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PRODUCT DESCRIPTION

Pressurized water reactor (PWR) internals components are subject to the effects of age-related
degradation mechanisms, which might have to be evaluated as part of the license renewal
process. To evaluate the effects of aging-related degradation mechanisms on component
functionality, the integrated effects of void swelling, creep, stress relaxation, ductility
degradation, and cracking—all of which are a function of component geometry, irradiation,
temperature, and loading—need to be modeled and analyzed. This report describes a material
behavior model for irradiated stainless steel Type 316 and Type 304 for use in performing
engineering evaluation and assessment of bolted and welded connections in PWR internals
components subjected to plant operating conditions. This report is an update to the Electric
Power Research Institute’s (EPRI’s) MRP-135, Revision 1, dated March 2010.

Background

The current generation of PWR plants is approaching the end of their respective licensing
periods, and multiple plants have already entered periods of extended operation. The nuclear
power industry in the United States has developed inspection and evaluation guidelines for
managing aging degradation in reactor vessel internals. The model described in this report is to
be used in a finite-element-based analysis methodology. The model considers the effects of
temperature, cold work, and irradiation on material behavior characteristics, which include
elastic-plastic stress-strain curve, irradiation-enhanced creep (or simply irradiation creep), void
swelling, and a material’s failure limits associated with primary damage mechanisms, such as
irradiation-assisted stress corrosion cracking and irradiation-induced embrittlement. Data used to
revise the constitutive models in MRP-135, Revision 1, as described in the present revision of
MRP-135, are contained in the newly revised MRP-211 report.

Objectives
e To make available materials properties that are applicable to the service conditions of reactor
internals components

e Using those materials properties, to construct an irradiated material-specific constitutive
behavior model for use in a finite-element-based analysis methodology for the engineering
evaluation and assessment of PWR internals components under long-term reactor operation

Approach

The principal investigators compiled a list of stainless steel material properties from the available
literature, documented those properties in MRP-211, and incorporated them in the constitutive
modeling of stainless steel material behavior that reflects the PWR operating environment.
Additional sources of information used by the principal investigators include experimental data
from the industry and the EPRI MRP, including the Reactor Internals Issues Task Group and
Joint Owner’s Baffle Bolt programs. The correlations and equations delineated in this report are
representative of best-fit trends to existing test datasets; however, they are not bounding, and a



statistical assessment of uncertainty has not been performed. Consequently, these correlations
and equations are not intended to be used for engineering design calculations. The model is
formulated to accept new data as they become available and is constructed for use in a general-
purpose finite-element code, with application to both two-dimensional and three-dimensional
geometries.

Results

The developed material behavior model, described analytically in this report, is programmed in a
user-material subroutine that makes it possible to adapt a commercially available general-
purpose finite element computer program to the application of engineering evaluation and
assessment of reactor internals. In this way, PWR internals components of various designs are
subjected to the same analytical treatment, thereby providing technical uniformity to engineering
evaluation and assessment among analysts.

Applications, Value, and Use

The development of the material model presented in this report and its implementation in a
component engineering evaluation assessment methodology are essential elements of the
industry’s reactor internals aging management program.

Keywords

Engineering evaluation and assessment

Finite-element analysis

Functionality

Irradiated stainless steels

Material constitutive model

Pressurized water reactor (PWR) internals components
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ABSTRACT

A material constitutive model is developed for irradiated stainless steel Types 316 and 304. The
material properties considered in the model include the following basic properties for both
stainless steel types: (a) the elastic-plastic properties represented in the complete stress-strain
curve—namely, elastic modulus, yield strength, ultimate tensile strength, uniform elongation,
and total elongation, expressed as a function of initial cold work, irradiation dose, and
temperature; (b) irradiation creep; (c) void swelling; and (d) material failure limits associated
with the primary damage mechanisms considered to be potentially operative in stainless steel
components in pressurized water reactor (PWR) environments, which include irradiation-assisted
stress corrosion cracking and irradiation-induced loss of ductility. The model’s database is
described in the newly revised MRP-211, Revision 1, report. MRP-211 contains materials
properties data found in various forms of the technical literature, including the ITER Materials
Handbook, which provided reference properties for unirradiated materials. Relevant parts of
these data were analyzed for consistency, modified for irradiation effects, and brought into
conformance with data generated in the Joint Owner’s Baffle Bolt Program.

The primary purpose of this model development is to construct a material-specific constitutive
behavior model for use in a finite-element-based analysis methodology for the engineering
evaluation and assessment of PWR reactor internals under long-term reactor operation. An
analytically, computationally robust material constitutive model is the most critical element in a
finite-element based methodology, which, considering the complex nature of the intended
application, places great emphasis on the veracity of the model and the quality of the data from
which they are derived. The constitutive model described in this report provides nuclear steam
supply system analysts with a consistent, well-based theoretical construct that makes it possible
to perform engineering evaluation and assessment of bolted and welded connections, employing
global and local finite-element models of PWR internals components subjected to plant operating
conditions.
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KEY RESEARCH QUESTION

The current generation of PWR plants are approaching the end of their respective licensing periods, and
multiple plants have already entered periods of extended operation. The nuclear power industry in the United
States developed inspection and evaluation guidelines for managing aging degradation in reactor vessel
internals. This report describes a material behavior model for irradiated stainless steel Type 316 and Type
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program to the application of engineering evaluation and assessment of reactor internals.
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SYMBOLS AND ABBREVIATIONS

Symbol Description Units
t time sec
T temperature °Cor°K
pord neutron dose dpa
E elastic modulus GPa
% Poisson’s Ratio
p mass density kg/m3
a thermal expansion coefficient | 1E-6 m/m-°C
k thermal conductivity W/m-°K
Cp specific heat capacity JIkg-°K
a total stress vector Pa
g stress component Pa
o effective stress Pa
Sij deviatoric stress Pa
S volumetric stress Pa
Ade incremental strain vector m/m
Ag;; incremental strain component | m/m
Ae incremental volumetric strain | m/m
Aej; incremental deviatoric strain | m/m
Aé incremental effective strain m/m
Cijn stress-strain matrix Pa
Hijig inverse stress-strain matrix 1/Pa
YS 0.2% yield strength MPa
UTS ultimate tensile strength MPa
UE uniform elongation %

Xi




Symbol Description Units
TE total elongation %
CwW cold work ratio
Oy yield stress at elastic limit MPa
00.002 yield stress at 0.002 strain MPa
oy ultimate tensile strength MPa
Acy_y oy — 09002 = UTS — YS MPa
AGy_ye oy — Oy MPa
&y uniform elongation m/m
Er total elongation m/m
Aep_y & — &y m/m
n(c) cold work factor function
&(d) irradiation factor function
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1

INTRODUCTION

The cracking of baffle bolts detected in some pressurized water reactor (PWR) plants in recent
years has been attributed to an environmentally induced damage mechanism known as
irradiation-assisted stress corrosion cracking (IASCC). Some of the cracked bolts showed part-
through cracks or total failure at relatively low irradiation dose levels (~15 dpa), whereas others
of similar material characteristics subjected to similar pre-load, irradiation, and temperature
conditions (such as bolts located at symmetric positions around the core) showed no evidence of
excessive damage. Materials testing research programs and analytical evaluations of operational
conditions have been undertaken by the Reactor Internals Issue Task Group (RI-ITG) within the
Electric Power Research Institute’s (EPRI’s) Materials Reliability Program (MRP) in an effort to
identify aging and degradation effects of which irradiation-assisted stress corrosion cracking
susceptibility is a possible precursor [1].

Data generated for material performance under irradiation and temperature conditions similar to
the baffle bolt environment have identified IASCC as the most likely failure mechanism. A
detailed evaluation method is needed to integrate separate effects material test data [2, 3] into a
model that permits plant operational conditions to be used to estimate individual bolt response.
The development and application of such a model would help quantify material susceptibility to
IASCC and consequently develop IASCC susceptibility criteria.

The management of baffle bolt degradation as currently practiced requires that periodic
inspection be performed for all the bolts, including the core barrel, at scheduled intervals.
However, the current periodic inspection procedures defined in American Society of Mechanical
Engineers Boiler and Pressure Vessel Code (ASME B&PV Code) Section XI, which are based
on visual examination, could not identify cracking of baffle bolts at the most likely failure
locations (such as under the bolt head at the connection to the bolt shank). Because most plants
in the United States have already received extensions of their original 40-year licenses to 60
years and are considering license extension to 80 years, a cost-effective inspection strategy
supported by analytical guidance would be needed. Additionally, reactor vessel (RV) internals
performance under combinations of degraded conditions (that is, their functionality) should be
studied. Almost all U.S. nuclear plants require life extension past 60 years to operate beyond
2050.

The development of an analytical methodology for evaluating internals component performance
requires the integration of several technical elements—namely, an irradiated material
constitutive model, irradiation-induced damage criteria, global and local finite-element models of
the internals component assemblies, and plant operating conditions. The material model, which

is the most complicated to construct given the current state of knowledge and available data,
constitutes the engine that drives the finite-element computational models to produce the stress-
strain response for consequent damage evaluation. However, as the only generic element in the
analysis methodology, in the sense that it is user-independent and generally applicable to any
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Introduction

plant with similar materials, the material model can be developed as a transferable tool to nuclear
steam supply system (NSSS) users to apply to their own finite-element analyses. Thus, by
maintaining a consistent approach among NSSS analysts at the material’s constitutive level,
useful technical exchanges in areas most important to structural performance can be achieved.

The constitutive behavioral regimes considered in the model include elastic-plastic material
response considering irradiation hardening of the stress-strain curve, irradiation creep, stress
relaxation, and void swelling. IASCC and material embrittlement with irradiation are the primary
damage mechanisms considered in the model. Other important damage mechanisms that do not
lend themselves to constitutive formulation, such as fatigue and fracture, are not part of this
material model. However, they can be evaluated separately using structural analysis results based
on the use of the model.

The development of the material’s behavior model consists of two parts—(1) the present report,
which describes the constitutive relationships based on the EPRI report Materials Reliability
Program: PWR Internals Age-Related Material Properties, Degradation Mechanisms, Models,
and Basis Data—State of Knowledge (MRP-211, Revision 1) [4], and (2) Irradiated Austenitic
Stainless-Steel Constitutive Model (IRADSS) Version 1.0, which is an executable file cabinet
containing a FORTRAN subroutine and installation and user’s manual [5]. This capability makes
it possible to perform a root-cause analysis of bolt failures and explain the seemingly
nonsymmetric damage observed in some plants that is indicative of a nonsymmetric loading
environment. An example of such a nonsymmetric loading environment is nonsymmetric
temperature distribution, which has two additive effects on bolt response—material constitutive
behavior and structural distortion of the whole baffle-former-barrel assembly.

1.1 Purpose

This report is prepared as a tool to assist structural analysts in evaluating the functionality of
PWR internals components under long-term reactor operation. The report describes a constitutive
model for irradiated stainless steel, mainly types 304 SA and 316 CW, incorporating the latest
information on the effects of plasticity, creep, stress relaxation, void swelling, IASCC, and
embrittlement as a function of temperature, cold work, and neutron dose.

1.1.1 Scope

Austenitic stainless steel materials are known to have good strength, ductility, toughness, and
corrosion resistance. However, when placed in a PWR environment, these properties undergo
changes due to long-term neutron exposure, high temperature, reactor water, and loading.
Irradiation aging in austenitic stainless steel is characterized by a decrease in ductility and
fracture toughness, increase in yield and ultimate tensile strengths, and potential volume changes
due to void formation. Under certain conditions of stress, temperature, and neutron damage,
irradiated austenitic stainless steel becomes susceptible to IASCC. For service conditions typical
of bolted connections in reactor internals structures, irradiation creep and void swelling could
combine, under localized gamma heating and irradiation effects, to change the original bolt pre-
stress conditions. These interacting regimes must be considered when extracting material
property data from the literature for the purpose of constructing a material behavior model.
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An analytically robust material behavior model is a critical first step in the damage evolution
analysis of aging stainless steel components. The model development takes full advantage of the
significant work performed under the RI-ITG program to improve the knowledge of the
materials properties of irradiated stainless steels. As part of the RI-ITG program, tests have been
conducted to link the separate effects of temperature, neutron damage, cold work, and chemical
composition to the changes in stainless steel properties. Microstructural characteristics have been
used to help explain the materials properties evolution, identify relevant damage mechanisms,
and identify the failure mode when it occurs. Data from these tests have been used to develop
materials equations that characterize the yield strength, ultimate tensile strength, uniform
elongation, total elongation, reduction in area, void swelling, and irradiation creep of stainless
steels in a PWR environment. Although the development of the model’s equations has been
statistically faithful to the materials database, the correlations and equations delineated in this
report are representative of best-fit trends to existing test datasets and are not bounding; a
statistical assessment of the uncertainty has not been performed. Consequently, these correlations
and equations are not intended to be used for engineering design calculations. However, some
approximations were introduced in the relevant sections to ensure appropriate conservatism in
the model’s application, consistent with accepted engineering practice.

Although it is unlikely that the model’s extensive database, which was recently updated in MRP-
211, Revision 1 [4], will need to be updated again soon, the model is formulated for ease of
expansion to include new data, if necessary. Because the test data and related empirical formulas
are reported in the international system of units (SI), the constitutive model has been developed
using Sl units. Table 1-1 for conversion between Sl and English engineering units is included for
convenience. The material model is constructed so that it can be applied to both two-dimensional
and three-dimensional geometries, easily revised, and adapted to any general-purpose finite
element code.

