very high
temperature design applications such as the NGNP. Furthermore, they have yet to be approved
by ASME for application to materials that exhibit mostly tertiary creep behavior, such as Alloy
617. Confirmatory structural tests are also required to validate design criteria in Subsection NH
and associated code cases. The process to develop design code and criteria for very high
temperature applications is not always a straight forward one; it will require an iterative process
between coupon testing, constitutive modeling, simplified methods development, failure
modeling such as creep-fatigue interaction, and structural testing for validation.

ASME Code Section Illl, Subsection NH and Associated Cases

The design rules of Subsection NH for Class 1 elevated-temperature components consist of: (1)
load-controlled (primary) stress limits, and (2) strain, deformation, and fatigue limits (Appendix T
in NH). The load-controlled stress limits are in the form of time-dependent allowable stresses
based on both short-time tensile test results and long-term creep test results. Allowable stress
reduction factors for weldments are given, as are reduction factors to account for the degrading
effects of prior service. Only elastic analysis results are required to satisfy the primary stress
limits. The second category of design rules — strain, deformation, and fatigue limits — are much
more problematic. These rules deal with the complex loading and behavior resulting from
primary plus cyclic secondary and peak stresses. They are aimed at preventing failures due to
excessive deformation, creep-fatigue damage, and inelastic buckling, and they require inelastic
design analysis results or, in some cases, simplified procedures for their satisfaction. The rules
[3.8] include strain accumulation limits, creep-fatigue criteria, buckling limits, and special limits
for welds.

The materials that are currently covered, allowable life times, and maximum allowable
temperatures are limited in Subsection NH as shown in Table 13. Comparison of temperatures
in Table 13 with the anticipated upper Gen IV reactor system temperatures in Table 44 in
Section 4.4 of this report indicates that the current Code coverage is inadequate for the NGNP,
GFR, and LFR (long-term version) components. For example, when temperatures during
abnormal events are considered, only the temperature limits for Alloy 800H come close to those
required for the NGNP vessels. Coverage is inadequate for use of all materials for use in the
very-high-temperature NGNP components.
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Table 13. Current subsection NH materials and maximum allowable times and

temperatures.
Temperature (°C)
Material - —
Primary stress limits Fatique curves
and ratcheting rules® 9
304 stainless steel 816 704
316 stainless steel 816 704
2 Y% Cr — 1 Mo steel 593" 593
Alloy 800 H 760 760

Modified 9 Cr — 1 Mo steel
(Grade 91)°

& Allowable stresses extend to 300,000 h (34 years) unless otherwise noted.
® Temperatures up to 649°C are allowed for up to 1000 h.

¢ Modified 9 Cr — 1 Mo steel has been approved for Subsection NH but has
not yet been included.

593° 538

Aside from the fact that many preliminary candidate Gen IV materials are not included in
Subsection NH, there are several generic shortcomings that will require resolution.

1) The maximum temperatures permitted will have to be significantly increased.

2) Allowable time-dependent stresses will have to be extended beyond the current
300,000 h maximum to 600,000 h

3) Environmental effects (e.g., impure helium in the case of NGNP) need to be
incorporated into the failure criteria, particularly creep-fatigue.

4) Current simplified inelastic methods and stress classification techniques need to
be assessed for very high temperature applications, and improved or alternate
approaches developed.

5) The current linear damage accumulation rule for creep-fatigue has significant
shortcomings, particularly at higher temperatures and longer times. These
shortcomings must be remedied.

6) Design criteria for weldments and notches were identified in the Clinch River
Breeder Reactor Plant (CRBRP) to require remedies and must be addressed for
Gen IV systems [3.10].

Four current Code cases and a draft Code case are relevant. Case N-499 was developed for
HTGRs. N-499 permits Class 1 components fabricated from SA-533, Grade B steel to exceed
the normal 371°C low-temperature design limit for short periods for Levels B, C, and D events.
A similar case might be developed for the gas-cooled reactor vessel materials under off-normal
conditions. Case N-201 provides rules for construction of core support structures made of ferritic
steels, austenitic stainless steels, and high-nickel alloys, for which metal temperatures do not
exceed those in Section Il, Part D, of the ASME Code. This Case, with modifications, might be
useful for the metallic core internals of Gen IV systems. The basis for the Case is the same
high-temperature structural design methodology as that on which Subsection NH is based.
Code case N-253 provides rules for Class 2 and 3 components for elevated temperature
service. Unless exemption rules are met, the case essentially defaults to the criteria of
Subsection NH. Code case N-290, which covers expansion joints in Class 1 liquid-metal piping
and is based on design by test verification, might have application to bellows used in Gen IV
systems. The Japanese have developed design by analysis procedures that would replace
some of the more onerous aspects of N-290 [3.11].
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A draft Code case developed in the 1980s for design of nickel-base Alloy 617 components to
982°C is directly pertinent to NGNP and other Gen |V systems with very-high-temperature
components [3.12]. The case was approved by ASME Subsection NH and submitted to its
parent group, the Subcommittee on Design, for approval. However, further action on the case
was suspended when the DOE project was canceled. The case, of considerable value to Gen
IV, can serve as a springboard for establishing very-high-temperature component Code rules.
The draft case, while having the same framework as Subsection NH, has several unique
features that are ramifications of the very-high-temperature material behavior. This behavior
includes: a) the lack of clear distinction between time-independent and time-dependent
behavior, b) the high dependence of flow stress on strain rate, and c) softening with time,
temperature and strain.

To summarize, the design rules of Subsection NH that are based on the separation of time- and
rate-independent response, or on strain-hardening idealizations of material behavior, required
careful reconsideration. In addition to inheriting the known shortcomings of Subsection NH, the
draft case has a number of gaps and shortcomings that would have to be overcome before it
could be satisfactorily and reliably applied. These were identified as the case was being
developed, and they are tabulated below because of their relevance to this plan.

e Actions Required to Complete Case

- Alloy 617 must be added to the low-temperature rules of Section lll.

- Weldment stress rupture factors must be added.

- Thermal expansion coefficients must be added.

- Additional isochronous stress-strain curves, covering temperatures below 649°C
and above 950°C, must be added.

* Material Data Needs

- Weldment fatigue data are needed.

- A more complete creep-fatigue database must be developed.

- The synergistic effects of aging, environment, loading, and temperature should
be better understood.

- The effects of aging on toughness must be characterized.

e Structural Design Technology Needs

- An experimentally validated constitutive model must be developed.

- Some very-high-temperature, time-dependent tests of simple Alloy 617 structural
models are needed to (1) provide a better understanding of structural behavior
and failure modes, (2) validate inelastic analysis methods, and (3) provide
application feedback for the case.

- Simplified ratcheting evaluation procedures need to be developed for
temperatures above 649°C.

- The use of linear damage fractions as the basis of creep-fatigue rules is probably
the biggest shortcoming of the draft case. A basic effort is needed to identify and
experimentally validate a more suitable damage theory.

NGNP Requirements

Reflecting the scope of the overall materials program, the High-Temperature Structural Design
Technology task will have two thrusts: (1) medium-high-temperature pressure boundary metals
(e.g., pressure vessels) and (2) metals for very-high-temperature components. For purposes of
this plan it is assumed that both pressure boundary and very-high-temperature materials will be
included in the rules of Subsection NH or their associated Code cases.
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The most promising candidate materials for the pressure boundary components are the
higher-alloy 9 Cr and 12 Cr steels. For very-high-temperature components, the most likely
material candidates are variants or restricted chemistry versions of Alloy 617, variants of Alloy
800H, and variants of Alloy 230.

While the initial thrust of the High-Temperature Structural Design Technology task is focused on
NGNP requirements, the results will apply as well to the other Gen IV reactor concepts.
Modified 9 Cr-1 Mo steel, for example, is a candidate structural material for all four Gen IV
reactor systems considered here. Nickel-base alloys, including 617, are candidates for very-
high-temperature components in each concept except SCWR. As GFR, SCWR, and LFR
requirements become better defined, the parameters and common materials covered by the
High-Temperature Structural Design Technology task will be expanded to include them.

Scope and Schedule

The required and planned HTDM activities are illustrated in a flow chart in Figure 22. Design
procedures may be developed with assumed or simplified models to predict material behavior.
Separation of the effect of material behavior and safety factors embedded in design allowables
from actual structural design procedures permits direct comparison of simplified design
methods. This is not to say that material behavior is not important. In fact, parallel activities for
the development of experimentally based constitutive equations used to predict the actual
stress-strain behavior of materials in components are possible and desired. The material
models must be validated with simple uniaxial testing, followed by biaxial testing. The ability to
predict the stress-strain state of material in a structure is only the second step. Material models
and simplified inelastic design methods must then be used to predict the stress-strain state in
various simplified structures and loading conditions indicative of Gen IV reactor applications.
The prediction of the stress-strain history of material of a component is required as input into
models to conservatively predict various failure modes in components. This requires the
integration of yet another parallel task - tensile, creep, and creep-fatigue testing combined with
the development of appropriate life prediction models to generate the code design allowables to
prevent various failure modes. Failure modes include ductile rupture from short-term loading,
creep rupture from long-term loading, creep-fatigue failure, gross distortion due to incremental
collapse and ratcheting, loss of function due to excessive deformation, buckling due to short-
term and long-term loading. Finally, the overall design process and allowables must be
validated with actual structural testing. Careful selection of component-like coupon test samples
and simplified structures will permit cost effective and practical testing. To a limited extent, this
task may be conducted in parallel with the other activities, but will rely heavily on interim and
final results of the tasks previously discussed above. The structural tests must be designed to
address specific failure modes and aspects of the design criteria. Comparison of actual
structural test results with model predictions inevitably will require modification of one or more
aspects of the design process and criteria, followed by additional verification testing. While the
process is iterative, experience of U.S. National Laboratories, design organizations, consultants,
international experts, and DOE and NRC staff coupled with the existing NH procedures will be a
tremendous advantage towards the ultimate goal - the NRC granting licenses for the design,
construction, and operation of Gen IV reactors.
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Fig. 22. Flow Chart for Visualization of Interdependency of Tasks Within High
Temperature Design Methodology Project

Resolution of Identified Shortcomings, Issues, and Regulatory Concerns

Experience has shown that once detailed design assessments are undertaken, shortcomings
and issues with the design methodology and criteria will arise, requiring additional R&D for their
resolution. In addition, the licensing process will likely result in the identification of further R&D
requirements, as it did in the case of the Clinch River Breeder Reactor Plant (CRBRP) project.
Thus, it is anticipated that the High Temperature Design Methodology development project will
continue through the FY-12 to FY-15 timeframe to resolve the shortcomings, issues, and
regulatory concerns that are identified relative to NGNP and other Gen IV concepts.

Plans & Priorities

The following overall strategy will be used to establish the required HTSD technology, consisting
of unified constitutive equations for design analyses, design criteria (creep-fatigue, etc.),
simplified method and criteria, and structural testing. Because of the extremely short time
available, the projected funding will be applied in decreasing priority to (1) developing simplified
criteria and constitutive modeling which can be used in rapid feasibility assessments of the
structural viability of very-high-temperature components in conceptual and early preliminary
design phases, (2) completing work on the draft Code case for Alloy 617, or a variant thereof,
for very-high-temperature components, and (3) verifying, through confirmatory structural tests,
the validity of the current criteria, inelastic analysis methods, and simplified methods for
modified 9Cr-1Mo steel (Grade 91), and adapting, if necessary, the criteria and design methods
for other pressure boundary components. While the above two materials are leading
contenders for use in NGNP and other Gen IV systems, even if they are not chosen their early
consideration will allow the design methodology development to build on the considerable
previous experience and provide a framework for including subsequent material candidates.
The effort will be expanded as material down-selection occurs and projected funding increases.
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Much of this effort provides required technological support and recommendations to the ASME
Code Subsection NH Subgroup on Elevated Temperature Design (SG-ETD), which is the group
responsible for the development of the Subsection NH rules and for approving new materials
into Subsection NH. To that extent, the pace and direction of the activities will also be dictated
by the deliberations and decisions of the Subgroup.

Summary of FY-05 Results & Activities

Initial efforts on this task began in FY-04, with two thrusts. The first was more detailed program
planning, based on preliminary literature reviews and discussions with key individuals active in
the development and application of high-temperature design methods [3.9]. The second
focused on identification of simplified criteria that can be used in rapid feasibility assessments of
the structural viability of very-high-temperature components in conceptual and preliminary
design phases [3.13].

Limited funding in FY-05 was applied towards the development of simplified methods and
ASME Code participation. Crosscutting activities closely parallel NGNP activities; as such, the
following activities were addressed jointly with funding from NGNP and Crosscutting:
participation in ASME Section Ill, Subsection NH code meetings; service as Secretary of NH,
and fostering and the formation of a DOE-ASME collaborative agreement to support Gen |V
codification needs.

