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The evolution of nuclear power generation toward Generation 1V reactor designs necessitates a fundamental shift

in the structural engineering and materials science frameworks used for construction. As the industry moves

beyond traditional light-water reactors (LWRs) toward High-Temperature Gas-Cooled Reactors (HTGRS), Liquid
Metal-Cooled Fast Reactors (LMFRs), and Molten Salt Reactors (MSRSs), the operating temperatures often exceed
the limits where traditional elastic design methods remain valid. To address these challenges, the American Society
of Mechanical Engineers (ASME) developed Section lll, Division 50f the Boiler and Pressure Vessel Code
(BPVC). This division represents the most sophisticated set of rules for the construction of nuclear facility
components operating in the creep range, providing a comprehensive regulatory roadmap for ensuring structural
integrity under extreme thermal and mechanical loads.

The Strategic Necessity of ASME Section Il Division 5

For decades, Section I, Division 1 provided the gold standard for nuclear component construction. However,
Division 1 is primarily limited to temperatures below 370°C (700°F) for carbon and low-alloy steels and 427°C
(800°F) for austenitic stainless steels. Advanced reactor designs typically operate between 500°C and 950°C. At
these elevated temperatures, materials exhibit time-dependent deformation known as creep, where steady-state
loads can lead to progressive deformation and eventual rupture. ASME Section Il Division 5was specifically
consolidated and formalized (notably in the 2011 and subsequent 2023 updates) to incorporate rules previously
found in various Code Cases, such as Subsection NH, into a single, cohesive standard.

The importance of Division 5 lies in its ability to bridge the gap between short-term mechanical strength and long-
term durability. It addresses the critical phenomena of creep, fatigue, and their interaction (creep-fatigue), which are
the primary failure modes for high-temperature nuclear components. By providing standardized rules for materials,
design, fabrication, and examination, Division 5 ensures that next-generation reactors meet the same rigorous
safety standards as their predecessors while pushing the boundaries of thermal efficiency.

Core Structural Framework and Subsections

The architecture of Division 5 is divided into two major parts: Metallic Components and Non-Metallic
Components(specifically Graphite and Composite materials). Understanding this division is crucial for engineers
tasked with designing reactor cores and primary cooling loops.

Subsection HB: Class A Metallic Components

Subsection HB is dedicated to high-temperature Class A components, which are essential for the primary pressure
boundary and safety-critical functions. It is further divided into:

e Subpart A: General Requirements.
e Subpart B: Elevated Temperature Service. This section provides the rigorous design-by-analysis (DBA) rules
required to account for creep and creep-fatigue interaction over the design life of the component, which can extend



up to 60 years or 300,000 to 500,000 hours of operation.

Subsection HC: Class B Metallic Components

Class B components are those that are part of the nuclear facility but are not subjected to the same level of safety
scrutiny as Class A. The rules here are somewhat simplified compared to Class A but still require a high degree of
technical rigor to ensure operational reliability at elevated temperatures.

Subsection HH: Non-Metallic Core Components

One of the most revolutionary aspects of Division 5 is the inclusion of Subsection HH, which governs the
construction of graphite and composite core support structures. Unlike metallic components, graphite exhibits brittle
behavior and its properties change significantly under neutron irradiation. Subsection HH provides the first
formalized international standard for the design of these components, utilizing statistical methods to account for the
inherent variability in graphite material properties.

Technical Analysis: Design-by-Analysis (DBA) at Elevated Temperatures

The design philosophy of Division 5 moves away from simple stress limits toward a more complex Design-by-
Analysis approach. This involves calculating the damage accumulation throughout the life of the reactor. The two
primary methods for evaluating structural integrity in Division 5 are the Simplified Inelastic Analysis (using Elastic-
Perfectly Plastic methods) and Full Inelastic Analysis.

Creep-Fatigue Damage Assessment

The core of the evaluation process is the assessment of cumulative damage. Engineers must ensure that the
combined damage from fatigue ($D_f$) and creep ($D_c$) does not exceed a specific limit, often represented by a
creep-fatigue envelope on a bilinear or multi-linear plot. The total damage is calculated as:

Total Damage = &Sigma,; (n/N) + &Sigma,; (t/T) &le; D
Where:

e n: Number of applied cycles for a specific loading condition.

¢ N: Allowable number of cycles from fatigue design curves.

« t: Duration of the load application.

e T:Time to rupture at the given stress and temperature.

D: Total allowable damage factor (typically &le; 1.0, depending on the material and interaction).

Elastic-Perfectly Plastic (EPP) Methods

Modern revisions of Division 5 have introduced EPP methodsto simplify the analysis process. EPP analysis uses
numerical simulations (Finite Element Analysis) with simplified material models to demonstrate that a component
will eventually "shakedown" to elastic behavior or limit deformation, effectively bypassing the need for highly
complex, full-scale inelastic time-step simulations for every load cycle.

Comparison Matrix: Division 1 vs. Division 5

To better understand the application of these rules, the following table compares the fundamental differences
between the standard nuclear code (Div 1) and the high-temperature code (Div 5).