Table 1-1
Conversion table for converting English units to Sl units
Physical Quantity To Convert English Units Multiply by To Obtain Sl Units

Area in? 6.4516E-4 m?
Burnup MwWd/Mt U 86.4 MW-s/kg U
Chemical Element Concentr. | ppm 1 ppm
Coefficient of Heat Transfer | Btu/hr-ft?-°F 5.6783 W/m2-°K
Coef. of Thermal Expansion | ft/ft-°F 1.8 m/m-°K
Creep Compliance Rate /hr-psi 4.0288E-08 /s-Pa
Density lbm/ft3 16.018 kg/m?3
Enthalpy/Stored Energy Btu/ Ibm 2325.9 J/IKg
Fast Fluence n/cm? 10000 n/m?
Fast Flux/Linear Heat Rate n-ft/cm?2-s-kw 3048 n/m-s-kW
Fission Constant fissions/cm?-s-kW 10000 fissions/m2-s-kW
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Table 1-1 (continued)

Conversion table for converting English units to Sl units

Physical Quantity To Convert English Units Multiply by To Obtain Sl Units
Fission Gas Release % 1 %
Fission Gas Trapped moles/in® 61023.7 moles/m?®
Force bt 4.4482 N
Grain Size microns 1 microns
Heat/Energy Btu 1055 J
Heat Flux Btu/hr-ft? 3.1525 W/m?
Length in 0.0254 m
Linear Heat Rate kW/ft 3.2808 kW/m
Mass [bm 0.45359 kg
Mass Flow Rate [bm/hr 1.25997E-04 kg/s
Mass Flux lbm/hr-ft? 1.35622E-03 kg/s-m?
Neutron Flux n/cm?-s 10000 n/m?2-s
Oxide Thickness mils 25.4 microns
Power Btu/hr 0.29288 W (J/s)
Pressure/Stress psi 6894.8 Pa (N/m?)
Specific Heat Btu/lbm-°F 4186.5 J/kg-°K
Specific Volume ft3/lom 6.24280E-02 m3/kg
Spring Constant Ibe/ft 14.594 N/m
Strain ft/ft 1 m/m
Strain Energy Density Btu/ft3 37250 J/m3
Surface Roughness mils 25.4 microns
Temperature °F (°F-32)/1.8+273.15 | °K
Temperature Rate °F/hr 1.543E-04 °K/s
Thermal Conductivity Btu/hr-ft-°F 1.7296 W/m-°K
Time hr 3600 S
Velocity ft/hr 8.46670E-05 m/s
Viscosity lbr-hr/ft? 1.72369E+05 N-s/m?
Volume in® 1.63870E-05 m?3
Volume Heating Btu/hr-ft3 10.343 W/m3
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Table 1-1 (continued)

Conversion table for converting English units to Sl units

Introduction

Physical Quantity To Convert English Units Multiply by To Obtain Sl Units
Volume Rate in%/hr 4.552E-09 m3/s
Weight Gain lbm/in? 703.07 kg/m?

This report covers the constitutive model development in some detail. Section 2 presents an
overview of the factors that must be considered before a constitutive model is formulated.
Section 3 describes modeling details, which include the assumptions and limitations used in the
model’s formulation and materials property equations and their plots. Section 4 lists the

references.
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GENERAL OVERVIEW

Mechanical failures in PWR core support structures are sometimes difficult to diagnose because
they involve a complex interaction of load, time, and environmental conditions that include
temperature, radiation, and corrosion. Furthermore, the temperature and neutron flux are
nonuniform, and applied loads can be monotonic, steady, transient, cyclical, and multiaxial. The
forensic failure analysis of RVs’ internals components based on all of these factors is nontrivial.

To illustrate this point, studies have been conducted in the past few years to explain why
baffle/former bolts crack. No definitive failure pattern has emerged from the studies, although
locations of high stress, neutron dose, and temperature appear to be more susceptible. The failed
bolts usually exhibit low ductility, and they fail in the region of high strain concentration under
the bolt head near the shank. This general behavior can best be evaluated by incorporating the
developed constitutive model in a detailed finite-element analysis procedure that faithfully
represents the loading and physical environment of the structural system being analyzed.
Understanding the structure’s loading and environmental conditions is critical to prescribing the
correct analysis procedure. This section presents a brief discussion of those conditions.

2.1 PWR Loads and Environment

RV internals are designed to withstand steady and fluctuating forces that could be present during
normal operation and accident conditions, considering predefined mechanical properties that
might not reflect aging-related effects. However, the combined effects of the operating
environment, such as neutron irradiation, elevated temperatures, and exposure to the primary
coolant, can have a significant impact on the assessment and management of the RV internals’
aging [6, 7]. Aging is defined as the cumulative changes over time that can impair the ability of a
component to function within accepted criteria. An aging mechanism is any process that
gradually changes the characteristics of a component with time and use. Operating conditions
that exceed prescribed limits can accelerate the degradation rate. Loads can influence aging
mechanisms through changes in stresses caused by changes in temperature, radiation, and
oxidizing environments.

2.1.1 Loads on PWR RV Internals

Steady-state loads originate from pressure differences, temperature gradients, and mechanical
loads. Cyclic loads are classified as system cycling, thermal cycling, or flow-induced vibration.

System cycling is caused by changes in the pressure and temperature within the reactor. Events
such as startup, shutdown, scram, and safety/relief valve blowdown are typical examples.
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Temperature fluctuations are categorized as thermal cycling. Temperature transients can create
local and global temperature gradients at material interfaces. These transients are classified as
slow or rapid. Slow thermal cycling is exemplified by events such as reactor startup, reactor
shutdown, or load-following operation mode. Rapid thermal cycling is associated with
connection or disconnection of systems, emergency core cooling system water injection, or
leakage of hot or cold water into the system.

Flow-induced vibrations are cyclic loads produced by turbulence, pump excitation, and vortices
shedding from an RV internals component as coolant flows by.

RV internals components can be subjected to fatigue damage by system cycling, but the ASME
Code design allowances for it are generally adequate, provided that the transients are known. The
aging mechanism of thermal cycling is generally low cycle fatigue, whereas that for flow-
induced vibration is high cycle fatigue. In addition, the RV internals components can be
subjected to seismic and loss-of-coolant-accident blowdown loads, which can challenge the
functionality requirements of these components. Although design basis loads do not participate
in the aging mechanisms, they constitute the ultimate test of whether the degradation has
progressed to an unacceptable level in the presence of transient loads.

2.1.2 PWR Temperatures and Neutron Irradiation

RV internals components are exposed to strong temperature and neutron irradiation gradients,
depending on their location relative to the reactor core and the power distribution, producing
nonuniform distributions of temperature and neutron flux in the core’s surrounding structures.
The temperatures can range from 270°C to 340°C. The lowest temperatures occur in the core
barrel, and the highest temperatures (outside the core itself) occur in the baffle/former plates and
bolts closest to the reactor core. When gamma heat generation is added, the temperatures will be
higher. For example, the peak temperature could be as high as approximately 400°C locally due
to gamma heating. The neutron dose varies over a wide range during the life of the plant. The
highest neutron dose also occurs in the baffle/former plates and bolts. Table 2-1 [6, 7]
summarizes the temperatures and neutron dose at 32 effective full-power years of operation
(EFPY) in PWRs. The magnitudes of the neutron dose listed in Table 2-1 are only representative
values because strong gradients in neutron dose exist. The neutron flux varies axially, radially,
and circumferentially. It also varies with time because irradiation conditions vary with assembly-
wide core power distributions, burnup of fuel assemblies, core loading patterns, addition of
neutron absorbers, and so on. Nevertheless, Table 2-1 gives a general overview of the operating
conditions for a PWR.
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Table 2-1

Representative operating conditions of PWRs

General Overview

Estimated at 32 EFPY
Fluence (10%* n/cm?)

Plant Component Temperature (°C) E>0.1 MeV E>1 MeV dpa
U.S. 900-MW NPP
Core barrel — 18 6.9 12
Core baffle — 160 74 110
Formers — 18-160 7-74 12-110
Bolts — 160 74 110
Upper core plate — 0.43 0.22 0.3
Lower core plate — 6.2 3.2 4.6
French 900-MW NPP
Core barrel 286-320 14 7 9.6
Core baffle 290-370 109 54 80
Formers 290-370 13-76 6-38 10-56
Bolts 300-370 82 41 58
Upper core plate — 0.5 0.25 0.3
Lower core plate — 3-8 1.5-4 2-5.6
French 1300-MWe NPP
Core barrel 290-328 — ~3 ~3.6
Core baffle ~328 — ~11 ~13
German Konvoi 1300-MWe NPP
Core baffle (barrel) ~325 1.4 0.8 1.2
Core envelope (shroud) ~325 106 50 75
Bolts ~325 — — —
Upper core plate ~325 0.48 0.3 0.45
Lower core plate ~290 0.17 0.11 0.17

Note: 15 dpa= 102 n/cm?, E > 1 MeV
7 dpa = 10?2 n/cm?, E > 0.1 MeV

2.2 Finite-Element Analysis with User-Defined Material Subroutine

Material models found in general-purpose finite-element codes are inadequate for the analysis of
aging degradations of stainless steel components in a PWR environment. The reactor core
internals require a material constitutive model that allows the material’s behavior to vary with
temperature, strain rate, neutron flux, and neutron dose. In addition, the model needs to include
rate processes such as irradiation creep, stress relaxation, and irradiation growth due to void
swelling. To allow the use of such a model in finite-element analysis, the finite-element code
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must provide the capability to access a user-defined material model. ABAQUS! and ANSYS? are
finite-element codes that allow the specification of user-defined material subroutines, which are
linked to the code as UMAT for ABAQUS and as USERMAT for ANSYS. The FORTRAN
package IRADSS [5] is constructed as a host-code independent material subroutine, which can
be linked to either ANSYS or ABAQUS as previously described.

2.2.1 ANSYS-IRADSS Solution Procedure

ANSYS solves nonlinear problems using an incremental procedure. This procedure
approximates a nonlinear problem as a series of piecewise linear problems (that is, steps). An
iterative scheme is used to solve for the incremental displacement at each step. For weakly
nonlinear problems, a single iteration per step could be sufficient. However, for strongly
nonlinear problems, multiple iterations might be required at each step. For iterations within a
step, a (tangent) stiffness matrix and incremental load vector are constructed, and a trial set of
incremental displacements are found. ANSYS continues to iterate within a step until the
unbalanced forces and the displacement corrections are small or until it reaches preset solution
limits (for example, convergence). When the IRADSS material subroutine is used, the process is
the same. The only difference is that ANSY'S passes solution information to the user subroutine
for reconstruction of the tangent stiffness matrix and incremental load vector. This information
includes time, temperature, strains, and stresses at the start of the increment; the change in time,
temperature, and strains for the current increment; and other data. Other information, such as
total neutron dose and total plastic strain, can be stored in user-defined state variables. For each
increment, IRADSS calculates the current material properties, current stress-strain matrix, and
stresses at the end of the increment. ANSY'S uses the calculated stresses to determine the force
imbalance and iterates until the solution converges.

2.2.2 Constitutive Formulation Procedure

The constitutive formulation procedure for the stainless steel described in this report and
incorporated in IRADSS is listed in the following as a series of steps. For each step, there is a
brief description and a list of equations calculated in that step. The equations are written in
indicial notation. Stresses and strains are defined in terms of six components of stress and strain
for generality. Fewer components are needed for one-dimensional and two-dimensional
elements. Small strain theory for viscoplastic materials is assumed. Thermal creep and oxide
growth are assumed to be small and will be ignored in the following discussion.

In the following equations, oij= Sij + S &ij and Agij = Aeij + Ae &ij, where aij = total stress
component, Sij = deviatoric stress components, S = volumetric stress, A&j = total incremental
strain, Aeij = incremental deviatoric strain, Ae = incremental volumetric strain, and di; is the
Kronecker delta, where dij=1 when i=j and zero otherwise. The materials properties are assumed
to be constant for the increment and are evaluated at the middle of the increment. Strain rate is
the average strain rate for an increment. All other variables are evaluated at the end of the
increment unless noted otherwise. For example, o is the stress at the start of the increment, and
"5 is the stress at the end of the increment.

t ABAQUS is a registered trademark of Dassault Systémes.
2 ANSYS is a registered trademark of ANSYS, Inc.
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The steps are as follows:
1. Get the previous total stress and current incremental strain vectors:

tU = {0'11 0y 033 012 013 0-23} TOtal stress vector

Ae={Ney;, Aoy, Aoy 2Mey, 2Ae; 2Aey,) Incremental strain vector

2. Get material properties for the current time increment. The properties at a given cold work
ratio are evaluated at the temperature, neutron flux, and neutron dose at the middle of an
increment. (Note that the cold work ratio for solution-annealed stainless steel is zero.) The
thermal strain and irradiation growth due to both void swelling and irradiation creep are
calculated at the end of the increment. The material property equations are shown in Section
3.