Support of ASME Section Il Code:

An imperative requirement for ASME codification is that key participants in the High
Temperature Design Methodology, composed of both High-Temperature Structural Design &
Materials Tasks, and knowledgeable representatives from design organizations, be actively
involved in ASME Subsection NH. A High Temperature Design Methodology Coordinating
Committee, chartered by DOE, was proposed in FY04. An important first step towards this goal
occurred in FY2005 when a joint DOE-ASME collaboration agreement was reached, lead by
technical experts at ORNL, Idaho National Laboratory (INL), stakeholders, and Subsection NH.
This three year agreement initiates organization and task activities within ASME Section Il in
support of codification needs for Gen |V reactors. |Initially twelve main tasks were identified,
with funding of one million dollars to support efforts on 4-5 of these tasks in FY06. Additional
activities on the remaining tasks will take place, pending available funding. A summary of the
tasks is provided below. Additional details can be found in [3.14].

Verification of allowable stresses in ASME Section Ill, Subsection NH with emphasis on alloy
800h and grade 91 steel (9cr-1mo-v or modified 9cr-1mo)

Currently, five materials are approved for the construction of Class | nuclear components
other than bolts under the rules of ASME Section Ill, Subsection NH (llI-NH). Two of these
materials, namely 800H and 9Cr-1Mo-V steel, are candidates for the construction of
components for the VHTR concept included in the Gen IV Nuclear Reactor Program. The
major research that produced the database for these materials was undertaken in the 1970s
and 1980s. Since then, considerable long-time experience has been gained for both materials
and data analysis methods for setting the allowables have been refined. These actions have
produced changes in both the time-independent and time-dependent allowable stresses in
ASME Section Il for Sections | and VIIl, D1. There is a need to review these changes and
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their impact on the allowable stresses in IlI-NH.

Requlatory safety issues in structural design criteria of ASME Section Il Subsection NH and for
very high temperatures for VHTR & Gen IV

The Nuclear Regulatory Commission has not accepted (nor rejected) Subsection NH of
Section Il of the ASME Code “Class 1 Components in Elevated Temperature Service.”
Further, the Advisory Committee on Reactor Safeguards (ACRS) reviewed similar elevated
temperature structural design criteria proposed for the CRBR and generated a list of technical
issues and safety concerns which they believed still needed to be resolved [3.8]. DOE agreed
to fund R&D efforts to answer their concerns to the satisfaction of the U.S. NRC and the
ACRS prior to requesting an Operating License for CRBR. The structural design criteria being
used at that time were fundamentally similar to the current criteria in Subsection NH of
Section Il of the ASME Code. A paper on the NRC review summarized the situation as
follows: “In a general sense, the NRC review of the CRBRP confirms the adequacy of the
high-temperature structural design methodology that has been developed over the last 20
years...” and “The design criteria and basic approach to design evaluation have been
accepted, and no major inadequacies were discovered. The review identified and resolved a
number of issues relative to Code interpretation, and it identified areas where more detailed
evaluation techniques would be useful. The required confirmatory programs would both
improve design assurance of the CRBRP, and simplify design and evaluation of future plants.”
[3.8]. The four major areas of concern were 1) weldment safety evaluation, 2) notch
weakening, 3) design analysis methods, codes, and standards, and 4) adequacy of tube sheet
designs for the steam generator. The programs that were developed to address these
concerns were not conducted when the program funding was terminated. It is clear that the
confirmatory programs need to be completed. Assessment and identification of additional
possible safety issues relative to Gen |V, and specifically VHTR, are needed. Ultimately, any
safety issues need to be resolved from a regulatory perspective in order to assure that the
technology needed to support the licensing of VHTR and Gen IV will be in place to support
Design Efforts in a timely manner.

Improvement of ASME Subsection NH Rules for Grade 91 Steel—(negligible creep and creep-

fatigue)

Mod9CriMo (grade 91) is a candidate for the Reactor Pressure Vessel of VHTR and is also
thought to be a potential candidate as a material for internals. Two important issues related to
the use of Mod9Cr1Mo exist: negligible creep and creep-fatigue.

For the RPV, the issue to be addressed is related to the definition of negligible creep
conditions. This need is linked to the choice to operate the RPV in the negligible creep domain
so as to avoid the implementation of a surveillance program in the significant creep regime.
This point is all the more important in that there is interest to increase the value of the core
inlet temperature.

For internals, the major concern is creep-fatigue. Procedures are available in nuclear codes
(ASME, RCC-MR, etc.) to cope with creep-fatigue but most of those procedures have been
established for austenitic stainless steels and do not necessarily take account of peculiarities
of martensitic steels such as Mod9Cr1lMo (e.g. softening and elastic-relaxation behavior).
There is therefore a need to compare existing procedures and to confront numerical
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application with experimental results. A specific point to investigate is the definition of the
creep-fatigue damage envelope for which significant differences are found from one
procedure to another.

Updating of ASME Nuclear Code Case N-201 to accommodate the needs of core support
structures in High Temperature Gas Cooled Reactors currently in development

ASME Nuclear Code Case N-201 contains rules for construction of core support structures
under Subsection NG for service at elevated temperatures. The rules of this Code Case are
similar to those contained in Subsection NH, Class 1 Components in Elevated Temperature
Service. Both Subsection NH and Code Case N-201-4 were developed before the
requirements for Gen IV VHTRs were known and therefore require additions or amendment to
be of value in the design and construction of the currently proposed VHTRS.

Part A of the current Code Case N-201-4 provides design rules for the construction of core
support structures fabricated from five materials: ferritic steels 1 Cr-0.5 Mo-V and 2.25 Cr-l
Mo, Type 304 and 316 stainless steel (SS), and Alloy 800H. Part A applies at times and
temperatures where creep effects do not need to be considered. For Part B of the Code
Case, “Rules for Construction of Subsection NG, altered for service at elevated temperature to
suitably account for creep and stress-rupture effects,” the permissible materials are limited to
four, 2.25 Cr-I Mo, Type 304 and 316 stainless steel (SS), and Alloy 800H, with varying
maximum permitted temperature for use.

The maximum permitted temperature of 815°C (1500°F) is SS 304 and 316 and 760°C
(1400°F for alloy 800H) these materials cannot be used when exposed to temperatures at or
near the core gas outlet temperature for construction of VHTRs with core outlet temperatures
of 900° to 1000°C. Hence, the scope of the code case needs to be expanded to include the
materials with higher allowable temperatures or extend the temperature limits of current
materials and to confirm that the design methodology used is acceptable for design of core
support structure components at the appropriate elevated temperatures.

Collect Available Creep-Fatigue Data and Study Existing Creep-Fatigue Evaluation Procedures
for Grade 91 Steel and Hastelloy XR

Creep-fatigue is a failure mode of great concern for reactors operated at elevated
temperatures. ASME Section Ill Subsection NH incorporates procedures for creep-fatigue
damage evaluation, which is one of the major features that distinguish it from other parts of
Section lll. NH deals with such materials as conventional steels, Mod9Cr-1Mo and Alloy
800H. Temperature range and service duration covered in the code vary in range of
temperature and time, up to 750°C and approximately 34 years, respectively.

There are noticeable deviations between what is required in the design of Gen IV & VHTR
reactors and what the current NH covers. Structural materials of primary choice in Gen IV &
VHTR reactors are Mod9Cr-1Mo and Hastelloy XR. Alloy 617 and Haynes 230 are also
candidate materials similar to Hastelloy XR. Gas temperature ranges expected in current
design study are up to 600°C or higher for Mod9Cr-1Mo and 950°C for Hastelloy XR; various
design strategies will lower the actual metal temperature to varying degrees. However,
components such as the intermediate heat exchanger will experience the full gas temperature.
Design life for the reactor is 60 years. Mod9Cr-1Mo has recently been incorporated in NH,
while Hastelloy XR, Haynes 230, and Alloy 617 have not been incorporated yet (a draft code
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case for Alloy 617 exists). Temperature range and design life are well above the range
covered by the current NH. Some experts consider the current creep-fatigue criteria for
Mod9Cr-1Mo in NH to be overly conservative because is the limits are based on the interim
results of Clinch River project. The project was interrupted many years ago when a good
understanding of creep-fatigue in Mod9Cr-1Mo had not been achieved; consequently, the
interaction diagram was intentionally constructed to error on the conservative side until the
need (and associated funding required) to better understand the interaction arose. Nothing
has been prepared for creep-fatigue evaluation of Hastelloy XR, and Haynes 230. The
degree of conservatism and methods used in the creep-fatigue procedure for Alloy 617 in the
draft code also requires a critical review.

Considering the gap between the basis for creep-fatigue procedures in NH and that needed in
Gen IV & VHTR, creep-fatigue data acquisition and establishment of better creep-fatigue
criteria for primary materials (Mod9Cr1Mo and Hastelloy XR, Haynes 230, and Alloy 617) are
desired. However, because performing material tests from scratch requires extremely large
resources, it is appropriate to start with analyzing existing data and creep-fatigue criteria.
Therefore, collecting creep-fatigue data on Mod9Cr-1Mo and Hastelloy XR and studying
existing creep-fatigue evaluation procedures, which will lead to identification of research and
development items in the near future, are required.

NH Evaluation and Simplified Methods

T. E. McGreevy, et al., addressed the need for simplified inelastic design methods, and future
directions [3.14]. However, closely linked to these methods are the development of creep-
fatigue design and assessment procedures. While activity in this area has already been
indicated in the previous task, additional activity in this area is required. The activity should
include the review of creep-fatigue methodologies, including crack growth, damage-based and
strain-based methods. Likely sources will include GE Report DOE-ET-34202-80 and ORNL-
5073. Identify applications and areas of difficulty in connection with Grade 91 steel and Alloy
617/230/800H materials. Aging, crack initiation, surface and environmental effects on these
materials will be examined. Data and methodology will be critically evaluated in the light of
likely VHTR cycles and assessment requirements. The report will comment on the adequacy
of existing methods and will include recommendations to address problems. These could
include life prediction models, extrapolation of data, test data and techniques. This activity
will not be conducted in vacuum relative to other activities that address creep-fatigue, rather it
serves as a parallel but non-duplicate path at addressing creep-fatigue. Addressing such a
complicated problem with several different concepts is desired.

Identifying Future Test Needs to Validate Elevated Temperature Design of VHTR

The VHTR/PBMR has features that no preceding reactors have had. Very high operating
temperatures is one of those features and this requires challenging tasks such as
development of new materials and extension of elevated temperature design methodologies
far beyond the range that existing ones cover in terms of operating temperature, service
duration, environment, etc in ASME Section IlI.

To implement new materials and guide the development and verification of new design
methodologies for codes and standards subject to authorization by regulatory bodies,
validation tests using structural and/or component models are indispensable. This includes
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changes in design margins, constitutive equations, and design methods. Test programs
should be developed to ensure complete validation of points of concern in the design of
VHTR/PBMR, particularly focusing on phenomena for which not enough experience has been
accumulated through operation of existing plants, such as very high temperature, irradiation in
helium environment, and failure modes and degradation mechanisms foreseen associated
with them.

Structural and/or component tests are usually very time consuming and costly. In the
development of test programs it is strongly desired that the programs should be developed
based on thorough information on what has been accomplished in the past to support the
validation, and to identify what has not been addressed or failed to be adequately addressed.
Therefore, identifying future test needs by reviewing knowledge and information on what has
been accomplished so far is required.

Environmental and Neutron Fluence Effects in Structural Design Criteria of ASME Section il
Subsection NG & NH and for Very High Temperature VHTR & Gen |V Designs

Subsection NG of the ASME Code for Nuclear Components: “Class 1 Components in
Elevated Temperature Service,” does not cover either environmental (corrosion) effects or the
effects of irradiation. Moreover, the extension of the design criteria to the higher temperatures
(950°C) needed for VHTR and Gen IV reactors introduces much more aggressive
Environmentally Assisted Cracking (EAC) issues. It has been the policy of ASME Codes on
new construction not to include environmental effects. Recently, however, the ASME Code
Subgroup on Fatigue Strength developed proposed new water reactor environmental fatigue
design curves. The technology supporting this development is concerned with quantifying the
detrimental effects of corrosive attack as a function of the corrosion potential and mechanism,
temperature, and strain rate, etc. Crack growth rates are increased by factors of 10 to 50 for
carbon, low alloy and stainless steels vs. the crack growth rates in air.

The effects of irradiation have been considered in the design criteria used for reactors, and
also in the design of nuclear fuel elements. The strains resulting in creep tensile instability
cracking are greatly reduced by irradiation effects. The strain hardening capacity of structural
materials is reduced, thereby allowing strain concentrations along very narrow, shear bands or
slip lines where the strains are in order of magnitude higher than calculated using continuum
mechanics. Tests on fractured irradiated materials show that the strains immediately adjacent
to the cracks can be 10 to 100 times higher than the average or continuum strains. As a
result, cracking in irradiated materials occurs at calculated creep strains of 1 to 5 percent,
where the actual local shear strains are near 100 percent.