Feature Section lll, Division 1 Section lll, Division 5

Temperature Range &lt; 370°C (CS) / &lt; 427°C (SS) Up to 950°C (depending on material)

Primary Failure Modes Yielding, Ductile Rupture, Fatigue Creep, Creep-Fatigue, Ratcheting,
Buckling

Material Behavior Time-Independent Time-Dependent (Creep)

Design Methodology Elastic Design-by-Analysis Inelastic or EPP Design-by-Analysis

Materials Covered Standard Nuclear Steels High-Alloy Steels, Ni-Base Alloys,

Graphite, C-C Composites

Design Life Typically 40 years Up to 60+ years (with creep data
extrapolation)

Materials Selection and Metallurgy Requirements

Not all materials are suitable for high-temperature nuclear service. Division 5 strictly limits the permitted materials
to those with well-characterized long-term creep data. Common materials include:

e 316H Stainless Steel: A high-carbon version of 316 that provides better creep strength.

 Alloy 800H: Frequently used for steam generator tubing in HTGRs due to its excellent oxidation and creep
resistance.

e 2.25Cr-1Mo-V: A low-alloy steel used for pressure vessels where moderate temperature increases are
expected.

¢ Grade 91 (9Cr-1Mo-V): A modified martensitic steel favored for its high strength and thermal conductivity in
LMFRs.

The code requires extensive Material Data Packagesfor any new material seeking inclusion, ensuring that the
interaction between irradiation, temperature, and chemical environment (e.g., molten salt or liquid sodium) is fully
understood.

Field Implementation: Step-by-Step Procedure for Compliance

Implementing ASME Section Il Division 5 in a project requires a multidisciplinary approach. The following workflow
outlines the standard engineering process for high-temperature component certification:

1. Definition of Design Conditions: Establish the Design Pressure, Design Temperature, and Service Levels (A,
B, C, D). For Div 5, this includes defining the total hours at temperature for each service level.

2. Material Selection: Choose a material from the approved list in Subsection HB or HC. Verify that the material
properties (Stress-Rupture, Fatigue Curves) are available for the entire design life.

3. Structural Analysis (Elastic Screening): Perform initial elastic analysis. If the stresses fall below the B1/B2
limits for elevated temperatures, simplified rules may apply. If not, proceed to more advanced analysis.

4. Creep-Fatigue Evaluation: Utilize EPP or Inelastic analysis to calculate the cumulative damage. Ensure that
the "ratcheting” (progressive plastic deformation) is bounded.

5. Graphite Core Assessment (if applicable): For graphite components, use the statistical Reliability Targets
defined in Subsection HH. This involves calculating the probability of failure based on the Weibull distribution of
material strength.



6. Fabrication and NDT: Follow the strict fabrication rules, including pre-heating and post-weld heat treatment
(PWHT) specific to high-temperature alloys. NDT must follow Section V, with enhanced focus on volumetric
examination (Radiography or Ultrasonic Testing) to detect creep-related defects.

Case Studies: Troubleshooting and Failure Modes

Case Study 1: Creep-Fatigue in Sodium-Cooled Fast Reactors (SFR)

In an SFR, the intermediate heat exchanger (IHX) experiences rapid thermal transients when the reactor trips. The
sudden influx of cool sodium against a hot stainless steel wall creates significant thermal fatigue. Failure Mode: In
early designs, the interaction between these cycles and the steady-state creep during full power led to micro-
cracking at the weld roots. Solution: ASME Division 5 requires specific Weld Strength Reduction Factors
(WSRF)to account for the reduced creep-rupture strength of weldments compared to base metal, forcing
designers to move welds away from high-stress concentration areas.

Case Study 2: Graphite Oxidation in HTGRs

Graphite core components are susceptible to oxidation if moisture or oxygen enters the helium coolant. Problem:
Oxidation reduces the density and strength of the graphite. Analysis:Division 5 Subsection HH mandates an
"Oxidation Weight Loss" assessment. Engineers must adjust the allowable stress based on the predicted loss of
material over the component's life, ensuring that the core support remains stable even in off-normal chemistry
conditions.

The Future of Nuclear Standardization

The 2023 edition of ASME BPVC Section Il Division 5 continues to evolve with the integration of more
computational-friendly rules and the expansion of the allowable materials list. A significant trend is the
Endorsement by Regulatory Bodies. For instance, the U.S. Nuclear Regulatory Commission (NRC) has issued
Regulatory Guide 1.87, which provides guidance on acceptable ways to use Division 5 for the licensing of non-light-
water reactors. This regulatory alignment is critical for the commercial deployment of Small Modular Reactors
(SMRs).

Furthermore, the development of Digital Twins and In-Service Inspection (ISl)technologies is being mapped
back to Division 5 requirements. By linking the initial construction code to Section XI (Rules for Inservice
Inspection), plant operators can better manage the aging of components that have spent decades in the creep
range.

Strategic engineering in the modern era requires more than just following recipes; it requires a deep understanding
of the physics behind the code. ASME Section Il Division 5 provides that physics-based foundation, ensuring that
as we reach for higher temperatures and greater efficiencies, we do not compromise the structural integrity that is
the hallmark of the nuclear industry. The transition from Division 1 to Division 5 is not merely a change in numbers
—it is a transition to a more sophisticated, time-dependent engineering paradigm that will power the next century of
carbon-free energy.
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