3. Define the stress-strain matrix, C, and its inverse, H:
Acij = Cijiy gy Incremental stress-strain relation
Agij = Hijyg Aoy Inverse stress-strain relation

4. Assume additive decomposition of strain rates (scalar — valued):

e =ef + elirr + &Cun 4 &P Total effective strain rate

ef Effective elastic strain rate

eCirr Effective irradiation creep rate

el << gClirr Effective thermal creep rate (ignored)
ef Effective plastic strain rate

5. Calculate the total incremental strain for small strains and small deflections:

Agy; = Aef; + Aell + Aefi + Ael.cj"” + Aeicj”’ + Aef;

AsiEj Elastic strain components

Aelll = A5y Thermal strain increment (see Egs. 3-21 to 3-23)
Agi\j’ = Aevi"éij Irradiation growth (void swelling) (see Eq. 3-27)
Aef™ = Ag Irradiation creep strain increment (see Eq. 3-31)
Aeicj”' = Aefj“’ << Asicji” Thermal creep strain increment (ignore)

Aef; = Aef; Plastic strain increment

6;; = 1fori=j; =0fori #j Kronecker delta

6. Remove non-stress-producing strains from the incremental strain vector:

= AEU — Agth(gij - AeViTTSij

'

Aeg;;
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7. Calculate the volumetric, deviatoric, and effective strain for the current increment:

’

1 ' . .
de = 3 Agyy, Incremental volumetric strain

Ae;; = Aei'j —Ae'§ Incremental deviatoric strain component

- 2 . ..
de = /gﬂeijﬂeij Incremental effective strain increment

8. Calculate the volumetric, deviatoric, and effective stresses at the start of the increment:

ij

1 .
ts = thkk Volumetric stress
'S, =ty — tS6; Deviatoric stress
- 3t . .
‘o= |5 Si iSii von Mises effective stress

9. Calculate irradiation effective creep strains:

AéCirr = gCirr At Irradiation creep strain increment
Ae€ = petur Total creep strain increment
Aginetastic = AgC 4 AP Total inelastic strain increment

10. Calculate the creep strain components from the Flow Rule:

oF 14e€
del = A——=3AS;;, A =7 Flow Rule
6a'ij 2 to
_|tte te . 1 2| _ i i iteri
F = . Sij*Sij ; ay] =0 von Mises yield criteria
¢ _ a5c (35 ~C -
Aef; = Aé (E?) = Aeé"ny; Creep strain components

11. Remove creep strains from incremental deviatoric strains:
Aej = Aejj — Aef

12. Calculate the stress at the end of the increment:

“aitay = Loy + Cijader

13. Calculate the volumetric, deviatoric, and effective stress at the end of the increment:

1 .
tratg = gf’f“takk Volumetric stress
L, = tatgy; — TGS, Deviatoric stress
_ 3 _ _
trdtg = \/E LHALS, tHALS, von Mises effective stress
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14. Calculate the yield stress for current temperature, neutron dose, and cold work:

ay= oy (T, p(T), p) Yield stress with strain hardening

15. Scale the stresses using radial return if the effective stress exceeds the yield stress:
R= t:;yta where, t*4tg > g, Radial return factor
titg; = R t+itg, Total stress predicted
Aef; = Hjiy"**og(1 = R) Incremental plastic strain components
Aef; = Ae;j-Aef; Incremental elastic strain components

16. Save the material state at the end of the increment in user-defined state variables.

Figure 2-1 shows how the stress increment, Ag;, is calculated for a strain increment, A¢. The
stress and strain shown in Figure 2-1 are the effective stress and strain in the von Mises sense,
that is, they are the uniaxial equivalent of a multi stress-strain state. The stress increment is first
estimated by using the elastic stress-strain constitutive matrix. The total effective stress at the
end of the increment is then compared to the yield stress for the increment. If the effective stress
exceeds the yield stress, the radial return factor, R, is used to scale the effective stress to the yield
surface. The plastic part of the strain increment is (1-R) "A'o/E. The elastic part is Ag - A"

(e}
A
t+at | Elastic Prediction of Stress
A
) t+AL
Ao B (1-R) c
t+arg | SUessAfterRadial Rewm /7
v |PreviousStess /" / 1
:<—>| <« AgE
. AeP
R WAlg
E Stress-Strain
Curve
: ' A4 > &
tg t+At8
Ag
B ——

Figure 2-1
Incremental stress-strain relation
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3

CONSTITUTIVE PROPERTIES FOR AUSTENITIC
STAINLESS STEEL

3.1 General Description of Model

A generic constitutive model for austenitic stainless steel subjected to PWR environmental
conditions has been developed. This generic model is intended mainly for Type 316 and 304
stainless steel exposed to high neutron irradiation, high temperature, and PWR water conditions.
It is a working model that includes the essential features of irradiated material. This working
model can be used for the engineering evaluation and assessment of PWR RV internals under
long-term operational conditions, considering the separate effects of interactions between
irradiation hardening, void swelling, irradiation creep, and plasticity.

3.2 Assumptions and Limitations

Use of the material model is limited to typical PWR conditions as described in Section 2. The
reactor vessel internal components in a typical PWR are generally exposed to temperatures that
range from 270°C to 370°C and neutron dose rate per year ranging from less than 0.2 dpa to over
2.4 dpa. The RV internals components are also exposed to strong gradients in temperature and
neutron flux. The applied loads may be steady-state and/or cyclic. Cyclic loads are assumed to be
quasi-static. The constitutive model is intended for evaluating the performance of RV internal
components under normal, long-term reactor operations. Under these conditions, high strain rate
loading or excessive plastic deformation are not anticipated. The assumptions for the generic
constitutive model are as follows:

e Materials properties are assumed to be isotropic for all unirradiated, annealed Type 300
series stainless steels. Cold work and radiation produce differences in the properties for the
different types of stainless steel as a function of the amount of cold work or neutron dose.
The materials properties are also assumed to be isotropic for a given amount of cold work or
neutron dose.

e Because impact loading causing high strain rates is not anticipated for this application, the
materials properties do not include strain rate effects.

e Small strain theory is assumed because excessive plastic straining is not anticipated under
normal operating conditions. Thus, engineering stress-strain relations are used in the
formulation. Displacements and rotations are small. Strain rate decomposition is additive.

e Elastic modulus is weakly dependent on void swelling, which is a function of temperature
and dose, but Poisson’s ratio and mass density are functions of temperature only.
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e Plastic behavior is modeled as isotropic hardening. The model is intended for applications
where the internals are cycled between operating conditions and shutdown, that is, small
plastic straining but no reverse loading into the plastic regime. Under these conditions, there
is very little difference, numerically, between kinematic and isotropic hardening, and
isotropic hardening is considered adequate.

e Yield strength is based on von Mises yield criteria.

e Plastic behavior is rate-independent, except for irradiation creep. Viscoplastic behavior is
modeled as irradiation creep only. Thermal creep is much smaller than irradiation creep and
is ignored.

e Thermal expansion and void swelling are isotropic and are treated as volumetric strains,
following standard practice in computational mechanics.

e Yield strength and ultimate tensile strength are functions of stainless steel grade, temperature,
neutron dose, and cold work.

e The stress-strain curves are defined by the elastic modulus, yield strength, ultimate tensile
strength, uniform elongation, and total elongation. The engineering stress-strain curve is used
as an approximation for the true stress-strain curve as covered below; however, the material
constitutive model in Section 2 is cast in the true-stress-true-strain framework.

e The failure criteria for stainless steel are limited to the onset of IASCC, embrittlement due to
excessive void swelling, and stresses and strains that exceed the material mechanical limits
(ultimate tensile strength or total elongation). However, application of the failure criteria,
using the response variables that correspond to the material’s failure limits, is performed as a
post-processing activity.

3.3 Types of Stainless Steels Modeled

The constitutive model is currently developed for Types 304 and 316 stainless steels. The
material composition for standard grades of these stainless steels is shown in Table 3-1 [8, 9].

Table 3-1
Composition of standard grades of wrought stainless steels
Chemical Composition, wt%
Type Cr Ni C Mn Si S P
No. Limits | Limits | (max) | (max) | (max) | (max) | (max) | Mo m

304 18-20 8-12 0.08 2 1 0.03 0.045
304L | 18-20 | 8-12 0.03 2 1 0.03 0.045
316 16-18 | 10-14 | 0.08 2 1 0.03 0.045 | 2-3
316L 16-18 10-14 0.03 2 1 0.03 0.045 2-3
347 17-19 9-13 0.08 2 1 0.03 0.045 >10x %C, Cb-Ta

Welded stainless steel material, including irradiation effects, can be modeled as wrought
stainless steel with initial residual stresses.
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3.4 Construction of the Stress-Strain Curve

The constitutive formulation described in Section 2 constructs valid stress-strain matrix-
coefficients Cijxi. These coefficients, which relate the incremental stresses Aaij to the incremental
strains Aexi, are derived from the uniaxial stress-strain curve, generalized for isotropic material as
an effective-stress versus effective-strain relationship, which is fundamental to the constitutive
formulation process. Construction of the uniaxial stress-strain curve from the mechanical
properties is described in this section. The mechanical properties needed for this construction
include the elastic modulus, yield strength (elastic limit), 0.2% offset yield strength, ultimate
tensile strength, uniform elongation, and total elongation, all as a function of temperature,
irradiation dose, and cold work.

An example of the stress-strain behavior of irradiated stainless steel is depicted in Figure 3-1
[10]. If the yield point dip and the curve beyond the uniform elongation are ignored, the stress-
strain curves have approximately the same shape, except that the yield strength increases, and the
difference between the ultimate tensile strength and yield strength decreases with increasing
irradiation dose. Eventually, the difference between the ultimate tensile strength and the yield
strength approaches zero at higher neutron doses. The uniform elongation and total elongation
are decreasing with increasing neutron dose, as depicted in Figure 3-1. This type of behavior is
reproduced in the derivations that follow.

1000

- 316855

800 | \

600 H

1 unirradiated
400

Engineering stress, MPa

0 20 40 60 80
Elongation, %

Figure 3-1

Stress-strain curves for various neutron doses for 316 SS [10]
Figure 3-2 shows a schematic of the stress-strain curve, with the upper graph in Figure 3-2
representing an engineering stress-strain curve from a typical test. The shape of this curve is
representative of room-temperature stress-strain curves for unirradiated, annealed 316 stainless
steel materials [11]. In Figure 3-2, the stress-strain curve is divided into an elastic portion and a
plastic portion—Iline 0-a is the elastic portion, and line b-e is the plastic portion. The plastic
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portion can be further divided into a strain-hardening part (line b-d) and a strain-softening part
(line d-e). The yield strength (ov), ultimate tensile strength (ou), and rupture strength (or)
correspond to points a, d, and e, respectively. The uniform elongation (su) and total elongation
(er) correspond to the strains at the ultimate tensile strength and the rupture strength,
respectively. It is noted that the term uniform elongation as used in this report is an analytical
definition and is the elastic + plastic engineering strain at ultimate tensile strength (see

Figure 3-2).
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Engineering and normalized stress-strain curves
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When creating a stress-strain model for large strain analysis, the engineering stresses and strains
are usually converted to true strains (logarithmic strains) and true stresses (Cauchy stresses).
These data are then fitted to a power law equation. However, the deviation of the true stress-
strain curve from the engineering stress-strain curve is small in the strain range expected in PWR
internals components (less than 5%), making this conversion unnecessary. Instead of a power
law fit, the stress-strain data are fitted to an exponential function of the following form:

o =oy+ (oy —oy)[1 — exp(—(e—0ay/E)/g,)], 0 > oy Eq. 3-1
The variables in Equation 3-1 are defined as follows, with reference to Figure 3-2:

oy = Yield strength at the elastic limit (MPa)
ou = Ultimate tensile strength (MPa)
E = Elastic modulus (MPa)

gy = — (&c — oy/E) /[ log.[1 — (0. — ay)/ (0y —0y)], 0p < 0, < 04
where €., g, are the strain and stress at point ¢ used to define & as described in the following.

Note that & is a “shape” parameter for the exponential fit and has a fixed value. This value is
determined by evaluating Equation 3-1 using stress and strain values from a known curve having
the desired shape. The stress-strain curve is fitted to points a, ¢, and d shown in Figure 3-2. Point
a is located at the yield strength or the elastic limit, and point d at the ultimate tensile strength.
Point c is a point that is selected to match the shape of the curve between points a and d. Point e
is the point located at the rupture strength. The yield stress data, called the 0.2% yield stress
(c0.002), are the stresses resulting in 0.2% plastic strain in the specimens and correspond to point
b in Figure 3-2. The stress at the elastic limit (oy), needed in the analytical stress-strain relation,
can now be estimated from the following equation:

oy = oy — (0y — G9.002)/ €xp(—0.002/¢,) Eq. 3-2

The stress parameters on the right consider the effects of cold work, temperature, and neutron
dose. The stress-strain curve depicted schematically in Figure 3-2 and the stress and strain
quantities shown in the figure depend on temperature, irradiation, and cold work. Functional
relationships for these quantities are described in sections to follow.

3.4.1 Basic Properties of Unirradiated, Annealed Type 300 Series Stainless Steel

Unirradiated materials properties from the ITER Materials Handbook [12] are used as reference
properties. Dealing first with the thermal properties, the effect of temperature is derived in the
form of a polynomial as shown in Equation 3-3, where T is the temperature in degrees Celsius:

Property =Cy + C; T+ C,T?> + C3T?
Eq. 3-3

The coefficients for the basic thermal property equations are summarized in Table 3-2.
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Table 3-2
Thermal property equations for Type 300 series stainless steel
Property = Co + C1T + C2T? + C3T3; Tin °C
Property Units Co Ci C: Cs
Mass density Kg/m?3 8040.3 -0.44165 0.00002071 -5.8048E-08
Thermal conductivity W/m-K 13.28571 0.01756205 | -5.3788E-06 | 4.29293E-09
Specific heat capacity J/kg-K 456.2817 0.4337 -0.00057714 | 3.5074E-07
Thermal expansion:
Based on ITER [12]
Straine[LER m/m -.3520E-03 1.6831E-05 | 3.6404E-09 -2.3028E-14
Coefficient a!TER
Based on ASME [13]: 1E-6/°C | -3.8372E-04 | 0.0049348 -1.6585E-06
Strain efsME m/m 16.3153 1.6209E-05 | 5.1300E-09 -1.3714E-12

Note: a = as(T), the secant coefficient of thermal expansion

Table 3-3 lists the materials property equations for 0.2% yield strength, ultimate tensile strength,
uniform elongation, and total elongation for unirradiated, annealed stainless steel. Tables 3-4
and 3-5 include the same information as Table 3-3, except for the 0.2% yield strength, ultimate
tensile strength, uniform elongation, and total elongation of Type 316 and Type 347,
respectively, which have different coefficients. These properties were derived from Type 300
series stainless steel tests and will be used as the baseline properties for unirradiated, annealed
Type 300 series stainless steels in the constitutive model. To visually illustrate the temperature
dependence described by Equation 3-3, plots of selected thermal-mechanical properties are
shown in Figures 3-3 through 3-9.