The goal of this task is to initiate action to address environmental and neutron effects from a
Design Code viewpoint, and to formulate supplemental rules and criteria applicable to VHTR
concepts.

Development of ASME Code Rules for the Gas Cooled Reactor Intermediate Heat Exchanger

(IHX)

"Needs for Intermediate Heat Exchanger (IHX)" has been ranked as a priority item by AREVA
to support the VHTR program and appears on the list of items generated by the ASME Board
of Nuclear Codes and Standards (BNCS) New Reactors Task Group. From the standpoint of
elevated temperature design, the critical section of the IHX is the internal heat transfer matrix.
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Generally, the outer shell is designed as the primary pressure retaining member and is
maintained at a temperature cool enough to minimize creep effects. The inner, heat transfer
matrix is, however, exposed to the full reactor outlet temperature. This matrix also serves as
the boundary between primary and secondary coolant so it does have a pressure boundary
function even though it is not exposed to the full pressure differential between the gas and
atmospheric pressure.

Since the heat transfer matrix is not part of the external pressure boundary, and designs will
likely include an isolation valve to isolate any failure of the IHX to the nuclear plant, and not a
hydrogen plant, one could question the need for ASME Code rules to cover this structure.
When this issue was raised with potential reactor system suppliers they reiterated the
importance of Code coverage from both the standpoint of achieving a reliable design and also
protecting the secondary circuit from contamination from the gasses in the primary circuit.
There is also a precedent with ASME Section VIII tube and shell heat exchangers where the
tubes are designed as a pressure boundary in accordance with the Code.

The intent of this task is to determine how and where within ASME codes and standards the
IHX, safety valve, etc. would be addressed. In order to answer this question, many technical
guestions need to be addressed to determine how the function of such components affects
the plants, safety, etc. While the strict timeline for construction of a reactor with an IHX calls
for immediate activity in this area, the level and type of effort, including necessary discussions
of many details related to manufacturing, design, and operation of an IHX requires
commitment on behalf of the Department of Energy, reactor firms, and IHX manufacturers,
and ASME. As such, activities in this area will likely be on hold until that time.

Flaw Assessment and Leak Before Break (LBB) Approaches in ASME

In the current version of ASME-NH, little information is given on how to address flaw
assessment in the elevated temperature domain. Actions have been carried out in Europe to
cover this topic and these actions led to the writing of rules in UK (R5, R6) and to French rules
in the RCC-MR, Appendix A16 [3.15 - 3.17].

In addition, LBB approaches can provide useful arguments in the frame of defense-in-depth
analyses which are aimed at demonstrating the robustness of a given design. LBB
methodologies have been developed for PWRs and Fast Reactors (FRs) but their application
to HTRs and VHTRs would require further investigations.

The objective of this activity should be to perform a status report of rules presently available
and to propose recommendations for further work within ASME. The work should consist of a
synthesis of approaches available for LBB assessment and more generally for fracture
mechanics methods (crack growth and stability calculations). The work should clarify to what
extent existing methods would be applications for VHTR and Gen |V.

The output of the task would be recommendations for the definition of rules to be introduced in
the ASME Code. A program would be defined indicating necessary tests to be carried out to
establish a set of material properties for flaw assessment methods and/or specific tests to
validate LBB approaches for HTRs and VHTRs. The results will be useful in discussions with
U.S. NRC before launching significant activities on this subject.

The proposed Coordinating Committee is expected to form with increasing interest, activity, and
support from DOE and stakeholders. The committee historically was not an ASME committee,
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but included extensive participation at ASME Subsection NH meetings. The historical model is
proposed in addition to the Steering Committee. The ASME Steering Committee oversees all
tasks within the ASME-DOE agreement, including those not relevant to NH. In addition to a
representative from DOE, this committee would have materials and structures participants from
national labs, Code group representatives, and participants from stakeholders (design
organizations). The role of the committee would be a more focused coordination to:

» identify needs based on a consideration of components, temperatures, loading
conditions, and materials of key interest,

» establish priorities,

e assure proper coordination between high-temperature structural design technology
development, Code activities, and the supporting materials tasks, and

* review progress and convey results to the design organizations in a timely manner.

A guiding principle of the High Temperature Design Methodology task will be to meet the needs
of designers as required in the pre-conceptual, conceptual, preliminary, and final stages of
design. This means that in addition to the development of an experimentally verified technology
as an end product, interim needs for structural design guidance, methods, and criteria will be
met on a continuing basis.

Simplified Methods Development — Load Based Design Criteria

An evaluation was conducted of the application of the load based design criteria found in NH
to a VHTR [3.14]. Comparisons with life predictions using isochronous curves, a creep model
including “damage” effects (an Omega model), and the limit load reference stress were made
on various notched samples, plates, beams, and pressure vessel components of Alloy 617 at
900°C. Figure 23 illustrates several of the simple notched structures investigated. Figure 24
illustrates the dimensions and cross-section of a sphere/nozzle and cylinder/nozzle
intersection that was analyzed; these types of models were used during the LMFBR program
for validation of design procedures. An illustration of simple beams, plates, and flathead
structures with uniformly distributed loads that were investigated is provided in Figure 25. The
load based criteria in NH were found to be conservative; however, they were found to be
excessively conservative in cases where redistribution of stress occurs during creep. This is
illustrated in Figure 26 where the NH predictions deviate from the predictions of several other
types of analysis. The NH procedures only deal with relaxation within a section; no allowance
is included for the possibility that section bending and membrane forces also undergo long
range relaxation. This is clearly evident in beam, plate, and flat head problems analyzed in
Figure 26. Furthermore, stress linearization was problematic and resulted in an overly
conservative life prediction in the case of a thick tee under internal pressure. Existing NH load
based design criteria are deemed acceptable. Other load based design methods that use
isochronous curves or the reference stress approach are proposed as alternatives; these
methods also eliminate the need for stress classification and may have great value for core
internals and various attachments. Additional research in this area should be pursued,
including experimental validation of the analysis predictions.
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Fig. 23. Dimensions (inches) of several simply notched structures
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Fig. 26. Comparison of predicted creep lives at constant reference stress for notched
specimens, pressure vessel components, beams, and plates

Simplified Design Methods — Deformation Based Design Criteria:

NH deformation based design criteria were also evaluated and compared to cyclic reference
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stress approaches [3.14]. The existing simplified inelastic design method, the B-1 test, failed
to predict ratchetting for a simple thin tube of Alloy 617 under static pressure and cyclic
thermal loading from 400°C to ~900°C. Additional analysis of a thick tube and thick tee joint
were conducted. In all cases, the normalization procedure required in implementing the B-
tests in Appendix T of NH is questionable due to significant variations in the yield strength with
temperature. A modified B-test(s) may be required. Normalizing by either a) the average of
SyL and Syn, b) Syn , €) an appropriate yield stress from isochronous curves, or d) some other
appropriate yield stress, remains uncertain — additional research is required. The effect of
loading rate on yield stress was not examined; additional research is required here as well.
Alternative procedures that eliminate the need for stress classification should also be
considered, similar to the findings of the load based design criteria in this report. Alternatives
include methods that depend upon the geometry of the component, and are typically
implemented with finite element methods. The alternatives include: a) using cyclic reference
stresses with a constant yield stress, b) using cyclic reference stresses where the fictitious
yield stress varies with temperature, c) performing rapid cycle analysis with temperature
dependent properties, and d) the use of isochronous curves (monotonic or cyclic). Such
approaches were unrealistic at the time of the development of NH; however, today’s
tremendous computational power enables these methods to be entertained as a routine
analysis tool. A significant amount of additional research in this area remains.

Milestones

FY 2006
» Provide interim report on progress, participation, and support of DOE and Gen |V
activities in ASME Section Ill, Subsection NH and the DOE-ASME collaboration
agreement.

 Complete interim assessment and development of the simplified inelastic design
method known as the Bree model, for very high temperature metallic applications.

FY 2007
» Provide interim report on progress, participation, and support of DOE and Gen IV
activities in ASME Section Ill, Subsection NH and the DOE-ASME collaboration

agreement.

» Complete interim development of the reference stress for use in load based design
analysis.

FY 2008
» Provide interim report on progress, participation, and support of DOE and Gen |V
activities in ASME Section Ill, Subsection NH and the DOE-ASME collaboration

agreement.

» Complete interim development of the use of the cyclic reference stress for use in
deformation based design analysis.
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FY 2009

» Provide interim report on progress, participation, and support of DOE and Gen |V
activities in ASME Section Ill, Subsection NH, and final results of the DOE-ASME
collaboration agreement.

» Complete initial proposal for modified and new simplified inelastic design methods
including the Bree model and reference stress approaches in ASME Subsection NH
for high temperature metallic design.

FY 2010 through FY2015

» Provide interim reports on progress, participation, and support of DOE and Gen IV
activities in ASME Section Ill, Subsection NH.

» Develop, design, build, conduct, and compare structural features and component
testing results to predicted behavior for validation of very high temperature structural
design methodology.

3.1.3 NGNP High-Temperature Non-Metallic Components

3.1.3.1 Materials Selection and Issues for Reactor Core Graphite, Reflector, and
Supports

Graphite is the major structural component and nuclear moderator in the NGNP core. The
graphites used previously in the high temperature gas reactor programs in the USA are no
longer in production and thus replacement graphites must be found. Hence, it will be necessary
to qualify new grades of graphite for use in the NGNP. Fortunately, likely potential candidates
currently exist, including fine grained isotropic, molded or isostatically pressed, high-strength
graphite suitable for core support structures, fuel elements and replaceable reactor
components, as well as near isotropic, extruded, nuclear graphite suitable for the above-
mentioned structures and for the large permanent reflector components. These candidates
would meet the requirements of the draft American Society for Testing and Materials (ASTM)
materials specification for the Nuclear Grade Graphite. Graphite is a complex material whose
structure and properties reflect the raw materials used in its manufacture, the processing
techniques, and the thermal history of the material. The understanding of neutron irradiation
damage in graphite is well developed. However, fundamental models relating structure at the
micro and macrostructural level to the irradiation behavior are less well developed.

Graphite is composed of a composite structure manufactured from a filler coke and pitch binder.
Nuclear graphites are usually manufactured from isotropic cokes (petroleum or coal-tar derived)
and are formed in a manner to make them near-isotropic or isotropic materials. After baking,
(carbonization) the artifact is typically impregnated with a petroleum pitch and re-baked to
densify the part. Impregnation and re-bake may occur several times to attain the required
density.  Graphitization typically occurs at temperatures >2500°C. Additional halogen
purification may be required. Typical manufacturing times are 6-9 months.

The forming and densification processes impart property variations within the billet. The
properties will be somewhat different in the forming direction compared to the perpendicular to
forming direction. Moreover, a density gradient will exist from billet edge to center. These
variations must be quantified for the selected grades of graphite. In addition, variations in
properties will arise from billet to billet within a batch, and between production lots. Finished
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graphite is machined to the complex geometries required for the reactor components (fuel
elements, reflector blocks, core support post, etc.).

Experimental R&D plans for core graphite, reflector, and support materials

Early in the program, it will be necessary to review and document the existing data, from all
available sources, on the properties of these new grades of graphite. Irradiation data from
ongoing experiments in the Petten Reactor (European program) will be of great value. A
complete properties database on the new (available) candidate grades of graphite must be
developed to support the design of graphite core components. Data is required for the physical,
mechanical (including radiation induced creep) and oxidation properties of graphites. Moreover,
the data must be statistically sound and consider in-billet, between billets, and lot-to-lot
variations of properties. The data will be needed to update and benchmark existing design
models for graphite performance. Since the available near-isotropic, extruded graphites are
somewhat similar to the prior grade H-451, design models for H-451 can be incrementally
adjusted for the currently available graphites as new data becomes available. This review will
provide data that will be input into the preliminary selection process.

As part of the preliminary selection process, a radiation effects database must be developed for
the currently available graphite materials. As mentioned above, there is the potential to
leverage data from European Union activities in the area of irradiation experiments on PBMR
graphites (Petten Reactor irradiation experiments are currently being initiated). However, it is
anticipated that a substantial number of additional graphite irradiation tests will be needed to
complete the database. Since NGNP graphite service temperatures are anticipated to be as
much as 200°C greater than that in the GT-MHR, additional data are required for all properties
at these higher temperatures, including radiation damage effects. Therefore, in order to be
gualified for the NGNP, existing graphite behavior models need to be modified based on sound
materials physics and then validated/verified against new data for the currently available
graphite grades. Property data must support the service conditions, including effects of higher
temperature, helium gas (plus air and water), and neutron irradiation effects. Irradiation creep
data for the candidate graphites must also be obtained.