Table 3-3
Materials property equations for unirradiated, annealed Type 304 series stainless steel

Property = Co + CiT; (T is in °C)
Property Units Co Ca
Elastic modulus GPa 200.3795 -0.08122
Poisson’s ratio 0.2921 0.000072
Property = Co + Crexp(-C2*T); (T is in °C)
Property Units Co Ci C:
0.2% vyield strength MPa 210.5556 152.4808 0.0345
Ultimate tensile strength MPa 437.4983 216.1872 0.0135
Uniform elongation % 21.716 35.3681 0.0064
Total elongation % 12.4542 58.0042 0.0023

Note: The elastic modulus also depends on void swelling, which is described in Equation 3-28.
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Materials property equations for unirradiated, annealed Type 316 series stainless steel

Property = Co + CiT; (T is in °C)

Property Units Co Ci
Elastic modulus GPa 200.3795 -0.08122
Poisson’s ratio 0.2921 0.000072
Property = Co + Crexp(-C2*T); (T is in °C)
Property Units Co Ca C2
0.2% yield strength MPa 205.2528 127.8804 0.0075
Ultimate tensile strength MPa 490.4348 115.9407 0.009
Uniform elongation % 16.6776 35.64 0.0045
Total elongation % 23.5217 39.1379 0.0038

Note: The elastic modulus also depends on void swelling, which is described in Equation 3-28.

Table 3-5

Materials property equations for unirradiated, annealed Type 347 series stainless steel

Property = Co + C1T; (T is in °C)

Property Units Co Ci
Elastic modulus GPa 200.3795 -0.08122
Poisson’s ratio 0.2921 0.000072
Property = Co + Crexp(-C2*T); (T is in °C)
Property Units Co Ci C:
0.2% vyield strength MPa 269.75 181.7881 0.0561
Ultimate tensile strength/yield strength MPa 393.1417 238.1534 0.0102
Uniform elongation % 42.4554 0.0027
Total elongation % 30.5842 46.0043 0.0085

Note: The elastic modulus also depends on void swelling, which is described in Equation 3-28.
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Empirical yield strength model as a function of temperature for unirradiated, annealed
Type 300 series stainless steel
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Empirical ultimate tensile strength model as a function of temperature for unirradiated,
annealed Type 304, 316, and 347 series stainless steel
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Figure 3-9
Empirical total elongation model as a function of temperature for unirradiated, annealed
Type 304, 316, and 347 series stainless steel

3.5 Effects of Irradiation and Cold Work on the Mechanical Properties of
316 CW, 316 SA, and 304 SA Stainless Steel at 330°C

References on the irradiation effects on stainless steels properties [12—21] were reviewed,;
however, the relationships for the effects of irradiation on stainless steel used in this model were
derived from data developed by the Joint Owner’s Baffle Bolt (JOBB) Program [22—-26] as
updated in MRP-211, Revision 1 [4].

3.5.1 Modeling of Irradiation Effects at 330°C

The 0.2% yield strength, ultimate tensile strength, uniform elongation, and total elongation data
for the special case of 330°C were fitted to an exponential equation, as shown in Equation 3-4a
for the strength properties and Equation 3-4b for the elongation properties, with coefficients
defined in Tables 3-6 through 3-9, for Types 316 CW, 316 SA, 304 SA, and 347 SA:

Property = A0 + Al [1 - exp(-A2*d)], where d is the dose in dpa Eq. 3-4a
for the yield and ultimate strengths, and

Property = A0 + Al exp(-A2*d), where d is the dose in dpa Eqg. 3-4b
for the uniform and total elongations.

It is noted that, in the present applications, the maximum cold work ratio is limited to 0.2, and
solution-annealed material is considered to have a minimum cold work ratio of 0.01. These
maximum and minimum cold work ratios are the input values for the Equation 3-4 coefficients
listed in Tables 3-6 through 3-9.
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Table 3-6

Materials property equations for irradiated 316 CW at 330°C

Property = Ao + A1 (1 - exp(-Az2*d))

Property Units Ao A1 Az
0.2% vyield strength MPa 504.4221 405.6508 0.4114
Ultimate tensile strength MPa 612.3013 356.1812 0.4158
Property = Ao + Ar*exp(-Az*d))
Property Units Ao A1 Az
Uniform elongation % 0.4736 6.3729 0.4371
Total elongation % 6.9332 8.6942 0.4203
Table 3-7
Materials property equations for irradiated 316 SA at 330°C
Property = Ao + A1 (1 - exp(-Az*d))
Property Units Ao A1 Az
0.2% yield strength MPa 218.5806 570.6374 0.48
Ultimate tensile strength MPa 479.6953 332.8633 0.3704
Property = Ao + Ar*exp(-Az2*d))
Property Units Ao A1 Az
Uniform elongation % 0.8529 26.6395 0.3308
Total elongation % 8.6278 28.9933 0.336
Table 3-8
Materials property equations for irradiated 304 SA at 330°C
Property = Ao + A1 (1 - exp(-Az*d))
Property Units Ao A1 Az
0.2% yield strength MPa 247.7567 545.8073 0.6219
Ultimate tensile strength MPa 450.9427 353.3238 0.3904
Property = Ap + Ar*exp(-Az2*d))
Property Units Ao A1 Az
Uniform elongation % 0.4864 24.6884 1.8194
Total elongation % 9.1247 29.9201 0.5639
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Table 3-9
Materials property equations for irradiated 347 SA at 330°C

Property = Ao + A1 (1 - exp(-Az2*d))

Property Units Ao A1 Az
0.2% yield strength MPa 268.846 557.7723 0.6726
Ultimate tensile strength MPa 432.9199 412.3785 0.5533

Property = Ao + Ar*exp(-A2*d)

Property Units Ao A1 Az
Uniform elongation % 1.6238 18.0137 3.2398
Total elongation % 7.3534 25.9732 0.7079

3.5.2 Generalization to Cold Work and Irradiation at 330°C

Equation 3-4, which applies to Type 304 SA and to a specific cold work ratio of 0.2 for Type
316 CW and 0.01 for Type 316 SA, as a function of irradiation dose at the temperature of 330°C,
will now be generalized, also as a function of irradiation dose, to other values of cold work and
temperature. This generalization is derived as a multiplicative expression as follows:

Property (irradiation, cold work, temperature) = Property (unirradiated) *
Cold-Work Factor * Irradiation Factor * Temperature Factor Eqg. 3-4

The cold work factor is derived from manufacturer’s data sheets on cold-worked stainless steels
[27, 28] and the data developed in the JOBB program for irradiated 316 CW and 304 SA
material [14]. Equations for yield strength, ultimate tensile strength, and total elongation as a
function of cold work were developed from the manufacturer’s data sheet at 20°C, scaled to fit
the JOBB 316 CW and 304 SA data at 330°C, and fitted to Equation 3-5, with coefficients
defined in Tables 3-10 through 3-13.

ni(c) = fo + f1[1 — exp(—c/cy)] + f exp(—c/c3) Eq. 3-5

where c is the cold work ratio, and the subscript i refers to any of the four properties modeled, as
shown in Tables 3-10 through 3-13. The cold work ratios used for this fit were 0.2 for 316 CW,
0.01 for 304 SA, and 0.0 for unirradiated, annealed Type 300 series stainless steel.
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Table 3-10

Cold work factors for 316 stainless steels

Cold Work Factor = fo + f1 (1 - exp(-c/c1)) + f2 exp(-c/c2)

uniform elongation

Property fo f1 C1 f2 C2
0.2% yield strength 1 6.661475 | 0.526629904 — —
Ultimate tensile
strength minus yield 14.17559717 | -4.08832984 | 0.526629904 | -13.1755972 3.3
strength
Uniform elongation 1 -0.95921518 | 0.145169378 — —
Total elongation minus |, 4na30696 | 2.857506634 | 0.145169378 | 3.408306964 | 0.151016372

Note: ¢ = cold work ratio (varies from 0 to 0.2)

Table 3-11

Cold work factors for 304 stainless steels

Cold Work Factor = fo + f1 (1 - exp(-c/c1)) + f2 exp(-c/c2)

uniform elongation

Property
fo f1 C1 f2 C2
0.2% yield strength 1.1485 4.964765761 | 0.526629904 — —
Ultimate tensile strength | 1 55758015 | 326897626 | 0.526629904 | -10.9743501 3.3
minus yield strength
Uniform elongation 1.2105 -1.20013434 | 0.145169378 — —
Total elongation minus | 99951001 | 1.143317172 | 0.145169378 | 1.399110009 | 0.151016372

Note: ¢ = cold work ratio (varies from 0 to 0.2)

Table 3-12

Irradiation factors for 316 stainless steels

Irradiation Factor = go + g1 (1-exp(-d/d1)) + g2 exp(-d/d2)

Property go 01 di 02 d>
0.2% vyield strength 1.1092 1.3150 4.249894 — —
Ultimate tensile strength 0.180207212 | -0.11173615 6.9 |0819792788 | 2.3
minus yield strength
Uniform elongation 1 -0.97 2 — —
Total elongation minus 2212499795 | -1.37499964 5 11.21249979 | 2
uniform elongation

Note: Neutron dose (d) in dpa
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Table 3-13
Irradiation factors for 304 stainless steels
Irradiation Factor = go + g1 (1-exp(-d/d1)) + g2 exp(-d/d2)
Property do o di 02 d2

0.2% vyield strength 1.1323 0.0478 2.11954 — —
Ultimate tensile strength | 54831455 | -0.00207975 6.9 0.995168545 | 2.3
minus yield strength
Uniform elongation 1.0 -0.9875 1.0 — —
Total elongation minus 8.9 7.4 2.5 7.9 1.0
uniform elongation

Note: Neutron dose (d) in dpa

The irradiation factor is derived directly from the irradiated material properties and is shown in
Equation 3-6, with the coefficients defined in Tables 3-12 and 3-13.

§i(d) = go + 91[1 — exp(—d/dy)] + g, exp(—d/d;)

where d is the dose in dpa, and the subscript i refers to the i property as before. The temperature
factor is derived using equations from Table 3-3 through 3-5 as follows:

¢(T) = (Co+ C, e 21 /(Cy + €4 e~ €2*330) for 20°C < T < 600°

Eq. 3-6

Eq. 3-7
3.5.3 Generalization of Mechanical Properties to Variable Temperature, Cold
Work, and Irradiation

The fundamental mechanical properties that govern material behavior are as follows:

e The elastic modulus E

e The yield stress at the elastic limit

e The ultimate tensile strength (the peak point on the engineering stress-strain curve)

e The uniform elongation

e The total elongation

These are generalized for variable temperature, irradiation dose, and cold work through the
following set of equations.

The temperature multiplier on the yield strength and the ultimate tensile strength is kept the same
as expressed in Equations 3-7 and 3-8, which were re-derived from Equation 3-3 and Tables 3-3
through 3-5. These expressions are restated below for continuity.

@(T) = (Cy+ €, e 2T)/(Cy + €4 e™C2*330)  20°C < T <600°C Eq. 3-8
Ystre,d,T) =YS(r.,d) o(T) Eq. 3-9
urs(r,,d,T) =UTS(r,,,d) ¢(T) Eq. 3-10
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where:

YS(rew,d) = YSU@rew) + {YSI — YSU(rew) 1 — exp(—d/dg)} Eq. 3-11

UTS(rew,d) = UTSU(rey) + {UTSI — UTSU(r¢y)}{1 — exp(— d/dy)} Eq. 3-12
Such that

YSU(r,,) = YSUy + 2(YSI — YSU,) 1, — (YSI — YSU,) 12, Eq. 3-13
and

UTSU(r,,) = UTSU, + 2(UTSI — UTSU,) 1., — (UTSI — UTSU,) 12, Eq. 3-14

The parameter pairs (YSI, UTSI) and (YSUo, UTSUo), which appear in Equations 3-11 through 3-
14, are, respectively, the fully irradiation-saturated values of yield strength and ultimate tensile
strength, and the unirradiated yield strength and ultimate tensile strength, all at 330°C; they are
specially derived quantities and are defined in Table 3-14.

Table 3-14
Values for 304 and 316 stainless steel unirradiated and irradiated yield strength and
ultimate tensile strength at 330°C

YSUo (MPa) YSI (MPa) UTSUo (MPa) UTSI (MPa)
304 SA rew=0 247.7 793.5 450.9 804.2
316 SA row=0 218.5 789.2 479.7 812.5
316 CW rew=0.2 504.4 910.0 612.3 968.4
347 SA row=0 268.8 826.6 432.9 845.3

It remains to define the elongation properties (uniform and total), stated earlier in Equation 3-3,
for the effects of cold work and irradiation. The total elongation &5 for any temperature,
irradiation dose, or work hardening ratio is defined as follows:

S;E = S;]E + AS;E—UE Eq 3-15
eug = €up(T) n3(c) &3(d) Eg. 3-16
AS'TE—UE = [erg(T) — gyg (T)] Na(c) §4(d) Eq. 3-17

eye(T) = (uniform elongation, function of temperature according to Tables 3-3 through 3-9)/100
erp(T) = (total elongation, function of temperature according to Tables 3-3 through 3-9)/100

&;(d) = irradiation factor for the i material property, defined in Equation 3-6, restated:

§i(d) = go + g1[1 — exp(—d/dy)] + g.exp(—d/d,) Eq. 3-18
n;(c) = cold-work factor for the i" material property, defined in Equation 3-5, restated:
ni(c) = fo + f1[1 —exp(—c/cy)] + fr exp(— c/c2) Eq. 3-19

¢ = cold-work ratio rew

d = neutron dose in dpa
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The coefficients in the preceding equations are defined in Tables 3-15 and 3-16 for the cold work
factors and in Tables 3-17 and 3-18 for the irradiation factors.

Table 3-15
Cold work factors for 316 stainless steels

Cold Work Factor =f0 + f1 (1 - exp(-c/cl)) + f2 exp(-c/c2)

Property fo f1 C1 f2 C2

Uniform elongation 1.0 -0.95921518 | 0.145169378 — —

Total elongation minus

) . -2.40830696 | 2.857596634 | 0.145169378 | 3.408306964 | 0.151016372
uniform elongation

Note: ¢ = cold work ratio (varies from 0 to 0.2)

Table 3-16
Cold work factors for 304 stainless steels

Cold Work Factor = fo + f1 (1 - exp(-c/c1)) + f2 exp(-c/c2)

Property fo f1 C1 f2 C2
Uniform elongation 1.2105 -1.20013434 | 0.145169378 — —
Total elongation
minus uniform -0.98861001 | 1.143317172 | 0.145169378 | 1.399110009 | 0.151016372
elongation

Note: ¢ = cold work ratio (varies from 0 to 0.2)

Table 3-17
Irradiation factors for 316 stainless steels

Irradiation Factor = go + g1 (1-exp(-d/d1)) + g2 exp(-d/d2)

Property do 01 di 02 d2

Uniform elongation 1.0 -0.97 2.0 — —

Total elongation minus

) . 2.212499795 | -1.37499964 5.0 -1.21249979 2.0
uniform elongation

Note: neutron dose (d) in dpa

Table 3-18
Irradiation factors for 304 stainless steels

Irradiation Factor = go + g1 (1-exp(-d/d1)) + g2 exp(-d/dz)

Property do o da 02 d2

Uniform elongation 1.0 -0.9875 1.0 — —

Total elongation minus

) . 8.9 -7.4 25 -7.9 1.0
uniform elongation

Note: neutron dose (d) in dpa
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The mathematical expressions for the yield and ultimate tensile strengths, unirradiated and
irradiated, are shown as a function of temperature in Figures 3-10 and 3-11 for 304 SA and 316

CW stainless steels, respectively.
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Figure 3-10
304 SA stainless steel unirradiated and irradiation-saturated yield and ultimate tensile
strengths
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Figure 3-11
316 CW stainless steel unirradiated and irradiation-saturated yield and ultimate tensile
strengths

Figures 3-12 through 3-17 show the yield and ultimate tensile strengths for types 304, 316, and
347 stainless steels at the special temperature of 330°C, which is the most relevant temperature
in engineering evaluation and assessment. Figures 3-18 through 3-23 show the same properties at
the room temperature of 20°C. Figures 3-24 and 3-25 show the elongation properties (uniform
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and total) for the two materials 304 SA and 316 CW. It should be noted, however, that although
Figures 3-12 through 3-23 show, for general interest, the properties for various cold work ratios,
the applicable cold work ratios in the present work are those that characterize 316 CW, 304 SA,
and 347 SA—that is, 0.2 for the former and 0.01 for the latter.
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Figure 3-12
Type 304 yield stress versus dose at 330°C for 0 <rew < 0.2
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Type 304 ultimate tensile strength versus dose at 330°C for 0 <rcw < 0.2
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Figure 3-14
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Figure 3-15

Type 316 ultimate tensile strength versus dose at 330°C for 0 <rcw < 0.2
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Figure 3-16
Type 347 yield stress versus dose at 330°C for 0 <rcw <0.2
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Figure 3-17
Type 347 ultimate tensile strength versus dose at 330°C for 0 <rcw < 0.2
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Figure 3-18
Type 304 yield stress versus dose at 20°C for 0 <rew < 0.2
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Figure 3-19
Type 304 ultimate tensile strength versus dose at 20°C for 0 < rew < 0.2
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Figure 3-20
Type 316 yield stress versus dose at 20°C for 0 <rew < 0.2
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Figure 3-21
Type 316 ultimate tensile strength versus dose at 20°C for 0 < rew < 0.2
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Figure 3-22
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Figure 3-23

Type 347 ultimate tensile strength versus dose at 20°C for 0 < rew < 0.2
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Type 316 CW uniform and total elongation versus dose at 20°C and 330°C
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3.6 Generalized Uniaxial Stress-Strain Relationship

The mechanical properties described in Section 3.5 are used in defining a general form for the
uniaxial stress-strain relationship. In the elastic regime, this relationship is simply ¢ = E¢, where
E is the elastic modulus and ¢ is the strain. The stress-strain equation in the plastic regime for
cold-worked irradiated stainless steel can now be defined as follows:

o ={oy + Aoy_y. [1 — exp(—(e—oy/E)/&,)|} 0 > ay Eq. 3-20

Implicitly included in Equation 3-20 are the fundamental mechanical properties, described in
Section 3.5 as functions of temperature, irradiation dose, and cold work. These are the elastic
modulus E, the 0.2% offset yield strength, the yield stress at the elastic limit, the ultimate tensile
strength, the uniform elongation, and the total elongation. Equation 3-20 is of the same form as
described earlier in Equation 3-1. The pair of variables (o, &) defines the stress and strain
coordinates on the stress-strain curve. The sequence of calculations for Equation 3-20 is as
follows:

1. Determine the 0.2% offset yield strength from Equation 3-9 as follows:
0-(;.002 = YS(ew, d) ¢(T)
2. Calculate the quantity using Equations 3-9 and 3-10, as follows:
AO—LII—Y = UTS(TCW’ d) (p(T) - YS(TCWF d) (p(T)
3. Calculate the quantity:
Ad]_y.= A0y _y [ exp(—0.002/g); €, = 0.2486829
4. Calculate the ultimate strength point on the curve:
Y = Gg002 + A0y_y
5. Calculate the yield stress at the elastic limit point on the curve:
0-},’ = o-l’] - Ao—l’J—Ye
6. Calculate:
€9 = €o €U,
where ggis defined in Equation 3-16.
7. Substituting the previously calculated quantities into Equation 3-20, together with the desired
value of strain &, determines the corresponding stress level o > gy
3.6.1 Stress-Strain Curves

Figures 3-26 through 3-29 show the stress-strain curves for the two materials. Figures 3-26
through 3-29 show the stress-strain curve for unirradiated stainless steel Types 304, 316, and
347, respectively, as a function of temperature and cold work. Figures 3-28 and 3-29 show the
stress-strain curve for 304 SA and 316 CW, respectively, as a function of temperature and dose.
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Type 304 SA stress-strain curve as a function of temperature and dose in dpa
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3.7 Calculation of Thermal Expansion Strain

Three methods are used to calculate thermal expansion based on two sources of data—the ITER
Material Properties Handbook [12] and the 2001 ASME Boiler & Pressure Vessel Code, Section
Il, Part D, Table TE-1, Page 651 [13]. All three methods should give equivalent results; the
difference between them is due to the manner in which the thermal expansion data were
depicted, as will become clear from the derived expressions. The three methods are implemented
in IRADSS as user options, as shown below:

e Option 1: the use of the secant coefficient of thermal expansion, a,,.(T), based on the ITER
thermal expansion data, from which the expression for a,,(T) is derived, limited to a stress-
free reference temperature Trer of 20°C

e Option 2: the direct use of thermal expansion strain data in the ASME Boiler & Pressure
Vessel Code [13], which can be used for any stress-free reference temperature

e Option 3: similar to Option 2, the direct use of the ITER thermal expansion strain data that
are valid for any stress-free reference temperature

The default option is Option 2, which works for any stress-free reference temperature. Option 1
is limited to Trer = 20°C; any attempted use of other values of Trer for this option will result in
an error termination in IRADSS.

3.7.1 TheITER Secant Coefficient of Thermal Expansion—Option 1
The following equation expresses the thermal expansion strain, e (T), as follows:
gn(T) = age(T) (T — Tger); @5e(T) = €y + CoT + C3T>

The coefficients C1, Cz, and Csare given in Table 3-2 in the row labeled aTER, and Trer = 20°C.
The increment in thermal expansion from T1 to T2 is

Agy (T2, T1) = @so(T2) (T2 — Trep) — @ge(T1) (T — Tgrer) Eq. 3-21
3.7.2 ASME Thermal Expansion—Option 2
The incremental thermal expansion As™ from T1 to T2 is calculated as follows:

Agy, (T, T1) = C1(Ty — Ty) + Co(T3 — T%) + C3(T3 — T3) Eq. 3-22

The coefficients Ci1, C2, and Csare given in Table 3-2 in the row for e#5ME.

3.7.3 Direct Use of the ITER Thermal Expansion Fit—Option 3

Rather than using the secant coefficient of expansion as in Option 1, the following calculation of
the increment in thermal expansion can be used with equivalent accuracy:

Ag, (T, T1) = C1(T, — Ty) + Co(T53 — T%) + C3(T3 — T3) Eq. 3-23

The coefficients Ci1, Cz, and Cs are defined in Table 3-2 in the row labeled el7FR.
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3.7.4 Thermal Expansion Comparison

All three methods described in the preceding and implemented into IRADSS give thermal
expansion values that are accurate to the limits of machine accuracy and should not depend on
the time-step size for unconstrained thermal expansion. It is important to note, however, that if
thermal expansion is fully or partially constrained, the accuracy of integration of the thermal
stresses is step-size-dependent. The thermal expansion strain computed by the three methods is
shown in Figure 3-30 for a Trer of 20°C.
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Figure 3-30

Thermal expansion computed with the three IRADSS options

3.8 Void Swelling and Irradiation Creep

Significant efforts have been undertaken to characterize the mechanisms of creep and swelling in
stainless steels due to irradiation [29-36]. Two alternative models were developed for inclusion
in IRADSS [5]—empirically based and models based on cluster dynamics (CD). The empirical
models are based on data extracted from fast-breeder reactor experiments, where the irradiation
conditions are different from those of PWRs, and their application to the stainless steels of PWR
internals might introduce a degree of uncertainty in the analysis results. For example, the
irradiation temperature is generally higher, and the different neutron spectrum induces a lower
helium-to-damage ratio than for PWR internals. The more advanced physics-based CD models
would eliminate such sources of uncertainty.

The CD-based models for both void swelling and creep were developed in the form of call-up
tables generated using the EPRI PWR Internals Cluster dynamics (EPIC) code [37]. However,
because the EPIC models—namely, the CD-based void swelling model and creep look-up
tables—have not been fully validated, only the empirical versions of those models, described in
the following, are recommended for use and are accessible by the user for any life extension
analyses utilizing the IRADSS software. Because the CD-based models are not yet made
available to the user, they have been excluded from this version of MRP-135 and from IRADSS.
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3.8.1 Void Swelling: Empirical Model

For the empirical model, the stress-free swelling rate for 304 SA stainless steel is given by the
following equation [36, 38]:

Sia =2 @ ¢ *731 exp[22.106 — 18558/(T + 273.15)] Eq. 3-24
where

Ssa = volumetric swelling rate (%/dpa)

1 = neutron dose (dpa)

@ = neutron dose rate (107 dpa/sec)

T = temperature (°C)

The stress-free swelling rate for 316 CW stainless steel is given by the following equation [36]:

Sew= N[Q+2¢ (1—exp(M@))] 97 exp [22.106 — 18558/(T + 273.15)]  Eq. 3-25

where:
Sew = volumetric swelling rate (%/dpa)
N =0.9
Q =10.0
M =-0.010
1, = neutron dose (dpa)
[, = neutron dose rate (107 dpa/sec)
T = temperature (°C)

With the values shown for N, Q, and M, 316 CW stainless steel swells slightly more than 304
SA, up to about 10 dpa, and then shows less swelling than 304 SA due to the cold work. The
maximum void swelling rate is limited to 1%/dpa [30, 35]. The data sources from which
Equations 3-24 and 3-25 were derived indicate that a stress-enhanced swelling term should be
included [29, 36], as shown in Equation 3-26. However, upon expert-panel evaluation, stress-
enhanced swelling was judged to be unjustified and was consequently deactivated in the model,
but it was retained in this report for completeness.

AS = S Ap(1 + Fo) Eq. 3-26
where

AS = incremental swelling (%)

S’ = stress-free swelling rate given by either S¢, or Sgy, (%/dpa)

Ag = neutron dose increment (dpa)

6 =von Mises effective stress (MPa)

F =0.005 for 316 CW stainless steel (1/MPa)

3-31



Constitutive Properties for Austenitic Stainless Steel

The quantity AS enters into the constitutive derivations (see Steps 1-16 in Section 2) as
AS{-/]- = Agvirraij = AS 8” Eq. 3-27

The void swelling affects the temperature-dependent elastic modulus as described by the
following equation [39]:

E(T,S) = E(T) / (1+5)? Eq. 3-28

3.8.2 Irradiation Creep Empirical Model

In the original formulation of the empirical creep model, creep is assumed to begin after an
incubation period, which was found to be physically unjustifiable (MRP-211, Version 1 [4]) and
was changed as presented further below. However, the original model is retained in this report to
maintain historical continuity. The original model is based on the synthesis irradiation creep data
shown in Figure 3-31 together with linear regression [29, 31-34] fits. For this model, the vertical
axis in Figure 3-31 is effective creep strain (m/m), and the horizontal axis is the product of
effective stress (MPa) and dose (dpa). Both axes have been adjusted from hoop stress and hoop
strain to effective stress and effective strain as shown. (Note that these tests were on pressurized
closed cylinders.) For 304 (SA304L), the effective creep strain increment is 3.06x10° m/m per
MPa per dpa increment. For 316 (CW316), the effective creep strain increment is 2.19x10 m/m
per MPa per dpa increment following a 722 MPa-dpa threshold before creep begins. For 316
(CW316), the effective creep strain increment is 2.19x10°° m/m per MPa per dpa increment
following a 905 MPa-dpa threshold before creep begins. Note that the creep rate is not a function
of temperature.
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Figure 3-31
Synthesis irradiation creep data and linear regression fits

The irradiation creep rate equation used in the material model is shown in the following:

£ =0B, Eq. 3-29
where

g = effective creep rate (%/dpa)

o  =von Mises effective stress (MPa)

Bo = creep compliance (%/MPa-dpa)

The creep compliance values for 316 CW and 304 SA are 0.0002185 %/MPa-dpa and 0.0003058
%/MPa-dpa, respectively. These values apply to temperatures in the range of 250-500°C.
Typical PWR temperatures are below 400°C.
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The incremental creep strain is given by

Ag = E'pAt Eq. 3-30
Equation 3-30 enters into the constitutive formulation (Steps 1-16 in Section 2) as:

Ag;™ = Az & Eq. 3-31
where ¢ is the neutron dose rate in dpa/sec and At is the time increment in seconds.

The creep model previously described and depicted in Figure 3-31 included an incubation period
for irradiation creep based on the linear regression of high irradiation dose creep data. However,
the updated MRP-211, Revision 1 [4], recommends removing this incubation period because
there is no clear physical mechanism to explain such an incubation period. Accordingly,

Figure 3-31 is replaced by Figure 3-32, and IRADSS software was similarly updated.
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Irradiation creep data and linear regression fits: revised model (Duplicate of Figure 2-40
from MRP-211, Revision 1 [4].)