Candidate graphite materials are known (see below). However, certain tests must be
conducted to verify the candidate’s relevant material properties meet the claims of the
manufacturer. The preliminary selection process will need limited irradiation response data for
the different grades of graphite. These test results will be used to establish the general
behavior of a particular grade of graphite and confirm that it behaves similarly to previously
“qualified” (for other nuclear reactors), near-isotropic, nuclear grades of graphite.

Nuclear graphite codes and standards development is required in support of the NGNP.
American Society for Testing and Materials standard test methods are required for determining
key physical and mechanical properties, for example the critical strain energy release rate (K,),
the crystalinity on the graphite (by X-ray diffraction), coefficient of thermal expansion, and the air
oxidation rate. American Society of Mechanical Engineers design codes must be developed for
the graphite core supports structures and Carbon-Carbon (C¢/C) composite structures to be
used in the NGNP. Activities on the graphite design code are already in hand by a Project
Team under the auspices of ASME Section Ill. C/C composites are required for NGNP
components such as control rod structural elements, upper vessel insulation support structure,
and insulation shroud covers.

The fine-grained isotropic, molded or isostatically pressed, high-strength graphite suitable for
core support structure includes Carbone USA grade 2020 and Toyo Tanso grade 1G-110. Toyo
Tanso grade 1G-110 was used in the Japanese HTTR for fuel blocks and in the Chinese HTR-
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10 pebble bed reactor. These fine-grained materials are also suitable for the fuel elements and
replaceable reactor components.

New near isotropic, extruded, nuclear graphites have been developed in the United States and
Europe for the South African PBMR. The new, currently available graphites are GrafTek
(UCAR) grade PCEA—a petroleum coke graphite, and SGL Grade NBG-10—a pitch coke
graphite based on United Kingdom Advanced Gas-Cooled Reactor (AGR) fuel sleeve graphite.
This graphite may be a candidate for the fuel elements and replaceable reactor components.
Moreover, SGL has developed two vibrationally molded grades, NBG-17 and NBG-18. Both
grades use the same formulation and NBG-10, except that NBG-17 has a smaller grain size.
NBG-18 has been selected by PBMR for their permanent core structure. Grades NBG-17 and
grade PCEA are being considered by Framatome for prismatic fuel elements.

Graphites suitable for the large permanent reflector components are currently in production
(e.g., SGL grade HLM or GrafTek [UCAR] grade PGX). Some data are available for these
graphite grades. Grade PGX was used for the permanent reflector of the Japanese HTTR, also
PGX and HLM were used in Fort St. Vrain for the core support and permanent reflectors
respectively. Fine-grain, high strength, graphite’s are available from POCO Graphite, Inc.
However, the available billet sizes are small and very expensive, thus not suited for NGNP core
applications.

Near-isotropic, extruded, nuclear graphite’s (e.g., grade H-451 manufactured by SGL Carbon)
were developed in the 1970’s for large helium cooled reactors such as the Fort St. Vrain reactor.
However, grade H-451 graphite has not been manufactured in the United States for more than
25 years.

There is a substantial database for Grade H-451, including data for the effects of neutron
irradiation on the properties, statistical variation of properties, oxidation behavior, etc. This body
of data was considered sufficient to license the Fort St. Vrain reactor. Moreover, graphite
behavior models were developed for Grade H-451 graphite. Fine grained isotropic, molded or
isostatically pressed, high strength graphites suitable for core support structure (e.g., Carbone
USA grade 2020 or Toyo Tanso grade 1G-110) are available today. These fine-grained
materials are suitable for the fuel elements and replaceable reactor components, but they are
more expensive than medium-grain, near-isotropic, extruded or vibro-molded graphite.

Reactor Graphite R&D Tasks

The initial research and development activities in the graphite area focus on those tasks of an
urgent nature, i.e., their completion directly impacts the initial design phase of the NGNP, or are
long-lead time items. The work described here will take place at several DOE laboratories and
commercial companies. All work will be documented in the form of reports, which will be
submitted to NGNP Materials Program Manager for approval.

Graphite Selection Strategy

Several candidate graphites have been identified for components within the NGNP (Table 14).
In selecting candidate graphites for the major components of the NGNP several factors must be
considered. The inclusion of all of the graphites in the materials program is clearly cost
prohibitive. Consequently, the scope of the NGNP graphite program should take in account of
other activities within the Generation-IV International Forum (GIF) for graphite database
development (especially irradiation experiments) and the graphite needs of the prospective
reactor suppliers. Moreover, the criteria for selection of graphites should consider if the
particular graphite can satisfy multiple reactor vendor design requirements and are there
sustainable precursors for extended production runs over the reactor’s lifetime. By limiting the
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amount of material that needs to be irradiated for testing, there will be a reduction in cost and in
schedule for this effort.

A strategy paper describing the selection process, the acquisition process and material receipt
and storage requirements for the purchased graphite will be developed and submitted to the
NGNP Materials Program Manager for approval. The report will solicit input from the INL,
ORNL, GIF members, and potential reactor vendors.

Procure a representative guantity of NGNP core graphite

The production time for graphite is typically 9 months, and for a specialty materials such as
nuclear graphite, could be as long as 12 months. It is anticipated that a representative
“production lot” would represent several extrusion runs, sufficient to fill a baking furnace run
(~20 tons). It is anticipated that only half the baking furnace load would be taken through
graphitization. Consequently, procurement discussions must be held and bids must be sought
during FY-05 if graphite is to be available in a timely manner for subsequent R&D activities. In
FYO05, the acquisition process for the selected graphite(s) was implemented. It is further
anticipated that the purchase costs for the selected graphite(s) would not be incurred until FY-
06. Characterization of graphite billets will provide data needed for design, and will underpin the
ASME design code.

Table 14. Candidate graphites for the core components of the NGNP.

NGNP Component Description Candidate Grades
Concept

Prismatic Block Fuel Element & Replaceable Reflector Graftek PCEA
SGL Carbon NBG-17
Toyo Tanso 1G-110 or -430

Prismatic Block Large Permanent Reflector Graftek PGX
SGL Carbon HLM
Prismatic Block Core Support Pedestals & Blocks Graftek PCEA

SGL Carbon NBG-10 or-17
Carbone USA 2020
Toyo Tanso 1G-110 or -430

Prismatic Block Floor Blocks & Insulation Blocks Graftek PCEA
SGL Carbon NBG-18
Pebble Bed Reflector Structure Graftek PCEA

SGL Carbon NBG-18
Toyo Tanso IG-110

Pebble Bed Insulation Blocks Graftek PCEA
SGL Carbon NBG-10 or -18

HFIR Rabbit Capsule Graphite Post Irradiation Examination

A series of 36 NGB-10 nuclear graphite bend-bar samples have been irradiated in rabbit
capsules in the High Flux Isotope Reactor (HFIR) at ORNL. Each of the 18 rabbit capsules
additionally contained a SiC temperature monitor. Irradiation of the capsules was completed in
FY-04. Post Irradiation examination (PIE) of the samples will include determination of the
following irradiation effects data:

Volume Change

Dimensional Change (parallel & perpendicular to extrusion)
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Dynamic Modulus (parallel to extrusion)

Flexural Strength (parallel to extrusion)

Thermal Diffusivity & Conductivity (parallel & perpendicular to extrusion)
Structural Change (via SEM examination)

High Temperature Annealing Study (~1500°C)

Graphite PIE will be conducted at ORNL and a PIE report was issued as an ORNL Technical
Memorandum to the NGNP program manager for approval in FY-05. Additional PIE will be
conducted in FY 2006, including interrogation of the SiC temperature monitors, thermal
diffusivity and high temperature stored energy release.

Graphite Irradiation Creep Capsule Design & Experiments

A creep capsule will be designed for the Advanced Test Reactor (ATR) by engineers at INL with
ORNL consultation. The graphite samples will be loaded under compressive stress and
irradiated at representative temperatures. The experimental parameters will be determined in
consultation with  NGNP stakeholders. In addition to creep rate data, post irradiation
examination of the control samples will yield valuable irradiation effects data for the NGNP
(thermal conductivity, cte, strength, etc.). The capsule design was completed in FY-05 and all
necessary QA documentation prepared. Capsule construction and bench testing will commence
in FY-06. Specimen preparation and pre-irradiation characterization will be conducted at ORNL
during FY-06.

High Dose Graphite Irradiation Creep Capsule Design & Experiment

High dose graphite creep experiments are needed to support Pebble Bed type VHTRSs.
Anticipated irradiation temperature are 600, 900, and 1200°C to peak doses of 30, 20 and 15
dpa, respectively. The irradiations will be conducted in the HFIR at ORNL. The HFIR creep
capsules will be smaller than those planned for the ATR and consequently fewer graphite
grades will be included. The target grades are PCEA and NGBG-18. It is anticipated that this
work would be part of an INERI with the Republic of South Africa.

Fracture Toughness of Nuclear Graphite

ASTM Committee DO2-F has identified a test method for determining K, based upon the
existing standard C1421 (for advanced ceramics at ambient temperatures). This standard
should be modified for application to graphite and ruggedness tests performed using several
different graphites. Once a modified version of the standard test method has been established
round-robin testing will commence. Participation by INL is anticipated, along with other NGNP
stakeholders. ORNL will analyze the K,. data and develop the ASTM required research report
with precision and bias data. A standard test method for determining the K. value of graphite
will be prepared and approved through the ASTM DO2-F committee. The establishment of a
standard method is a prerequisite for generation of graphite fracture toughness data needed to
support the ASME design code development discussed in Codes and Standards Development.

Codes and Standards Development

ASME design code development is required for the graphite core structures of the NGNP, and
also for the C/C composites structures of the core. These activities are currently being
undertaken by a project team (chaired by Tim Burchell) under Section Il of ASME. Typically the
committee will meet four times a year in conjunction with ASME “Code Week". Participation of
both ORNL and INL staff is anticipated in this activity. Standard test methods are also required
for the generation of data that may be used in the design code. Such methods are developed
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through the ASTM and are then adopted by the ASME. The ASTM DO2-F committee of
Manufactured Carbons and Graphites is currently engaged in the final stages of developing
Standard Materials Specifications for Nuclear Grade Graphite (one has successfully been
balloted and another is still in development), and is also developing several standard test
methods for graphites (crystalinity by XRD, surface area, thermal expansion, fracture
toughness, and graphite oxidation for example). Participation of ORNL staff in DO2-F
committee work is vital to the completion and adoption of such standard test methods.

The development of the draft ASTM DO2-F standard test method for air oxidation of graphite
would be aggressively pursued at ORNL and INL. A round robin evaluation of the oxidation
method will be conducted. Similarly, ORNL will lead an assessment effort to determine the
applicability of the existing ASTM method for surface area to graphite. The method will then be
adopted into ASTM C-781 (Standard Practice for Testing Graphite and Boronated Graphite
Components for High-Temperature Gas-Cooled Nuclear Reactors).

Irradiation Behavior Model Development

Mathematical models must be developed that describe and predict the behavior of nuclear
graphite under neutron irradiation. Such models should be based upon physically sound
principles and reflect known structural and microstructural changes occurring in graphites during
fast neutron irradiation, such as changes in crystalinity, pore shape, coefficient of thermal
expansion (bulk and single crystal), etc. Models for the graphite irradiation dimensional
changes and irradiation creep behavior are a priority. Existing irradiation data may be used for
model development, but validation of the models must be conducted using irradiation data
obtained on the newer nuclear graphites being considered for the NGNP. Input data for such
models must be obtained from the NGNP candidate graphites. Several modeling approaches
will be explored. For example, models based on microstructural changes as described by bulk
and crystal CTE changes, or fundamental atom-displacement models (ab-initio calculations)
linked to finite element codes, will be examined.

High Temperature Graphite Irradiation Experiments

There are few data for the irradiation behavior of graphite at temperatures >1000°C. Hence, a
high temperature graphite irradiation capsule will be designed which will be capable of
irradiating graphite samples at temperatures up to 1500°C. An evaluation will be made to
determine the most appropriate HFIR vehicle for these irradiations based upon capsule size
limitations, ease of attaining the desired temperatures, and availability of space in the HFIR (e.g.
rabbit capsule, target capsule or reflector capsule). Design of the first capsule will be completed
in FY-06, along with the final version of the experimental plan and required QA documentation.
Irradiation data to be determined on the candidate graphite(s) will include dimensional changes,
elastic constants, strength and coefficients of thermal expansion. Pre- and post-irradiation
examination will be conducted at ORNL.

Post irradiation examination of graphites from the Materials Elevated Temperature Swelling
(METS) capsules will be conducted. The graphites include grades H-451, PCEA and NBG-10.
PIE data to be obtained include dimensional change behavior and thermal conductivity. These
data will provide input to the high temperature capsule designs.