3.9 Failure Model

There are two potential causes for failure of bolted and welded connections in PWR core support
structures under long-term operational conditions: IASCC and irradiation-induced loss of
ductility. Material embrittlement due to excessive void swelling has been observed in stainless
steel materials irradiated under unusually low dose rate at relatively high temperature [29, 34],
which may be well outside PWR environments but is included here for completeness. A failure
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model is formulated in which the potential for failure by any of these failure regimes is
quantified in the form of a nondimensional damage index. This damage index is calculated and
printed out for each failure regime separately as time-dependent state variables that represent the
relative proximity to failure of the component.

3.9.1 IASCC Initiation: Empirical Model Based on MRP-211, Revision 1

The IASCC failure model development has undergone significant changes since the publication
of MRP-135, Revision 1, primarily due to the availability of laboratory test data, which are
summarized in MRP-211, Revision 1 [4]. An evaluation of these data indicates that the
effective stress for IASCC initiation, after a threshold value of approximately >2 x 10! n/cm?
(E > 1.0 MeV) or ~3 dpa, continues to decrease continuously with doses to a level of about

240 MPa (35 ksi) at 80 dpa (~5.33 x 10%2 n/cm?, E > 1.0 MeV). This necessitated a modification
of the IASCC failure model. It is noted, however, that such modification can be only empirical,
as depicted in Figure 3-33 as proposed in MRP-211, Revision 1 [4].
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Figure 3-33
IASCC flaw initiation trend curve and model for stress as function of time (Duplicate of
Figure 2-47 from MRP-211, Revision 1 [4].)

As seen in Figure 3-33, the proposed curve is the absolute lower bound of the data, which does
not permit any probabilistic treatment of IASCC initiation. Furthermore, the gap in the database
for this model is significant, as described in Reference [4] and summarized below:

e The available IASCC initiation data have been obtained primarily on Type 316 CW stainless
steels, with limited or minimal data on SA Type 304, 304L, 316, and 347 stainless steels; cast
austenitic stainless steel; stainless steel welds; and weld heat-affected zone materials.
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e The data do not define an effect of temperature on IASCC initiation because most of the data
have been obtained on materials irradiated below 325°C (617°F). Thus, it can only be
assumed that the range of temperatures obtained in PWR internals is sufficient to initiate
IASCC and that the other operating parameters (stress state and dose) are the predominant
parameters to correlate to IASCC initiation.

e The database does not include potential effects of additional precipitate phases, voids, and
cavities, which have been observed in stainless steels irradiated to high neutron dose levels at
temperatures above 325°C (617°F). It is noted, parenthetically, that such effects are
considered in the CD model for void swelling, which is not part of this revision of MRP-135.

e The IASCC initiation data, available but not considered in the Figure 3-33 model, include
some testing on stainless steels irradiated in the BOR-60 fast reactor. Several studies have
shown that materials irradiated in this fast reactor show lower susceptibility to IASCC than
those irradiated in light water reactors.

It is further noted that the IASCC initiation model in Figure 3-33 is based on test-reactor data for
specimens that by necessity do not reflect the operational history of a typical PWR’s internal
components. This adds another item to the data gap, namely, model validation against field data
from operating reactors.

For all the aforementioned reasons, it was felt prudent to retain, in this report as well as in the
IRADSS software, both models—that is, the MRP-211 model depicted in Figure 3-33 and the
old MRP-Revision 1 model. The latter offers some semi-analytical features that could be useful
for future model updating as the data gaps in the MRP-211 model are gradually closed and a
validated IASCC initiation model is undertaken.

3.9.2 IASCC Initiation: Original Model of MRP-135, Revision 1

Under IASCC conditions, failure is assumed to occur when the component becomes susceptible
to stress corrosion cracking after a certain period of irradiation. The length of time when the
material becomes fully susceptible depends on the irradiation dose. The potential for stress
corrosion cracking is defined by an IASCC susceptibility stress [5]. The effective stress at which
IASCC susceptibility (oascc) initiates is defined as follows:

Orascc = S(d) 0,(T,d, Eplf) Eg. 3-33

e

In Equation 3-33, d is dose, and the IASCC yield stress multiplication factor, S(d), is defined as
shown in Figure 3-34, which relates the applied stress to the cumulative irradiation dose after
which the material becomes susceptible to stress corrosion cracking. Because the yield stress is a
function of dose, temperature, and effective plastic strain, the IASCC susceptibility stress
depends on the loading path of a material point in the structure and, as a result, will have a
different shape than the yield stress multiplication factor, S(d), shown in Figure 3-34. The typical
dependency of the IASCC susceptibility stress for 304 SA and 316 CW at 330°C and zero
effective plastic strain is shown in Figures 3-35 and 3-36, respectively.
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IASCC susceptibility stress for 316 CW at 330°C as a function of dose

Figures 3-35 and 3-36 do not account for the stress history; that is, a stress falling on the curves
in these figures should be interpreted as the stress at which the component (such as a bolt)
becomes susceptible to IASCC, and if the stress is maintained, failure is assumed to occur within
a relatively short time (hundreds of hours). The failure model for IASCC monitors the stress at a
material point and calculates a damage index as the ratio of the current stress to the IASCC
threshold stress, which is the stress that falls on the susceptibility curves in Figures 3-35 and 3-
36. Thus, the “damage index” can be viewed as the relative proximity, in stress space, to [ASCC
susceptibility. The damage index can change non-monotonically and continuously in time if the
stress so varies. During shutdown periods, the IASCC susceptibility index can drop to zero. It is
noted that merely exceeding unity in the damage index should not be interpreted as component
failure. However, a damage-index value greater than unity with a relatively constant or
monotonically increasing trend with time over a period of several hundred hours can be regarded
as an indication of potential failure by IASCC.

3.9.3 Effects of Irradiation on Ductility

As previously covered, irradiation damage causes the material to harden and suffer a reduction in
ductility. These effects appear in the stress-strain curve as higher yield and ultimate strengths,
lower uniform and total elongations, and reduced strain hardening, as exhibited in Figures 3-26
through 3-29. Failure of the component purely due to the effects of irradiation on the material’s
mechanical properties is highly unlikely under normal service conditions. Nevertheless, a
damage index is calculated for this potential condition, which is simply the larger of the two
ratios—the effective strain to the total elongation (elastic + plastic), or the effective stress to the
ultimate tensile strength.
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3.9.4 Embrittlement Due to Void Swelling

The third form of damage formulated in the model is due to excessive void swelling, which can
be caused by irradiation under unusually low dose rate at relatively high temperature [30, 35].
Under such conditions, there is evidence to indicate that stainless steel can become very brittle if
the volumetric void swelling reaches 10% or greater [30, 35]. Brittle failure occurs at room
temperature because the tearing modulus approaches zero when the void swelling reaches 10%
[30, 35]. For purposes of engineering evaluations, it is recommended that a void swelling level of
5% be regarded as a warning condition for susceptibility to embrittlement. The damage index
calculated in the model is simply the ratio of volumetric strain due to void swelling to the
limiting void swelling value of 10%. It should be stated, however, that the damage index
calculated in this manner does not account for the experimental conditions under which swelling-
induced embrittlement was observed [30, 35], which, as previously noted, might be outside the
PWR environment. Therefore, for such a damage index to be valid, the user must verify that the
dose rate and temperature in the analysis are in the same range as the experimental data in
References [30] and [35].
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DESCRIPTION DU PRODUIT

Les composants internes des réacteurs a eau pressurisée (PWR) sont soumis aux effets des
mécanismes de dégradation liés au vieillissement, qui doivent étre évalués dans le cadre du
processus de renouvellement de concession. Pour évaluer les effets des mécanismes de
dégradation liés au vieillissement sur la fonctionnalité des composants, il convient de modéliser
et d’analyser les effets intégrés du gonflement des cavités, du fluage, de la détente des
contraintes, de la dégradation de la ductilité et de la fissuration, qui sont tous fonction de la
géométrie des composants, de 1’irradiation, de la température et de la charge. Le présent rapport
décrit un modele de comportement de matériau pour 1’acier inoxydable irradié¢ de type 316 et de
type 304 utilisé dans le cadre des évaluations d’ingénierie et des évaluations des raccords
boulonnés et soudés dans les composants internes des PWR soumis aux conditions
opérationnelles des centrales. Le présent rapport met a jour le document MRP-135, révision 1, de
I’Electric Power Research Institute (EPRI), daté de mars 2010.

Contexte

Les périodes de concession de la génération actuelle de centrales PWR touchent a leur fin et
plusieurs centrales ont déja di prolonger leur période d’exploitation. Aux Etats-Unis, le secteur
de I’énergie nucléaire a élaboré des lignes directrices d’inspection et d’évaluation pour gérer la
dégradation due au vieillissement dans les composants internes des cuves de réacteurs. Le
modele décrit dans le présent rapport doit étre utilisé dans le cadre d’une méthodologie d’analyse
par ¢léments finis. Le modé¢le prend en considération les effets de la température, du travail a
froid et de I’irradiation sur les caractéristiques de comportement du matériau, dont notamment la
courbe contrainte-déformation élasto-plastique, le fluage stimulé par I’irradiation (ou tout
simplement fluage d’irradiation), le gonflement des cavités et les limites de défaillance de tout
matériau liées aux mécanismes d’endommagement primaires, tels que la fissuration par corrosion
sous contrainte induite par I’irradiation et la fragilisation induite par I’irradiation. Les données
utilisées pour réviser les modeles de constitution dans le document MRP-135, révision 1, telles
que décrites dans la présente révision du document MRP-135, figurent dans le rapport MRP-211
venant d’étre révisé.

Objectifs
e Mettre a disposition des propriétés de matériau applicables aux conditions de service des
composants internes des réacteurs.

e Elaborer, a ’aide de ces propriétés de matériau, un modéle de comportement constitutif pour
les matériaux irradiés a utiliser dans le cadre d’une méthodologie d’analyse par ¢léments
finis pour 1’évaluation d’ingénierie et I’évaluation des composants internes des PWR pour un
fonctionnement de réacteur a long terme.

Approche

Les enquéteurs principaux ont compilé une liste des propriétés matérielles de I’acier inoxydable
a partir des publications disponibles, ont documenté ces propriétés dans MRP-211, puis les ont
intégrées a la modélisation constitutive du comportement de I’acier inoxydable dans
I’environnement opérationnel des PWR. Les enquéteurs principaux se sont également appuyés
sur d’autres sources d’informations, dont des données expérimentales de I’industrie et des
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programmes MRP de I’EPRI, tels que le groupe de travail sur les problémes internes des
réacteurs et le groupe conjoint de propriétaires pour les boulons de type baffle. Les corrélations
et les équations fournies dans le présent rapport représentent les tendances relevées dans les jeux
de données des essais existants, mais ne sont fournies qu’a titre indicatif, car aucune évaluation
statistique d’incertitude n’a été réalisée. Par conséquent, ces corrélations et équations ne sont pas
censées servir dans les calculs de conception d’ingénierie. Le modele a été élaboré pour pouvoir
accepter de nouvelles données lorsqu’elles seront disponibles et pour servir dans un code par
¢léments finis a usage général. Il peut étre utilisé¢ dans des applications géométriques a deux et
trois dimensions.

Résultats

Le modé¢le de comportement de matériau élaboré, décrit analytiquement dans le présent rapport,
est programmé dans une sous-routine utilisateur-matériau permettant d’adapter un programme
informatique par ¢léments finis a usage général disponible sur le marché aux évaluations
d’ingénierie et aux évaluations des composants internes des réacteurs. Ainsi, les composants
internes des PWR de différents types font I’objet du méme traitement analytique, assurant par la
I’uniformité technique des évaluations d’ingénierie et autres évaluations parmi les analystes.

Applications, valeur et utilisation

L’¢laboration du mod¢le de matériau faisant 1’objet du présent rapport et sa mise en ceuvre dans
une méthodologie d’évaluation d’ingénierie de composants sont des éléments essentiels du
programme de gestion du vieillissement des composants internes de réacteur du secteur.