IAEA Graphite Irradiation Data Review

Historical and ongoing graphite irradiation data available through the International Atomic
Energy Agency (IAEA) must be reviewed. This will be a joint effort between INL and ORNL
requiring discussion with principle investigators and researchers from the GIF partners. A NGNP
white paper report will be issued outlining directions for requirements for future irradiation
capsules, follow on PIE work, and requirements for future data collection.
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Seventh International Nuclear Graphite Specialists Meeting (INGSM-7)

ORNL will organize and host the seventh International Graphite Specialists Meeting at the
Research Support Center at ORNL (Sept 10-13, 2006).

A brief summary of R&D plans and schedules for the NGNP graphite core materials needed to
meet the deployment time schedule is provided below. The schedule for these tasks is
contingent upon funding availability.

Milestones
FY 2006

Complete fabrication and inspection of specimens for AGC-1 experiment
Complete the PIE of irradiated graphite from HFIR rabbit capsules

Complete interim nuclear graphite model development including incorporation of new
data and FEMLAB and CARES code work at INL

Complete test plan development for high temperature irradiation capsule in HFIR,
perform capsule design and initiate fabrication of the capsule

Complete the PIE of the high temperature scoping graphite irradiations in HFIR METS
capsules

Provide update of status of ASME graphite core structures project team

Provide update on status of development of ASTM D02-F standard test method for air
oxidation of graphite

FY 2007

Perform a review of both historical and ongoing graphite irradiation data available
through the IAEA and GIF partners.

Initiate characterization to establish statistical variation of mechanical and thermal-
physical properties within and among lots

Initiate microstructural characterization to establish filler particle, pore size distribution,
purity, Boron equivalent, and crystalinity factors

Initiate long-term oxidation in off-normal helium environment

Continue irradiation effects experiments, including dimensional changes and property
changes

Design and fabricate additional capsules for irradiation-creep irradiations
Continue codes and standards development

Complete graphite physical and mechanical properties evaluations for NGNP
Complete preliminary graphite oxidation effects studies of NGNP graphites

Complete preliminary irradiation effects studies of NGNP graphites

FY 2008

Perform PIE of qualification irradiations to determine effects of irradiation temperature
and fluence on property data
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e Assess oxidation as a function of helium impurity content to provide input for design
specifications

» Establish oxidation kinetic data for the graphites for air-ingress accident simulation and
modeling.

» Develop improved methods for NDE of graphite billets and in-service inspections
e Continue codes and standards development

e Continue final characterization of baseline physical and mechanical properties of
NGNP graphites

e Continue irradiation creep studies of NGNP graphites
FY 2009
e Complete required ASME Code revisions
e Continue standards development
» Complete final graphite oxidation effects studies of NGNP graphites
» Continue graphite irradiation effects of properties studies of NGNP graphites

« Complete final characterization of baseline physical and mechanical properties of
NGNP graphites

e Continue irradiation creep studies of NGNP graphites
FY 2010
» Continue graphite irradiation effects of properties studies of NGNP graphites
» Continue graphite standards development
» Continue irradiation creep studies of NGNP graphites
FY 2011
» Continue irradiation creep studies of NGNP graphites
» Continue graphite irradiation effects of properties studies of NGNP graphites
» Continue graphite standards development
FY 2012
» Continue graphite irradiation effects of properties studies of NGNP graphites
e Continue irradiation creep studies of NGNP graphites
» Complete graphite standards development
FY 2013
» Continue irradiation creep studies of NGNP graphites
» Continue graphite irradiation effects of properties studies of NGNP graphites
FY 2014

» Complete graphite irradiation effects studies
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» Continue irradiation creep studies of NGNP graphites
FY 2015

» Complete irradiation creep studies of NGNP graphites

3.1.3.2 Ceramic Materials Selection and Issues for Thermal Insulation

High temperature fibrous insulation must be used throughout the reactor system and the power
conversion unit notably in the hot duct, upper plenum shroud, SCS helium inlet plenum, and
turbocompressor. These materials are typically considered for lifetime operation. The
insulation is required to retain its resiliency and physical characteristics during normal operating
and conduction cooldown accident conditions.

Operating conditions for fibrous insulation include low neutron fluence (<0.01 dpa) and gamma
flux, and high temperatures. The currently envisioned design will require fibrous insulation to
operate at normal, and off-normal temperatures of up to 1000°C and 1200°C, respectively.
Mechanical loads on the thermal insulation result from differential thermal expansion, acoustic
vibration, seismic vibration, fluid flow friction, and system pressure changes. Typical operating
conditions are listed in Table 15.

Fibrous insulation was used in The Fort Saint Vrain HTGR and in other gas reactors in Germany
and Japan. Test programs to support the acquisition of design and performance data were
conducted on Kaowool and Quartz-et-Silica fibrous mats. Limited irradiation effects test data is
available. Tests to determine fatigue properties as a function of acoustic noise were planned
but not conducted.

Insulation design surveys have indicated that a suitable insulation system, where significant
structural support is not required, for NGNP applications is the use of Al,O; and SiO, mixed
ceramic fiber mats (Ky<0.1 W/m-K) contained between metallic or carbon-carbon composite
cover plates attached to the primary structure that requires insulation. However, the operating
normal and off-normal temperatures (1000 and 1200°C) are aggressive for application of the
Kaowool. As example, the pumpable Kaowool temperature limit for continuous operation is
1093°C. Maximum temperature rating is typically 1260°C for the highest performing Al,O3; and
SiO, mixed ceramic fiber mat insulation. Typically, by reducing the fraction of silica in the wool,
or through simultaneous reduction of silica and addition of ZrO,, insulating mats can achieve
continuous and maximum operating temperatures of 1300 and 1400°C respectively. High-purity
alumina mat can achieve operating temperatures above 1500°C. However, these higher
temperature mats would not take advantage of previous data and experience gained with the
Kaowool product, therefore a premium would be paid for their use.

The canisters are in direct contact with the hottest gas conditions in the reactor. Thus, the
materials chosen for these canisters will need to withstand up to 1000°C for 60 years, or up to
1200°C for up to 50 hours and then 1100°C for 100 hours during a loss of flow condition (LOFC)
followed by a conduction cooldown transient. For this reason non-metallic materials such as
carbon-carbon composites may be required for some of these canisters. The metallic canister
materials would be chosen from the list of materials identified in Table 11. The carbon-carbon
composites will be chosen from those materials identified in Table 15.

The insulating materials previously discussed fairly modest mechanical performance
requirements, therefore low specific density fibrous materials can be considered. However, for
applications such as the top and bottom insulator blocks, the ceramic floor block, and possibly
the canisters holding the fibrous insulation of the hot gas duct, the mechanical loading and need
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for creep resistance is such that monolithic or composite materials are needed. Typical
operating parameters for these systems are also provided in Table 15. Given that the operating
temperatures are modest and the neutron fluence is low, achieving a lifetime material appears a

Table 15. Conditions affecting materials selection for reactor internals thermal insulation

and potential candidate NGNP materials.

Abnormal Potential
Component Sub-components Normal NGNP operating conditions operating Candidate NGNP
conditions Materials
Nominal Neutron
Temp fluence with ~ Medium
(°C) E!10.1 MeV
~ 0,
1200°C carbon-carbon
SCS unit Conical shell at 3'10"*cm? . Atstartofcool  composite canisters
metalworks SCS HX 1000 er 60 vears Helium down.
Insulation p y with refractory
Then ~1000°C
fibrous mat
Outer shell of 1000°C carbon-carbon
thermal insulation 1000 At start of cor\?vﬁﬂsrl(t;rgztn(;sters
element unit cooldown ) Y
fibrous mat
inner shell of 1000°C carbon-carbon
thermal insulation 650 210Y cm2 At start of COT\,ﬁﬂSrI;?r;zg?}t,ers
Hot gas duct i Helium
9 element unit per 60 years cooldown fibrous mat
Mix of refractory
1000°C .( S
Thermal Insulation ~ 600-1000 fibers held with high
At start of cool temperature screen
down and wire stays.)
Metal support Carbon-carbon
b(i):]t'SOuTatl?(l)?]te ~700°C composite blocks
~1200°C carbon-carbon
In-vessel SCS entrance . )
metalworks structural tubes 5 010" e At start of cool composite canisters
Insulation ' Helium down. with refractory
600 per year ceramic fiber mats
Insulation Then ~1000°C
~1200°C carbon-carbon
Upper Plenum At start of cool composite canisters
Shroud Insulation down. with refractory
ceramic fiber mats
Then ~1000°C
Ceramic Floor 600 450" cm” Helium Graphite, Alumina,
Block per year 600°C Mullite, Composite
Top Insulator 200 1.5"10" cm™ Helium Graphite, Alumina,
Block per year 1100°C Mullite, Composite
Bottom Insulator 1050 1.5"10"cm? Helium Graphite, Alumina,
Block per year 600°C Mullite, Composite
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desirable, attainable goal. Graphite is a potential candidate material for both top and bottom
insulator blocks. The bottom insulator block will most likely be a refractory ceramic. However,
consideration will be given to improved low-thermal conductivity graphites for all three functions
along with commercially available refractory ceramics such as alumina, mullite and composite
materials. Assuming a high-quality, high-purity commercial material, radiation effects will not be
an issue. The properties that will drive the selection are the non-irradiated thermophysical
properties in particular thermal conductivity, compressive strength and fracture toughness, and
cost. When comparing full density brick forms of mullite and alumina, significant differences in
properties are noted. In particular, high density alumina brick will possess significantly higher
thermal conductivity as compared to mullite (and very similar to low-conductivity graphites) but
exhibit extremely high compressive stress and somewhat higher fracture toughness as
compared to mullite. Creep, which will be of particular importance, will also be lower for alumina
as compared to the mullite.

Expected research, testing, and qualification needs for ceramic insulation materials

The first step in the research program on ceramic insulation materials for the NGNP will be a
comprehensive and detailed review of the potential candidate materials identified in Table 15.
Preparation of a materials test program in support of ceramic insulation materials requires
knowledge and understanding of the materials requirements dictated by the operating
conditions of those components.

Data on the manufacture and performance of fibrous insulation are needed to ensure that the
selected materials are capable of lasting for the life of the plant. The data include: physical
properties (heat resistance, heat conductivity and heat capacity), long term thermal and
compositional stability, mechanical strength at temperature, resistance to pressure drop,
vibrations and acoustic loads, radiation resistance, corrosion resistance to moisture- and air-
helium mixtures, stability to dust release and gas release, thermal creep, and manufacturing
tolerances and mounting characteristics. The acquisition of these data requires testing of
insulation specimens or small assemblies of thermal insulation panels and application of
appropriate ASTM standards. This standards development work will be supported within this
program. Moreover, application of current non-destructive evaluation techniques, especially in
support of the monolithic insulators, is included within this test plan. Specific test rigs and facility
requirements include helium flow, vibration, and acoustic test equipment as well as an
irradiation facility and hot cell. Prototype assemblies testing is not planned to include neutron
irradiation. However, this decision will be made following the neutron and gamma irradiation
testing.

Experimental ceramic insulation materials R&D plans

A brief summary of R&D plans and schedules for the NGNP ceramic insulation materials
needed to meet the deployment time schedule is provided below. The schedule for these tasks
is contingent upon funding availability.

Milestones
FY 2007
» Perform comprehensive review of the potential candidate insulation materials

» Assemble, analyze, and evaluate existing database
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Initiate screening tests for mechanical and thermal properties of fibrous and monolithic
insulations materials

FY 2008

Initiate baseline testing of mechanical and thermal-physical properties

Initiate neutron and gamma irradiations for effects on mechanical and thermal-physical
properties

Initiate long-term aging for dimensional stability of compacts and assemblies

Initiate ASTM standards development

FY 2009

Initiate acoustic vibration and pressurization-depressurization endurance testing

Initiate qualification irradiations to provide to determine effects of irradiation temperature
and fluence on property data for primary candidate materials

Initiate environmental stability testing
Initiate dust and gas release testing

Initiate NDE development for monolithic materials

FY 2010 and 2011

Complete pressurization-depressurization endurance testing
Complete dust and gas release testing
Complete baseline testing of mechanical and thermal-physical properties

Complete neutron and gamma irradiations and PIE for effects on mechanical and
thermal-physical properties

Initiate technology and manufacturability transfer

Initiate performance testing of insulation prototypes

FY 2012

Complete acoustic vibration
Complete environmental stability testing

Complete long-term aging for dimensional stability of compacts and assemblies Perform
PIE to determine irradiation creep effects

Complete technology and manufacturability transfer
Complete performance testing of insulation prototypes

Complete NDE development for monolithic materials

3.1.3.3 Reactor Structural Composites Materials Selection and Issues

The use of C/C composite is desired for many applications within the reactor because of its
strength retention at high temperatures. For example, C/C will likely be needed for the control
rod sheath for a prismatic NGNP because metallic materials cannot withstand high temperature
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of 1050°C or higher found in the core. The anticipated C/C composite material components of
the NGNP are listed in Table 16.

Ci/C-composite materials are typically developed for specific applications and are not available
off the shelf. The composite architecture (i.e., fiber type, fraction, orientation, lay-up) and
processing conditions are selected to tailor the Ci/C-composite material for a specific
application. Thus, prototype components must be produced from which material test specimens
will be cut and subjected to the appropriate thermal and irradiation conditions in the materials
test program.

A fortunate aspect of C{/C is that existing data has shown that the C/C components that are not
in the core of the reactor are not expected to experience neutron exposures high enough to
cause any problems with strength, swelling, thermal conductivity, etc. Existing data has shown
that C¢/C can easily withstand the neutron doses in all the components with the exception of the
control rods. This data shows that C/C composite control rods will likely be the need to
changed at least twice, hence the need to also evaluated silicon-carbide/silicon-carbide
(SIC{/SiC) composites for longer life applications.

There is recent evidence that control rods fabricated from SiC{/SiC composites have the
potential to survive for the full reactor lifetime within the high radiation environment within the
core. Unfortunately, these SiC{/SiC composites have not been as fully characterized as C{/C
composites, so there is more uncertainty in the applicability. It is therefore necessary to
evaluate both Cy/C and SiCi/SiC for the control rod material.

A preliminary list of selection factors for primary ceramic composites candidate materials is
provided in Table 17.
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Table 16.

Conditions affecting materials selection for structural composites and

potential candidate NGNP materials.

Normal NGNP operating

conditions
Neutron
fluence
Nominal with Abnormal Potential Alternative
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at CRD 3 10_2 in cooldown
cm . mode Ci/C
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RSS drive >> bas year R can
guide tube Interface increase to
) 1200°C
within 100 h
16 ~1200°C at
, Conical 3 192 start of cool
SCS unit shell at 1000 cm Helium down. Ci/C
metalwork per 60
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~1000°C
Outer shell
Qf thermal 1000 . 1000°C at Cf/C
insulation 2'10 start of
Hot gas element unit cm’? . cooldown
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uc Inner She” per 60 10000(: at
of thermal years start of
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Upper core 1200°C c/C
restraint
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Table 17. Relative strengths of ceramic composite materials for NGNP applications.

Pros Cons
SiC4{/SiC Composites
Good oxidation resistance Higher cost than C{/C
Higher cracking stress than C¢/C Less industrial experience than C{/C

Greater radiation damage resistance than C{/C
Fewer change-outs, lasts longer Lack of manufacturing/infrastructure

Qualification — different weaves require a
new qualification. ASME specification issue.

Ci/C Composites (Note: Replacement for super alloys. Could be used for guide tubes [~10 feet
long, telescope feature] and the Upper Core Restraint structure.)

Good material for accident situation. More Radiation damage/shrinkage than
SIiCy/SiC.
Flaking is less likely than SiCy/SiC. Qualification — different weaves require a

new qualification. ASME specification issue.
Eliminates metal from the core. Lack of design criteria.

Good Residual properties (e.g., strength).
Strength and fracture resistance is greater than

graphite.

C#/SiC Composites

Higher thermal conductivity than SiC4/SiC Possible Radiation damage

Higher strength Qualification — different weaves require a

new qualification. ASME specification issue.

Higher moderating power Poor static fatigue performance

Expected research, testing, and qualification needs for NGNP structural composites

Currently there are several manufacturers of C/C composites that may be suitable for reactor-
core components (pitch-based matrix with pitch-based fibers). However, these manufacturers
have not qualified any of their recent high-performance materials for nuclear applications.
Additionally, large-sized SiC#/SiC composites are not as available as C/C composites and much
of the knowledge about the behavior of SiC{/SiC composites has been generated with
laboratory-sized samples using simple testing conditions. Moreover, because these composite
materials have undergone rapid development within the last 10 years, only very limited data is
available for the newest, radiation-resistant materials. Therefore, a more detailed effort will be
needed for SiC{/SiC components. Also, the infrastructure for manufacturing SiC{/SiC
composites is much more limited, and not as mature as that for C/C, and will likely need to be
developed or enhanced.

For C/C materials, there are limited mechanical and thermal-physical property data at elevated
temperatures that will need to be augmented. In addition, the manufacturers and their prime
candidate materials must be examined for repeatability, quality, and eventual size of
manufacture, as many of the parts will be very large. More importantly, the weave patterns that
will be evaluated in this program have never been examined in this application. Thus, this
material must be baselined to determine if the parts indeed meet the specification required for
both thermal and mechanical properties. The scale-up of parts will be aided by stress-analysis

100



codes, which are quite mature for Ci/C; however, the codes will need to be adapted for the
specific fiber architectures selected.

The first experimental areas for research in this program will be to examine the two most
potentially life-limiting processes of irradiation effects and oxygen effects. The irradiation
effects program will perform a side-by-side comparison of the two most radiation resistant
forms of CFC and SiC currently available. Following a pre-irradiation evaluation of SiC{/SiC
tubular structures, irradiation to NGNP-relevant doses on statistically meaningful populations
of samples will be carried out. In parallel, an environmental effects study will be carried out on
SiC{/SiC to ascertain the stability of the fiber matrix interface in NGNP atmosphere.
Additionally, the primary failure mode under stress will be studied to determine whether
SiC{/SiC tubular structures can withstand long-term loading produced by NGNP control rod
applications.

The graphite composite to be studied was manufactured by Fiber Materials Inc., (FMI-222)
and is a balanced weave, pitch fiber, pitch matrix composite. It has been selected because of
its high-quality and radiation-effects database. SiC composites for this study will be fabricated
by Hypertherm in collaboration with ORNL and Pacific Northwest National Laboratory (PNNL).
Both flat plate and tubular geometries will be studied. The architecture to be manufactured
will be studied in the initial phases of the collaboration. The fibers to be infiltrated will be
Nicalon Type-S, based on their previous, excellent radiation performance. The matrix will be
fully crystalline beta-SiC deposited by chemical vapor infiltration.

The first phase of the composite R&D effort above focuses on providing verification of the
viability of the composite control rod concept. The following R&D phase will primarily provide
the engineering data which are more relevant to the reactor system design and the confidence
regarding the practical reliability of the NGNP-grade C{/C and SiC¢SiC in the reactor
environment and the accident scenario. For these purposes, properties and mechanisms
governing the lifetime and reliability will be thoroughly characterized, including aging,
creep/fatigue, fracture toughness, and the irradiated lifetime envelope. Again, the effect of
neutron irradiation at very high temperatures on various mechanical and thermophysical
properties will be the key to understand and evaluate the composite lifetime/reliability issues.
Full-scale prototype control segments will also be fabricated with the most promising
constituents/architectures for both C/C and SiC{/SiC, and will be subjected to the complete
baseline characterization. Continued support to the ASTM testing guidelines and the ASME
code development are also essential in all R&D phases. Additional evaluation of low-
cost/high-performance alternative SiC{/SiC may be considered, in this case the candidate
materials such as Tyranno™-SA3 SiC fiber composite and the liquid phase-sintered ‘NITE’
composite demonstrate fundamental irradiation and corrosion resistances. The development
of a comprehensive R&D program based on the most updated knowledge will be performed at
the end of the first phase R&D effort.

Irradiation Program
Long-Term Stability, Strength and Thermal Properties

Irradiation will be carried out in the peripheral target tube position of the High Flux Isotope
Reactor. The irradiation matrix is given in Table 18. This matrix compliments ongoing ORNL
fusion irradiations 18J (~10 dpa, 800°C+, data available >2007) and the proposed Futurix-Ml
irradiation (>50 dpa, ~1000°C, data available >2008.) The primary target irradiation
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temperature (950°C) was selected based on the draft NGNP materials plan. The bounding
temperatures of 800 and 1100°C were chosen to allow comparison to the U.S. fusion 14J and
18J experiments along with the NGNP graphite scoping irradiation program nearing
completion (300, 500, and 800°C.) Moreover, the proposed irradiation matrix will provide
valuable information on the performance of SiC/SiC in an appropriate temperature range for
the GFR concept (500-1200°C, 80 dpa.) Additional irradiation of C/C composite samples
newly fabricated in NGNP program is considered but not included in Table 18. Assuming
materials begin irradiation in the first year of program, the highest dose capsules will be
available in the third year of the program. If desirable, a subset of three capsules identical to
BS1-3 could be irradiated to higher dose (e.g. 80 dpa) in support of GFR for little extra cost.
Data from these materials would be available ~2009.

Table 18. HFIR irradiation matrix.

Capsule Group Material Temperature(°C) Dose(dpa)
BS1 10
SiC¢/SiC
BS2 800 20
Type S/ ML
BS3 >30
BC1 10
C¢/C
BC2 800 20
FMI-222
BC3 30
TS1 10
SiCy/SiC
TS2 reference 800*"* ¢ 20
NGNP
TS3 30
TS4 10
SiCy/SiC
TS5 reference 950* 20
NGNP
TS6 30
TS7 10
SiCy/SiC
TS8 reference 1100+ 20
NGNP
TS9 30

*Primary target temperature

*"LT2 The Jow and high bounding temperature, respectively, to be finalilzed.
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Irradiation Creep

It is expected that the NGNP control rods will be subjected to low stress, long-duration tensile
loads within a high temperature irradiation environment. A significant concern for these
materials is creep or environmental degradation under combined load and irradiation. It will
be necessary to first characterize the creep behavior of composite materials in the absence of
irradiation with He atmospheres containing oxygen impurity levels that bracket the expected
operating conditions for the NGNP. Irradiation creep tests in prototypic reactor environments
will be carried out in the ATR.

In the first phase of the program, time-dependent creep of either SiC composite tubes or
alternative architectures will be proven in the laboratory setting. Once the techniques for such
testing are validated experimentally and by comparison with the ongoing modeling at PNNL,
an experimental program will be mounted to determine the out-of-pile creep response for
tubular samples. Based upon experience gained from the out-of-pile tests, an experimental
program to generate in-reactor creep information will be initiated. In-pile experimental creep
design input will be derived from out-of-pile experience, preform architecture, ATR reactor
core dimensions, temperature and time in reactor. Specific environment and irradiation
parameters are to be decided based on reactor design input.

As part of this validation study, the sensitivity of SiC{/SiC to low-level impurities will be
included. Long-term, environmental effects derived from impurities such as oxygen, hydrogen
or moisture must be considered in terms of composite irradiation creep. Experimental and
modeling data on SiC tubular structures, especially in oxygen-containing irradiation
environments, will be required similar to current studies on C/C composite structures. It is
envisioned that this program will be conducted in parallel with the carbon fiber composite
creep program and apply similar irradiation vehicle design.

Environmental Effects

The high-purity He environment presumed for the NGNP provides some interesting issues for
materials degradation at high temperatures. Carburization of metals is observed in low-
oxygen-potential environments but is reduced in high-oxygen-potential environments. Control
of the oxygen potential is seen as an effective means of reducing carburization of metals and
alloys in the NGNP, but the effects of increased oxygen potential on the corrosion rates of
SiCy/SiC and C{/C will need to be established. A focus of this research will be to determine the
corrosion mechanisms and rates associated with degradation of the fiber/matrix interphase in
the SiC{/SiC and C{/C materials. This has been shown to the critical mechanism that shifts the
degradation or failure modes from fiber creep domination to interphase degradation. Testing
and modeling of newer SiC¢/SiC, will have to be performed to generate a failure mechanism
map using simulated HTGR gas environments.

Typical simulated advanced HTGR helium chemistries used in various previous test programs
are shown in Table 8. As shown, the main impurities are H,, H,O, CO and CH,;. The hot
graphite core is considered as reacting with all free O, and much of the CO, to form CO, and
with H,O to form CO and H,. In addition, in cooler regions of the core, H, reacts with the
graphite via radiolysis to produce CH4;. The overall stability of the proposed helium
environment that will be representative of the NGNP must be evaluated in order to ensure that
testing proposed is performed in environments that have consistent chemical potentials.
Therefore, testing of both the helium environment to be used for mechanical properties and
general corrosion evaluations of the candidate materials to establish their overall compatibility
with that environment will be performed at temperatures up to at least 50°C above the
proposed operating temperature for the SiC/SiC materials.
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Creep-crack growth studies on SiC{/SiC composite bars will be used to investigate the
degradation mechanisms at 1000°C in the simulated NGNP environment. Concurrent thermo-
gravimetric measurements will be used to study environmental mass loss and corrosion
mechanisms. A mechanical-chemical model of creep crack growth in SiC¢SiC, which has
been developed at PNNL, will be used to calculate crack growth rates and compare them to
measured growth rates [3.18,3.19]. Life-prediction models for SiC{/SiC in NGNP
environments will be constructed and tested based on these results.