Mots-clés

Evaluation d’ingénierie

Analyse par éléments finis

Fonctionnalité

Aciers inoxydables irradiés

Modé¢le constitutif de matériau

Composants internes de réacteur a eau pressurisée (PWR)

A-12



Translated Table of Contents

TABLE DES MATIERES

RESUME ..ottt e et st s et \';
SYNTHESE ... ..o oottt ettt e et en et en e e e VIl
TINTRODUCGTION ...ttt e e e e e e e e et e e e e e e e e s b aeeeeaaaeeeeesannsssaneeeeeeeeaannnns 11
LIPS I © ] o[~ {1 PSRRI 1-2
P Pt O o o (== TR 1-2
2 PRESENTATION GENERALE ........ ..ot a e e e e e es 21
2.1 Charges et environnement des PWR ... 2-1
211 Charges sur les composants internes RV des PWR...........c.ccccoiiiiiiiiinnns 2-1
2.1.2 Températures et irradiation par les neutrons des PWR..........cccoviiiiiiiiiiiiiennnnnnn. 2-2
2.2 Analyse par éléments finis avec sous-routine de matériau définie par
1112 (= U ] 2-3
2.21  Procédure de solution ANSYS-IRADSS ........oooiiiiiiiieeeee e 2-4
2.2.2 Procédure de formulation constitutive................uvvviiiiiiiiiiiiiiiiies 2-4
3 PROPRIETES CONSTITUTIVES DE L’ACIER INOXYDABLE AUSTENITIQUE ................. 31
3.1 Description générale du MOAEIE ..........ccooeriiiiiiiiee e 3-1
3.2  Hypothéses et IMitationS .........cooiiiiiiiiiie e 3-1
3.3 Types d’aciers inoxydables MOAElISES.............uuuiiiiiiiiiiiiii e 3-2
3.4 Elaboration de la courbe contrainte-déformation ..............cccocoeveeveeeeeeeeeeeeeeeeeen, 3-3
3.4.1  Propriétés de base de I'acier inoxydable non irradié recuit de série 300........... 3-5
3.5 Effets de lirradiation et du travail a froid sur les propriétés mécaniques de
I'acier inoxydable 316 CW, 316 SA et 304 SAa330°C ... 3-11
3.5.1  Modélisation des effets de Iirradiation @ 330 °C.........ccccoeiiiiiiiiiiieeee s 3-11
3.5.2  Généralisation du travail a froid et de I'irradiation @ 330 °C..........ccccceveeeiiinns 3-13
3.5.3 Généralisation des propriétés mécaniques pour la température variable, le
travail a froid et I'irradiation.............oooo i 3-15

A-13



Translated Table of Contents

3.6 Relation contrainte-déformation uniaxe généralisée............ccccccoviiiiiiiiiiiiiiiniie 3-26
3.6.1  Courbes contrainte-déformation.............ccc.uuiiiiiie i 3-26
3.7 Calcul de la déformation due a I'expansion thermique ..........c.cooevveevveeiiiiiiieiieeeeeeenee. 3-29
3.7.1  Le coefficient sécant ITER d’expansion thermique—Option 1..........cccceeeeeeee. 3-29
3.7.2 Expansion thermique ASME—OPLioN 2........cooooviiiiiiiiiiiiiiieiieeeeeeeeeeeveeeeeevaeeaaaens 3-29
3.7.3  Utilisation directe du rapprochement de I'expansion thermique ITER—
L0 ] 110 o 10X 3-29
3.7.4  Comparaison de I'expansion thermique............ccccevivvviiiiiiiiieiiieeeeeeeeeeeeeeeee 3-30
3.8 Gonflement des cavités et fluage d’irradiation..............cccoiiiiiiiiiiiiii 3-30
3.8.1  Gonflement des cavités : modeéle empirique............coevvvvviieiiiiiiieiiieieeeeeeeeeeeee 3-31
3.8.2 Modéle empirique du fluage d’irradiation ... 3-32
3.9 Modeéle de défaillanCe..........coee i 3-34
3.9.1  Amorgage IASCC : modéle empirique fondé sur MRP-211, révision 1............. 3-35
3.9.2 Amorcage IASCC : modéle d’origine de MRP-135, révision 1.............ccc..oo...... 3-36
3.9.3 Effets de l'irradiation sur la ductilité..............cccceeriiiiiii e 3-38
3.9.4 Fragilisation due au gonflement des Cavités............ccccviiiiiiiiiiiiiiiiiiies 3-39
AREFERENGES ...ttt e ettt e e e e e e e et e e e e e e e e e e snssseneeeeeeeeeaaannne 41
4.1 OUVIAgES CItS ... 4-1
4.2 BIDlIOGraphi© .. ... e 4-4

A-14



Translated Table of Contents

LISTE DES FIGURES

Figure 2-1 Relation contrainte-déformation différentielle ..............ccoooiiiiii e 2-7
Figure 3-1 Courbes contrainte-déformation pour plusieurs doses de neutrons pour 316 SS....3-3
Figure 3-2 Ingénierie et courbes contrainte-déformation normalisées........................... 3-4
Figure 3-3 Module d’élasticité par rapport a la température pour I'acier inoxydable de

SEIIE B0 e e e e e e e et e e et eeaaeeeet i eaaaeeeerraa 3-8
Figure 3-4 Conductivité thermique par rapport a la température pour I'acier inoxydable

AE SEIE 300 ...ttt e e e e e e e — e e e e e e e et e aaeeeart————————_ 3-8
Figure 3-5 Chaleur massique par rapport a la température pour I'acier inoxydable de

SEIIE B0 e e e e e et e e —— e e aaeeeet e aaeeeart———————_ 3-9
Figure 3-6 Modéle empirique de limite d’élasticité comme fonction de la température

pour I'acier inoxydable non irradié recuit de série 300...........ccooeiiiiiiiiiiiiiiiiee e 3-9
Figure 3-7 Modéle empirique de résistance ultime a la traction comme fonction de la

température pour I'acier inoxydable non irradié recuit de série 304, 316 et 347.............. 3-10
Figure 3-8 Modéle empirique d’allongement uniforme comme fonction de la température

pour I'acier inoxydable non irradié recuit de série 304, 316 et 347 ..., 3-10
Figure 3-9 Modéle empirique d’allongement total comme fonction de la température pour

I'acier inoxydable non irradié recuit de série 304, 316 et 347 ..., 3-11
Figure 3-10 Limite d’élasticité et résistance ultime a la traction de I'acier inoxydable 304

SA non irradié et saturé dirradiation...............oooiiiiiiiiiiiiiiiie 3-18
Figure 3-11 Limite d’élasticité et résistance ultime a la traction de 'acier inoxydable 316

CW non irradié et saturé d’irradiation...............cooooiiiiiiiiiiiiiiiiceeeeeeeeeeeeeeve e 3-18
Figure 3-12 Limite d’élasticité de I'acier 304 par rapport a la dose a 330 °C pour

0 S Few S 0,2 oo ——et———————————————————————————————————————————————— 3-19
Figure 3-13 Résistance ultime a la traction de I'acier 304 par rapport a la dose a 330 °C

Lo U] O v 1 RSP 3-19
Figure 3-14 Limite d’élasticité de 'acier 316 par rapport a la dose a 330 °C pour

0 S ew S 0,2 it et e et t———————————————————————————————————————————————— 3-20
Figure 3-15 Résistance ultime a la traction de I'acier 316 par rapport a la dose a 330 °C

Lo U] O v 1 RSP 3-20
Figure 3-16 Limite d’élasticité de 'acier 347 par rapport a la dose a 330 °C pour

0 S w0, ettt —ttt—tt————t———————————————————————————————— 3-21
Figure 3-17 Résistance ultime a la traction de I'acier 347 par rapport a la dose a 330 °C

POUE O S Fow S 0,2 e e e e et e e e e e e e e e et eaaaaeeeeaeaneees 3-21
Figure 3-18 Limite d’élasticité de I'acier 304 par rapport a la dose a 20 °C pour

0 S w0, ettt ttt——tt———————————————————————————————————— 3-22
Figure 3-19 Résistance ultime a la traction de I'acier 304 par rapport a la dose a 20 °C

POUE O S Fow S 0,2 e e e e e e et e e e e e e e e e et eaaaaeeeeeeassees 3-22
Figure 3-20 Limite d’élasticité de I'acier 316 par rapport a la dose a 20 °C pour

0 S o S 0,2 ettt ———————————————————————————————————— 3-23

A-15



Translated Table of Contents

Figure 3-21 Résistance ultime a la traction de I'acier 316 par rapport a la dose a 20 °C
Lo 10 O v 1R

Figure 3-22 Limite d’élasticité de I'acier 347 par rapport a la dose a 20 °C pour
0 <rew=< 0,2 ......................................................................................................................

Figure 3-23 Résistance ultime a la traction de I'acier 347 par rapport a la dose a 20 °C
Lo U] O v 1R

Figure 3-24 Allongement uniforme et allongement total de I'acier 304 SA par rapport a la
dOSE @ 20 °C 1330 “C ...t e e e

Figure 3-25 Allongement uniforme et allongement total de 'acier 316 CW par rapport a la
d0SE A 20 PC 1 330 0 i e aa

Figure 3-26 Courbe contrainte-déformation de I'acier 304 non irradié comme fonction de
la température et du travail & froid ...

Figure 3-27 Courbe contrainte-déformation de I'acier 316 non irradié comme fonction de
la température et du travail & froid ...

Figure 3-28 Courbe contrainte-déformation de I'acier 304 SA comme fonction de la
température et de 1a doSe dans APa ......cevviiiiiiiiiiiiiiiiiieieeieeee e

Figure 3-29 Courbe contrainte-déformation de I'acier 316 CW = 0,2 comme fonction de
la température et de ladose dans dpa.........ccoooeeiiiiii

Figure 3-30 Expansion thermique calculée avec les trois options IRADSS............................

Figure 3-31 Données de fluage d’irradiation de synthése et rapprochement de
FEGreSSION lINGAINE ... .ccciiiiiiii et e e e e e e e et s e e e e e e e eebt e eeaeeeennes

Figure 3-32 Données de fluage d'irradiation et rapprochement de régression linéaire :
MOAEIE FEVISE ...

Figure 3-33 Courbe de tendance d’amorcage de défaillance IASCC et modéle de
contrainte comme fonction du tEMPS .......oooiiiiiiiiiiiiieeeeeeeeeeeeeeeeee e

Figure 3-34 Variation du facteur de multiplication IASCC S(d) avec dose d'’irradiation............

Figure 3-35 Contrainte de susceptibilité IASCC pour 'acier 304 SA a 330 °C comme
(o] aleTo] g e (SN = e (o= - OO

Figure 3-36 Contrainte de susceptibilité IASCC pour 'acier 316 CW a 330 °C comme
(o] aleiTo] g e (SN = o (o =] - PR

A-16



Translated Table of Contents

LISTE DES TABLEAUX

Tableau 1-1 Table de conversion des unités anglaises en unités Sl..............ccccceiieiiiiiiiinne. 1-3
Tableau 2-1 Conditions opérationnelles représentatives des PWR........ccccooviiiiiiiiiiien, 2-3
Tableau 3-1 Composition des nuances standard d’acier inoxydable forgé ...............ccccoeeeeenn. 3-2
Tableau 3-2 Equations des propriétés thermiques de I'acier inoxydable de série 300.............. 3-6

Tableau 3-3 Equations des propriétés de I'acier inoxydable non irradié recuit de série 304 .....3-6
Tableau 3-4 Equations des propriétés de I'acier inoxydable non irradié recuit de série 316.....3-7
Tableau 3-5 Equations des propriétés de I'acier inoxydable non irradié recuit de série 347 .....3-7

Tableau 3-6 Equations des propriétés de I'acier irradié 316 CW @330 °C......ccoovevveeveeeenn 3-12
Tableau 3-7 Equations des propriétés de I'acier irradié 316 SA 2330 °C.....coveuvveveveeeeeeen. 3-12
Tableau 3-8 Equations des propriétés de I'acier irradié 304 SA A 330 °C....ocveuvveeeeeeeenn. 3-12
Tableau 3-9 Equations des propriétés de I'acier irradié 347 SAa 330 °C....c.ccvevieeeeeennn. 3-13
Tableau 3-10 Facteurs de travail a froid pour les aciers inoxydables 316...............ccccoeiunnnee. 3-14
Tableau 3-11 Facteurs de travail a froid pour les aciers inoxydables 304 ............................... 3-14
Tableau 3-12 Facteurs d’irradiation pour les aciers inoxydables 316.............ccccvvvcieiieeenennnn, 3-14
Tableau 3-13 Facteurs d’irradiation pour les aciers inoxydables 304 .............cccccccveeeniiiiiennee. 3-15
Tableau 3-14 Valeurs pour la limite d’élasticité et la résistance ultime a la traction de

I'acier inoxydable 304 et 316 irradié et nonirradié a 330 °C.........cooeeeiiiiiii e, 3-16
Tableau 3-15 Facteurs de travail a froid pour les aciers inoxydables 316............................... 3-17
Tableau 3-16 Facteurs de travail a froid pour les aciers inoxydables 304 ...............ccccounnnene. 3-17
Tableau 3-17 Facteurs d’irradiation pour les aciers inoxydables 316...........ccccceevveeiiiiiiineee. 3-17
Tableau 3-18 Facteurs d’irradiation pour les aciers inoxydables 304 .............ccvvieieiieeerinnnn, 3-17

A-17



Translated Table of Contents

MEMEEE 0 /7 J A BN INA
— AT FA FRART Vv VRO EHE
BRETIVOBR (MRP-135. 23T 2 R

3002013216

RS E 20194 9 A

EPRI 7By =/ h~F3r—T v —
K. Amberge

AREEWIZIE. EPRIREF ) SERGET 0 75 A
(Nuclear Quality Assurance Program) O #E 4D TE 7=
F—E S5,

YES ‘

KIE ST
3420 Hillview Avenue, Palo Alto, California 94304-1338 - PO Box 10412, Palo Alto, California 94303-0813 - USA
+1.800.313.3774 - +1.650.855.2121 - askepri@epri.com - www.epri.com

A-18



Translated Table of Contents

AR REdRF

IEARBFEF0E (PWR)NEEABERRI T, BRFICEE T 25 A 1 = X LD ELE T
720, TR T AO—H L UCRHME L7 i vl Ze S 7e W AlEEMENR B 2 b1

%o R ER OFSREMEIC X T D RAEEIEH AL A I = X A O B EZ I T 5 121E, RA R
AT 7 =T IEIRER, IEEOIK T, OO L R O, IR

FhoORE, AR SICL o TEDDL L ODOREN L ET WL L THolrd D LEM
bb, ZOREET, BREFTOELGRSTMICE S EDH PWR NEER R DRV NG
RS K ONREEBE R B O TRl L OV A X v b O Efii THEAT R AT LR
XA 7316 B X OF A 7304 OMELEEEIET WVIZOWCEBT 5, KAREER, KE
T IAFSERT (EPRI) OMRP-135, KET 1 hiR, 2010 423 H O EHIR TH 5.,

TR

B PWR BEITX., TNENOFR A OKD D IZIE SN TEY , HEOWRE
AT CICIEEEIRIARIC A > TV 5, KE ORI T, R IR eSS
MORELN BT DO OBEBEETHMON A KT A4 U E2RE LIz, RLAR— KTt
HEINTWEET VL, AREZERX—ADOSHT HFIETEREIND, ZOETVTIE, #
BEOZFENRFEIC R DIRE., BT, BXOBEOEELEZEE L TWDH, Tl

X, BEYAMEIS )/ OF R, BRI 2 U — 7 (R 2ITHICRE 2 ) —T), RA KA
T U7 BROBKNBEIS NGBS FREN L & Vo7 — KB A T =X LI
B DA EFOMARIR A 235 £ 5, MRP-135 DOBIEDUET TSN TNDH LD
(2. MRP-135 2T 1 WOWERET NV EEET A0 SN T — 2%, #Hi-icdk
ST &7 MRP-211 LAR— RMZEEN TV S,