Failure Mode Testing

SiC¢/SiC tubes will be tested in tension, compression, and using burst testing at 1000°C in
inert and simulated NGNP environments to determine likely failure modes of control rod guide
tubes. This will be done as a function of tube architecture and design. The output of the
creep crack growth model and life-prediction models will be used to guide the choice of strain
rate and loading parameters.

Post Irradiation Examination

Post irradiation testing will be carried out in established hot-cell facilities at ORNL and PNNL.
Testing will include, but not be limited to, the following:

» Thermal conductivity ASTM E 1461-01

» Irradiation-induced dimensional change

» Sonic Elastic Modulus

« Room temperature strength

e Burst strength of tubes

» Slow crack growth testing of irradiated bars in simulated NGNP gas

e Scanning and transmission electron microscopy of irradiated materials.
ASTM Guideline Support

The need for continued ASTM guideline development has been highlighted as a critical issue
for both C/C and SiC#/SiC composites under NGNP. Currently there are few national or
international full-consensus standards for evaluating advanced ceramics and ceramic matrix
composites (CMCs) in particular. Technical and pragmatic issues related to standardization
efforts for CMCs must be evaluated for full consensus standards [that is, ASTM Subcommittee
C28.07 on Ceramic Matrix Composites, Comit Europen de Normalisation (CEN)
Subcommittee TC184/SC1 on Ceramic Composites, and International Organization for
Standardization (ISO) Technical Committee TC206 on Fine, Advanced, Technical Ceramics].
This task will provide for continued involvement of key personnel involved in these efforts, and
in particular to ensure guidelines for testing of tubular SiC{/SiC structures is moved forward.

Experimental structural composite materials R&D plans

A brief summary of R&D plans and schedules for the NGNP structural composite materials
needed to meet the deployment time schedule is provided below. The schedule for these tasks
is contingent upon funding availability.

The draft plans for FY 2009 and beyond have been developed based on an assumption that the
presently studied SiC{/SiC and C/C composites demonstrate key viability in FY 2005 - 2008.
Although it is likely that the SiC{/SiC and Ci{/C composites will successfully demonstrate the
extended lifetime under high temperature irradiation and the fundamental fabricability, the long
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range future R&D plans will be modified if a major viability issue is identified in the FY 2005 -
2008 phase.

Milestones
FY 2006

Perform second round of processing for optimized infiltration

Perform baseline thermophsyical chacterization of two different C/C composites with
braided architecture.

Measure fracture toughness of braided C{/C.

Begin planning for baseline irradiations plan for comparing braided C#/C to standard
FMI 222.

Prepare for irradiation of reference NGNP-grade SiC¢/SiC specimens

Carry out PIE of BS and BC bends bar capsules

Complete crack growth testing.

Conduct failure mode testing of reference NGNP-grade SiC¢/SiC to be irradiated.
Conduct out-of-pile creep testing. Finalize geometry for in-pile creep test.

Begin design effort on in-pile creep.

Begin to qualify vendors

Continue Involvement in ASTM guideline development.

FY 2007

Begin baseline irradiation program of braided C/C.

Initiate PIE of reference NGNP-grade SiC{/SiC

Conclude failure mode testing.

Summarize experiment and modeling verification of creep testing.
Complete report on composite fabrication effort.

Complete construction of in-pile creep experiment.

Initiate aging and evaluation of aged potential candidate test materials

Continue Involvement in ASTM guideline development.

FY 2008

Complete higher-level PIE including TEM.

Complete PIE of Braided C{/C.

Begin creep testing of Cy/C.

Begin corrosion and aging testing of C¢/C.

Initiate in-pile creep experiment.

Completion of ASTM guideline for baseline SiC¢/SiC tube testing.
Issue report for the FY05-08 effort
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« Complete aging of potential candidate test materials and continue characterization of
mechanical and thermal-physical properties

FY 2009 to 2015

» Full-scale prototype demonstration and characterization for both C/C and SiC{SiC
(procurement, complete baseline characterization)

» Complete aging testing of C{/C
» Complete corrosion testing of C{/C
» Complete high level PIE of C{/C including TEM

» Lifetime-limiting properties assessment (complete characterization of
aging/creepl/fatigue effects on mechanical and thermal-physical properties)

e Support to extended ASTM guideline and ASME code development.
» Fracture toughness evaluation (test method development and irradiation effect)
» Lifetime envelope determination (temperature and neutron fluence)

» Low-cost / high-performance alternative SiC{/SiC evaluation

3.2 Potential Candidate Materials Selections and Research Plans for SCWR

Three primary factors will most affect the properties and choice of the structural materials from
which the SCWR components will be fabricated. These are effects of irradiation, high-
temperature exposure, and interactions with both the sub- and supercritical water environment
to which they are exposed. An extensive testing and evaluation program will be required to
assess the effects that these factors have on the properties of the potential materials for
SCWR construction to enable a preliminary selection of the most promising materials to be
made and to then qualify those selected for the service conditions required.

The potential candidate materials selected for the SCWR and the details of the research plans
deemed necessary to establish the viability of the reactor concept with regard to materials
performance are described in the following sections.

3.2.1 General Considerations for SCWR Materials Research

A discussion of two of the three primary considerations for SCWR service, irradiation and high-
temperature exposure, are described in the corresponding section on NGNP Materials in this
report. The third primary consideration, materials interactions with both the sub- and
supercritical water environment, is described below.

3.2.1.1 Water Chemistry and Corrosion Issues in SCWRs

The single greatest unknown that will impact the viability and eventual operation of the SCWR is
the chemistry of supercritical water in the presence of radiation. While the impact of the SCWR
water chemistry will be most important in-vessel, it is possible, dependent on design, that there
will be spillover effects on the power conversion systems for which water chemistry control is
also very important. This section attempts to outline potential issues that may need to be
addressed. Even though these corrosion considerations are quite pervasive across multiple
components, there is no particular section on specific corrosion materials R&D tasks and
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funding needs in this report. In lieu of that, the R&D to address the various corrosion issues has
been incorporated into the overall R&D described for each component, as needed, in the
component requirement sections that follow.

The mechanisms for environmentally sensitive cracking in water-cooled reactors that have been
observed include intergranular stress corrosion cracking (IGSCC), irradiation-assisted stress
corrosion cracking (IASCC), and corrosion fatigue. These mechanisms are affected by several
variables including:

» Metallurgical structure, including the presence of M,3Cs phases, phase morphology, and
depletion of the Cr in zones adjacent to grain boundaries;

» Irradiation effects on grain boundary impurity segregation; and

» The aqueous environment, especially the presence of oxidizers and reducers.

In the case of IASCC of austenitic stainless steels, an additional parameter is a fluence
threshold that is approximately equivalent to 1 displacement per atom (dpa). Further, nickel-
base super alloys are sensitive to the presence of impurities including phosphorous, silicon,
boron, and sulfur.

While materials have been identified that function in LWRs, the performance of these same
materials in a SCWR is uncertain and will be dependent on the environment of the SCWR. In
this respect, while operating temperatures have been proposed, the water chemistry is ill
defined.

There are several aspects of the water chemistry of the SCWR that will impact the corrosion
behavior of materials of construction. The concentrations of the transient and stable species
due to radiolysis of the water, and the higher thermal decomposition of the water due to the
higher operating temperature (as compared to LWRs), may well be significantly different. The
chemical potential of oxygen and hydrogen peroxide, which will be significantly different in the
supercritical fluid, will affect the corrosion potential of the water. This in turn determines
whether magnetite (Fe;O,4) or hematite (Fe,Oj3) forms and the morphology of these films, which
are important to corrosion control on low alloy steels, heat affected zones, etc.

The chemical potential of the hydrogen should change as much as the chemical potential of the
oxygen and hydrogen water chemistry may be just as effective in reducing the oxygen content.
However, a decrease has been observed in the critical reaction rate of the OH radical with
hydrogen above 300°C. Because the radiolysis in the core is kinetically controlled, it might
require much more hydrogen to suppress the oxygen and peroxide generation. If too much is
required, metal hydriding could occur. The trade-off between these effects will, to a large
extent, determine how much of the LWR and fossil plant water chemistry control experience is
applicable to the SCWR. The control of pH, while theoretically possible, may be difficult in
practice, especially in the 300 to 500°C temperature range. The pH of the water is important in
setting the corrosion potential and rate, and to some extent, the mode of corrosion. A range of
pH has been successfully employed in LWRs, and this approach will need to be explored.

There is indeed a wide body of experience regarding performance of materials in water
environments relevant to the SCWR that has been developed in LWR and supercritical fossil-
fired power plants. Control of the water chemistry has been critical to the continued operations
of LWRs. The boiling water reactor (BWR) would normally operate with an oxygen
overpressure and is also slightly acidic because air carries CO,, which leads to formation of
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carbonic acid. The result is a rather aggressive environment, which could cause excessive
corrosion of the reactor materials. In BWRs, the general expectation is that the propensity for
SCC will increase with increasing oxygen content, and hydrogen is generally added to the
feedwater to recombine with oxygen and suppress the corrosion potential below the threshold
for SCC. However, it takes a significant hydrogen overpressure to induce recombination of
oxygen with hydrogen. In recent years, thin layers of noble metals (i.e., platinum and rhodium)
have been deposited on the surface of BWR structural materials to suppress the corrosion
potential even at relatively low hydrogen injection levels. On the other hand, the PWR is an
indirect cycle, less susceptible to air infiltration. However, an oxygen overpressure would be
present in PWRs as well due to diffusion of radiolytic hydrogen out of the system. Therefore,
hydrogen is also injected in the primary coolant of PWRs, but at somewhat lower rates than in
BWRs. Also, a minimum high temperature (about 300C) pH of 6.9 is required to avoid heavy
crud deposits on the fuel rods and boron must be added to the coolant in the form of boric acid
as a neutron absorber for reactivity control. Therefore, to counter the effect of the boric acid on
the pH, lithium hydroxide is dissolved into the PWR primary water.

In once-through fossil-fired units (the circuit does not include a steam-separation drum) of the
type considered in the SCWR, the quality of the water is controlled by treatment of the
feedwater. Inthe U.S., two major approaches are used:

() The all-volatile treatment (AVT), which is based on measures to practically eliminate
oxygen from the system to prevent corrosion. In this treatment the pH is adjusted
(ammonia) to 9.2-9.6 for all-ferrous systems (8.8-9.1 for mixed ferrous-copper systems),
and the oxygen content of the water is controlled to <5 ppb (cation conductivity is in the
range 0.2-0.4 pS'cm™). This is accomplished by de-oxygenation in the condenser and
deaerator, followed by the addition of oxygen-scavenging chemicals such as sodium
sulfite (decomposes above 6.2 MPa) or, more recently, hydrazine. A problem with this
approach is that the normally protective oxide formed on ferrous alloys is unstable in the
feedwater train, leading to dissolution and transport of corrosion products, as well as
erosion-corrosion attack of the economizer inlet tubes.

(i) Oxygenated treatment (OT) used only for all-ferrous systems), in which the pH is
adjusted (ammonia) to 8.0-8.5 and then, following purification in the condenser,
demineralizer/condensate polisher, and deaerator (to <0.2 pS'cm™), oxygen is added to
the level of 30-150 ppb. The resulting high-purity water minimizes corrosion of the
feedwater train up to the economizer inlet. The controlled, but limited oxygen content
promotes the formation of a more protective layer of Fe;O4, in which the pores are
blocked by FeOOH; this modified magnetite layer also has a lower solubility than
maghnetite in the feedwater. Adoption of oxygenated water treatment has resulted in a
significant reduction of water-steam-side corrosion-related problems in fossil-fired units.

The water chemistry guidelines for AVT, OT and for LWRs are compared in Table 19.

Guidelines for determining the most appropriate water treatment system for a given plant
configuration are available in a series of reports published by EPRI.
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Table 19. Typical primary water chemistry of supercritical fossil plants and LWRs.

ltems Fossil AVT® | Fossil AVT® | Fossil OT | BWR® PWR®® | SCWR
Pressure, MPa 25-30 25-30 25-30 6.9 155 25
Inlet temp. °C ~280 ~280 ~280 278 286 280
Outlet temp. °C 540-600 540-600 540-600 285 324 500
Conlductivity (inlet) mS <0.2 <0.2 <0.15 <0.1 1-40 ?
cm

Oxygen, ppb 1-10 <5 30-150 50-200 100 ?
Hydrogen, ml/kg (STP) na na na 0-50° 25-50 ?
LiOH, ppm DC DC DC DC 0.6-4 DC
Boron, ppm DC DC DC DC 0—2000 DC
Cl, ppm na na na <0.1 <0.15 ?
F’, ppm na na na <0.1 <0.15 ?
Fe, ppb <5 <10 <5 <1-2 na ?
Cu, ppb <2 <2 na <0.1-0.3 | na ?
Silica, ppb <20 <20 na na na ?
pH (room temperature) 9.2-9.6 8.8-9.1 8.0-8.5 6.5-7.0 6.9-7.4 ?

% plants with all ferrous condenser/feedwater system
b plants with mixed metallurgy

°P. M. Scott 1998.

YIAEA 1997.

¢ EPRI recommends use of the lower number.

"In the feedwater.

DC = not applicable because of the direct cycle.

na = not available

3.2.2 Reactor Pressure Vessel Materials Selection and Issues

It is assumed that the RPV design will include a feature to insulate the outlet nozzle from the
outlet coolant temperature of 500°C and ensure vessel operation at 280°C. The inner surface of
the vessel will be exposed to water at 280°C and would be clad with a weld overlay of Type 308
stainless steel. The outer surface will be insulated, most likely in a manner similar to existing
PWRs. Given the operating temperature of 280°C and an expected irradiation exposure similar
to that of current generation PWR, the primary candidate materials for the RPV shell are those
currently used in PWRs, namely SA 508 Grade 3 Class 1 forging (formerly designated SA 508
Class 3) or SA 533 Grade B Class 1 plate. The RPV thickness given above assumes one of
those materials. Of those two materials, which have similar chemical compositions and the
same design stress intensities in the ASME Code, the SA 508 Grade 3 Class 1 forging is
preferred to eliminate the need for axial welds. It is also desirable to fabricate a forging of
sufficient height to keep circumferential welds outside the region adjacent to the reactor core
(the so-called beltline region) and preliminary information from the Japan Steel Works indicates
that it will probably be possible to do so.

The knowledge gained over the past few decades regarding the radiation embrittlement of
current LWR materials must be utilized in the preparation of the material specifications for the
RPV materials. For example, minimization of sensitizing elements such as copper and
phosphorus is critical for mitigation of embrittlement and undesirable segregation, while the
nickel content should be kept relatively low yet high enough to maintain the strength and
fracture toughness of the A508 Grade 3 Class 1 steel. In this regard, the thickness of the
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SCWR vessel shell and nozzle course forgings may present difficulties. Therefore, special
attention must be paid to the chemical composition and heat treatment specifications to allow for
through-thickness hardening to maintain the necessary strength and fracture toughness, yet to
also ensure minimization of radiation embrittlement sensitivity.

Similar to the RPV shell, the RPV bolted closure head and welded bottom head will operate at
280°C and the materials of construction will be similar. The materials and fabrication of the
heads, including the control rod drive mechanism housings, head bolts, etc. will incorporate the
latest materials of choice for current LWRs and currently designed advanced LWRSs.
Information regarding RPV supports is not yet available and the choice of materials will depend
upon the specific design.

If the design cannot incorporate an insulated nozzle, the material choices for the RPV shell,
heads, and nozzles must be different than those discussed above because part of the vessel
would operate at 500°C. In this case, the design feasibility of a separate nozzle course
insulated from the lower shell course and bolted head should be determined. If such a
configuration is not feasible, then the use of a Cr-Mo alloy that maintains strength to higher
temperatures would be required for the RPV. A vast amount of experience exists in the non-
nuclear industry for long-time operation in this higher temperature range for 2 1/4Cr-1Mo steel,
some experience with 3Cr-1Mo, and less with 9Cr-1Mo. An exacerbating issue in this case is
that the portion of the vessel shell exposed to significant irradiation may operate at
temperatures from 280 to 500°C, depending on the specific design. Thus, if the current design
changes to incorporate an integral nozzle, the issues regarding the RPV would be different and
more uncertain relative to material behavior, and would likely require significantly more
development and qualification efforts than associated with the current insulated nozzle design.
However, as stated earlier, for the purpose of this current plan, it is assumed that an insulated
nozzle will be accommodated in the design.

Regarding the thickness of the RPV shell, consideration should also be given to the potential
use of higher strength materials that could result in a significant decrease of the required reactor
pressure vessel wall thickness. There are a number of advantages that would accrue with a
steel of significantly higher strength:

(1) Given the same design pressure, use of a steel with a 50% higher strength would allow
for more than a 30% reduction in shell thickness;

(2) Thinner sections allow smaller ingots to be cast;

(3) Thinner plates or forgings ensure more uniform compaositions and properties in the final
product after heat treatment and hot-rolling or forging;

(4) Given the capacity, even larger-height forgings can be fabricated;

(5) Heat treatment of thinner sections is easier (more economical), and thinner sections can
be cooled more rapidly, thus ensuring a more uniform through-thickness microstructure;

(6) During plant fabrication, thinner sections would offer advantages in material handling,
welding, and vessel transportation;

(7) Thinner sections are easier to inspect, the results are more reliable, the probability of
flaw detection is enhanced, and the flaw density would likely be lower; and

(8) If extremely large vessels are designed, thinner sections would be more amenable to
field fabrication.

Two potential materials are A508 Grade 4N Class 1 and a developmental steel, 3Cr-3WV. The
A508 Grade 4N Class 1 forging is a generally bainitic (typically lower bainite) steel with a
minimum specified yield strength of 585 MPa (85 ksi) compared with 344 MPa (50 ksi) for the
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A508 Grade 3 Class 1 forging discussed above. Thus, the design stress intensities would likely
be about 70% higher for that alloy. Although that steel contains about 3.5 wt% nickel, irradiation
results near to that of the SCWR operating temperature of 280°C indicate it could be suitable
from the standpoint of irradiation resistance. The A508 Grade 4N typically has a 41-J Charpy
temperature below —100°C that could be lowered to below —150°C with an upper-shelf energy
greater than 275 J (200 ft-lb) by enhanced control of tramp elements such as, phosphorus,
sulfur, arsenic, and antimony, as well as manganese and silicon.

The 3Cr-3WYV steel mentioned is a “reduced-activation” low alloy steel with a base composition
of nominally Fe-3Cr-3W-0.25V-0.1C. Preliminary tests on the steel indicate that this bainitic
steel develops a combination of strength and toughness that would appear to make it a suitable
candidate for pressure vessels, piping, and other pressure boundary components of Generation
IV reactors. The steel is presently being investigated as a possible replacement for 2 1/4Cr-
1Mo and modified 9Cr-1Mo steels in the petrochemical and power-generation industries. In the
section sizes investigated to date, the 3Cr-3WV steel has strength more than double the 345
MPa (50 ksi) used to design with the A533B steel. Additionally, the Charpy impact toughness of
the steels is as good or better than that of A533 grade B class 1 plate.

3.2.2.1 Expected Research, Testing, and Qualification Needs for SCWR RPV Materials

For the current design, achievement of the required through-thickness mechanical properties
needs to be demonstrated. Such a demonstration would consist of the full range of mechanical
properties, tensile, Charpy impact, drop-weight, and fracture toughness testing through the
thickness, including appropriate metallographic evaluation of the microstructure. Additionally,
nondestructive inspections prior to the destructive evaluations should be conducted and
coordinated with the destructive evaluations to demonstrate soundness of the forging through
the thickness.

If the significant SCWR fatigue component in excess of that for current LWRs is demonstrated,
then fatigue data will be required to demonstrate structural adequacy for the forging and the
welds. Similarly, if the water chemistry of the water exposed to the RPV is different than that for
current LWRs, environmental assisted fatigue crack growth data for the forging, weld metal, and
stainless steel cladding at the operating temperature and in the water environment will be
required.

Initially, both the A508 Grade 4N Class 1 and 3Cr-3WV steels will be investigated at low level
with in the SCWR materials program to provide a backup for the traditional LWR vessel
materials in case, inadequate through-thickness properties or other unexpected issues limit their
use as well as to establish the viability of their use for reducing fabrication and construction
costs of SCWR reactors. Both experimental and analytical studies would need to be conducted
to evaluate the hardenability of those steels relative to that of A508 Grade 3 Class 1. In the
case of the A508 Grade 4N steel, relatively thick section data are available and a literature
review will be conducted to assess the specific needs relative to the viability of that material for
the SCWR application. Given the results from those studies, the evaluations would proceed to
fabrication of heavy-section forgings of sufficient thickness to assess the potential for one or
both of the steels to be considered viable candidates for the RPV material.

If they are considered viable and desirable, an assessment would also be made regarding
inclusion of one or both of those steels in a comprehensive material evaluation program that
would include all the mechanical and physical properties needed for inclusion in the ASME
Boiler and Pressure Vessel Code. This would include a full range of mechanical properties,
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including strength, toughness, fatigue, and creep, in the metallurgical condition representative of
that for the anticipated section size, including welds. Likewise, the effects of irradiation on the
strength and fracture toughness to an exposure beyond that predicted for the SCWR RPV
would be required.

3.2.2.2 Experimental RPV R&D Plans

A brief summary of major R&D activities and schedules for the SCWR RPV materials is
provided below. The development tasks for the RPV are dependent on 1) the incorporation of
an insulated outlet nozzle to maintain the RPV shell nominal operating temperature at 280°C,
and 2) consideration of optional higher strength materials to reduce the RPV shell thickness. In
the first case, the required tasks and costs are relatively low for the 280°C RPV operating
temperature, while they would be significantly higher for an operating temperature of 500°C
associated with an integral hot nozzle (costs not estimated for this report). For the second case,
the total tasks and costs are substantial for the necessary developmental costs, but the potential
advantages for fabrication and operation of the RPV are significant. The tasks and schedules
below assume RPV fabrication with current LWR RPV steels but include a preliminary
evaluation program for development of higher strength steels.

The schedule for these tasks is not well defined because it is highly contingent upon funding
availability, which is not fully known at this time. It is, however, laid out as though the required
funding would be available to meet the earliest logical schedule of the tasks identified and it will
be subject to revision, based on actual funding availability.

Milestones
FY 2007

» Evaluate steel making and fabrication capabilities for RPV design with current LWR
RPV steels

» Initiate demonstration of fabrication capability for RPV thickness

» Perform detailed review and assessment of data for optional higher strength RPV
steels

FY 2008

Initiate preliminary testing of optional high strength steels in thick sections
» Initiate preliminary radiation effects and thermal aging testing

# Begin fabrication of irradiation experiments for reactor internals prime candidate
materials for SCWR

» Prepare progress report on demonstration of RPV fabrication capabilities for SCWR
FY 2009 and 20010
» Initiate demonstration of welding and NDE capability for optional high strength steels

» Initiate development of procedures for application of stainless steel cladding to optional
high strength steels

# Assess higher strength RPV steels together with manufacturers capabilities, prepare
report for SCW
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# Begin fabrication studies of higher strength RPV steels for SCWR

# Initiate radiation effects and thermal aging studies of higher strength RPV steels for
SCWR

FY 2011 and beyond
» Complete preliminary testing of optional high strength steels in thick sections

« Complete development of procedures for application of stainless steel cladding to
optional high strength steels

» Complete demonstration of fabrication capability for RPV thickness
» Complete preliminary radiation effects and thermal aging testing

« Complete demonstration of welding and NDE capability for optional high strength
steels

» Prepare progress report on fabrication results for thick section fabrication on
conventional RPV steels for SCWR

» Place specimens of higher strength RPV steels in reactor for SCWR

» Complete demonstration of fabrication capability for thick-section conventional RPV
steels, write comprehensive report for SCWR

» Prepare final report on all tests of higher strength of RPV steels for SCWR
» Initiate development of procedures for cladding of higher strength steels for SCWR

» Complete final reports on radiation effects and thermal aging of higher strength RPV
specimens and on procedures for cladding of higher strength RPV steels for SCWR

3.2.3 RPV Internals Materials Selection and Issues

The greatest materials challenge presented by the SCWR will be qualification of materials for
service within the vessel that see both high temperature and radiation exposure and must
simultaneously survive the relatively aggressive supercritical water environment. The present
section identifies the structural materials that are candidates for the components of the core and
of the associated support structures and addresses the principal issues related to their selection
and performance. In the first category are the fuel cladding, fuel rod spacers (spacer grid or
wire wrap), water rod boxes, fuel assembly ducts, and control rod guide thimbles. The second
category includes control rod guide tubes, the upper guide support plate (UGS), calandria tubes,
upper core support plate (UCS), lower core plate (LCP), core former, core barrel, and threaded
structural fasteners. Insulation materials will also be needed for the reactor pressure vessel
internals components that separate the hot outlet coolant (about 500°C) from the inlet coolant
(280°C). These materials have not yet been adequately identified and, therefore, are not
discussed in this section.

Table 20 lists the in-core components together with summaries of the anticipated irradiation
conditions and mechanical loads for normal operating conditions, as well as the temperature
excursions expected for abnormal conditions. Also listed are materials typical of those in use
for similar components in currently operating PWRs and BWRs. The last two columns of the
table provide recommendations for potential candidate materials for the SCWR, together with
brief notes to further explain or augment other entries in the table. Table 21 follows an identical
format for the support structures. An approach to further the down-selection of prime
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candidates is described based on combined evaluations in supercritical water and under
irradiation.
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