HHY
o JRFIE NI Rl R OB A E H ATRE AR MR R E 2 R ATRE L 975 2 &

o THMOLOMEMMEZMML T, RIMEFIEIR T T PWR OWNEMERMES O TR
Al & 72 A A D DIZDICHRER N—AD 3 GEE TR 2 S s o pbek
[ ORERRIIZREE T VA ERTH L

T ra—F

FAEFZEEIL. AFARERSCERD D AT o L AFM B ED U A 2 L, 2 b D
KM% MRP-211 T3CE L L, PWREIEREE 2 BT 5 A7 o L ZAHM B B O RLE
T U TN G ORMEERAIAATS, EEMEENFEHT 252 OMmoOEHRFEIZE,. R
TN S R E % A 7 77 )v—" (Reactor Internals Issues Task Group) < [RIFTHH O
Ny TRV v T a T Lipl ERBIOEPRIMRP D DOFERT — 2 NG E£h 5,
ARLUR— MIEEHEH I N T DGR E XX, BEFORBRT — % v MMIxd 2 il 72
fHmER L TNDE0N, ZLIEFAERTIERL . REEEORFIOFHMIIXZET STV
W, LEB-T, IO ERT, TERHOHECHERTIZLZBERILZED
TIERY, ZOET /L, LT —ZBEHAIREIC oo I hvaz=IT ANLD &

A-19



Translated Table of Contents

HIEAMESN TR, 2 RITB LV 3 WG DV A A b VIZHH S I HARESR
a— R THEMT DL ITHESND,

rER

BR%E ST EREENE T M, AL R — N THOMRIZEH L T 52, filROILHAR
PWHEa L a—F7a s 7 LERFNTEEY O TFRFHMEE 78R A FO@EHIc
WIRSEDZ EEARRET DI T L—F i 7n 753N T0W5, 20Ok
T, FExZRRREFD PWRONERE AR L TR UL N s S 570, 7
U A MEOT MM & 78 A A 2 MCHEANR 28— %2 b 7= 54,

WA, ME, I OEM
ARUR— FTRRT ODMEE T L OBR%E L RS O TZARHERS KO B A A 15
EOFEIT, ERORFIFRNETEEY ORFEER T 0 7T LOBEERERTH D,

¥—U—F
TEHEHMlR L OT A A b

A R 2 AT

REREME

MR 25 o L 28

MEHERCE T L
INEARFLR 47 (PWR) PN ERAE ok 2

A-20



Translated Table of Contents

B &

B ettt b h e a A sttt e etttk b bbb s s s e s ',
S/ al B e e ) OO Vi
A QLD 5 Y PRSP RRR 11
£ N = 1< OO 1-2
g 1 TR 1-2
b < OO 2-1
2.1 PWR DB & BB oottt n e 2-1
211 PWR RV PIEEEDI D BT oo, 2-1
212 PWRIREE & FPE A BRI oot 2-2
22 22—V —EROME TN —F AW IREZIRNT oo, 2-3
221 ANSYS-IRADSS FEHIETME ..o 2-4
222 AERRIUTEZAETEME (oo 2-4
3F—ATFA FPRAT U UVRFDREENE ..o 3-1
B T T L DHERI oottt en et 3-1
K R (et ]SRRI 3-1
33 ETIMUEEITOTEAT U LV ABD Z A T oo 3-2
3.4 JEITOT IR D VERL oot 3-3
341 HERHOBEMINT-Z A7 300 VU —RAT > L AFHOFAFRE 3-5

3.5 330° CT®316 CW, 316 SA, X304 SA A7 > L AEHDOHMAFIEIZ K&
VETHRET SR O BEZE oo 3-11
351 330° C CTOMBNIEDTET U LT e, 3-11
352 330° C TOMMIMIE BT DML oo, 3-13
3.53  AIEEE. W, 3B X ORI T DR EO — A 3-15

A-21



Translated Table of Contents

3.6 AL L2 —HHIE ST 1 O IRBIIR e 3-26
3.6.1  JEST T O RBHAR (oo, 3-26
KOV V3 O N BT = OO 3-29
3.7.1  ITER IEEIBZIRIREL - T 72 3 2 oo, 3-29
372 ASME BUBIE - Z 7 3 33 2 e 3-29
3.7.3 ITERBEZHRODEEHE - A7 2 32 3 e, 3-29
374  BUIBED ELER oo, 3-30
38 WA RAZU LT EMBITT U e 3-30
381 HRARATY LT RERITTE T I oo, 3-31
382 MEZ U =T DFEBRETTET IV oo 3-32
8.9 BT T /L ottt en et ann e 3-34
3.9.1 IASCC %4 : MRP-211, &GT 1 JRITES SIRBRAYE T /b i, 3-35
3.9.2 IASCC %/ : MRP-135 O A4 U P F VET /by ET 1A cveeeeeeeeeeeeee 3-36
3.9.3  FEMEITHT T B IBRET DR e, 3-38
T I N ) N7l ) B < . | R 3-39
ABEETTBR oottt ettt ettt ettt ea et renes 41
A BUIEE oottt 4-1
B.2  BETTRR oottt ettt n ettt n st eaeas 4-4

A-22



Translated Table of Contents

X—5

2-1 T 7T L ONT FRDBEGTBEIER oot 2-7
3-1316 SS O & F X F e THREITKI T DIE ST T OFT FBRHIHR oo 3-3
320 =TV TEIOERBIET] T OFT FHEIRR o 3-4
3347300 Y —RRT U AHOHMEITR LR e 3-8
34447300 Y —RART VLV AFHOBMRE IR LIRE e 3-8
35447300 Y —ART L AHHO IS T LR oo 3-9

3-6 FERRIEES 2 4 77300 2 U — R AT o L ASHOIRFE TR T A BRI R ET T L .39
3-7 JERETESL Z 4 ~° 304, 316, BLN 347 2 U — X R L ZHOIRIEICKT 5

TFRBRIIFRIR B IIETR & T T 1 oot 3-10
3-8 FEMHIBESL ¥ 4 7 304, 316, BL U347 vV —X AT v L AFHOIRE TS

TRBRIT—EM TR T L oottt 3-10
3-9 JEMRHTBESL % 4 77 304, 316, BL U347 2V —X AT v L AEHOIRE TS

TRBRIIHAI TRTE T /L oottt 3-11
3-10 304 SA 27 > L AFHD RIS I K OPRGHEAFNFE R S S ABIRSBEIR & oo 3-18
3-11 316 CW A7 > L A ORI I X RS fafiBA £ 0 SRR IRIE S o 3-18
3-120<rw=<0.2, 330° C TDOHA 7 304 FEARIETT EREE oo 3-19
3-130<rw=<0.2, 330° C TOHXA 7 304 MIEFHEIH S & HRE oo, 3-19
3-140<rw<0.2, 330° C TOHA T 316 FEIRIETT EFRE oo, 3-20
3-150<rw<0.2, 330° C TOHA 7 316 MIEF IR S L AR oo, 3-20
3-16 0<rew<0.2, 330° C TDOHA 7 347 BRIEST EFFE oo, 3-21
3-170<rw=<0.2, 330° C TOXA 7 347 fMIEGIIETR S EHRE oo 3-21
3-180<rw=<0.2, 20° C TDOH A 7 304 FEIRIETT ERRE ooovoiiee e 3-22
3-190<rw=<0.2, 20° C TOX A 7 304 MRS TETR S EHRE oo 3-22
3-200<rw<0.2, 20° CTDOHX A7 316 FRIRIETT EFRE oo 3-23
3-210<rw=<0.2, 20° C TOX A7 316 MRS EIR S EHRE oo 3-23
3-220<rw<0.2, 20° C TOH A 7 347 FEIRIETT ERRE cooviieieeee e 3-24
3-230<rw<0.2, 20° C TOHX A 7 347 IRFITEIRE EFRE oo, 3-24
3-2420° C 3L 1330° C THOX A 7 304 SA H— MU L ORI E &, 3-25
3-2520° C B L1330° C THOXA 7 316 CW H— OB L ORI L B & oo 3-25
3-26 {EJE R L ORI TAC )3 2 RS 7 4 7 304 1577 1 OF ZBHAR oo, 3-27
3-27 IRER L ORI T4 2 RBH 2 1 7 316 J5 /1 1 OFHBBR e, 3-27
3-28 R L O E: (dpa) 1265 Z A 7 304 SA TSI 1 OF FRfif R oo, 3-28
3-29 IR R L OWRE (dpa) I2kfT 5 % A 7 316 CW = 0.2 i) [ OF iR oo 3-28



Translated Table of Contents

3-303 DD IRADSS 47> 2 THE LIZEUMZIR .o 3-30
3-31 GRS 7 V) — 77— & EHRTZEIURITIEL oo 3-33
3-32 B 7 ) —FF — & LARTEIEIRUTIEL. BLET T IV oot 3-34
3-33 IASCC IRt 2 s 7 D REEFE AETTHIHR & BT /b i 3-35
3-34 MHTHREIC & 5 IASCC HIfEHR S () DZAC e 3-37
3-35 I D 330°C T 304 SA D IASCC JEZZMERETT v, 3-37
3-36 AT D 330°C T 316 CW D IASCC JEZ MR T cooveeieeeeeeeeeeeee e, 3-38

A-24



Translated Table of Contents

x5

F 1-1 FEEHNLZ SIHNLICEBT D7D DZEHLTR (oo 1-3
7 2-1 PWR DA B ZRIEERZNE oot 2-3
£ 31 HIEAT LV APADEEAE T L= ROFHAR eeeeeeeeeeee e 3-2
# 32547300 Y —AAT L AHDERFER oo 3-6
% 3-3 RIS OB Z A 7 304 ) — 22T 2 L ZHDOPEHEFELS o, 3-6
% 3-4 RBIOBESLZ A 7 316 2 U — X 2T 2 L ZEHDOFBHEPER oo 3-7
% 3-5 RIS DBESL X A 7 347 2 U — X AT 2 L ZFHORBHEPER e 3-7
7 3-6 330° C TOMH 316 CW DFFEHEFIEZS oo, 3-12
7 3-7330° C TOMEF 316 SA DA EHEFMETC (oo 3-12
7 3-8 330° C TOMHS 304 SA DIEHEFIEZS oo, 3-12
7% 3-9330° C TOMEGF 347 SA OFEHRFIET (oo 3-13
#3-10316 AT 2 L AFAD BTN TARZL oo 3-14
#3-11304 AT 2 L AFAD BTN TAREL oo 3-14
F3-12316 AT 2 L AFHD BBIFEREL oo 3-14
313304 AT 2 L AFHD BBEFEREL oo 3-15
# 3-14330° C TP 304 B L3316 27 o L 2D ARSI L OMRSFRRIREE I L O
FBBR BT HRHR S O oottt e e et en e et neenans 3-16
% 3-15316 AT 2 L AFAD TN TAREL oo 3-17
% 3-16304 AT 2 L AFAD TN TAREL oo 3-17
F 317316 AT 2 L AFHD BBEFEREL oo 3-17
#3-18304 AT 2 L AFHD BBEFEREL oot 3-17

A-25



Translated Table of Contents

A ANFA =233 A3
LZAHYOE 2H QY 2ZS Q3 AR
A4 249 s (MRP-135, 7§14 2)

3002013216

2 F B34, 20194 9¢

EPRI Z 2 A E w1 4]
K. Amberge

v] = A2 924 (EPRI: ELECTRIC POWER RESEARCH INSTITUTE)
3420 Hillview Avenue, Palo Alto, California 94304-1338 = PO Box 10412, Palo Alto, California 94303-0813 = USA
+1.800.313.3774 = +1.650.855.2121 = askepri@epri.com = www.epri.com

A-26



Translated Table of Contents

A E BA

7F 7 Z(PWR) W25 7] 71 & 4 7] 7k uh
nfo]lm, o] = 3|7} 73Al I o] AdFE-2 HIlx oo
s Ask WAYZFO] 71719 75 v A=
Ag =, g9 g3}, Oﬂ*é e Ast 2 FE(ol s

<= 9 3359 g9 TF sﬂ%i rdz us
Hudo|= ddh &4 2719 = 743
£4 AA F-9d 3t A Yoy HrF E AL S -3
2H Q1 #] 27)F 316 H 3042] A= 35 2o 3l 7=
20101 3€¥ 2] MRP-135, 7N A 19] HA1E9 U},

B 7

o B o Rk o el 1 o R i i o Bl
O} 7ba 9}013%, B BTt o 7
AQAE DA WRT2E] S 7
A7k AR E AAH YT B w iAo 7
289 AU o] B2 2 il As s 54l mA=
a0 neew, aed AR A% BAAL By 8 WY An, 2 gl
ELE]_L(D:.‘:%@}q Z/\].ELE]_L) 7]55%%]—’:1‘1]315 %7] ggjﬂ ?ELOﬂ =1} Z/\]»Tr_,_
Aslel 0o Fa o4k AAUZT Beie] 9 Amel 34 A% LU MR-

el F[ﬂl
ox,
olr
)
_OL
=)
)
i
IN
1o
o2

[/
i; 2
i
ol
N
N
_OL
ol = v
‘] {
>
rr
N
Hd
N o,
o

ik
B
"
20
Iy

N
N
r 19
N
ol
i)
N
M
ju)
T
>~
>
S

2
g

o
i)
fo
N
N

£,
gxﬁ
T
z
) A
4
PN
i
N
N
=2
> oy
ik
(m
pa)

2
f

O\l
2

=

|
L
=
rhr M

O\l
_‘d

p—

7} A\zke] Frd Aol
AUk vTe] A4
g Belah] 919 1At
G 7] B4 g ol A

Mo
=

L
2
F{E mlﬂ ol

EQ

R
N2
k)
yll
o
I
2
o ol
Q0
é

m‘é‘ o
rlo
o

4
ot r&
JE* Fo

1359] & 7Aool A 7]&H vid 2, MRP-135, 71 & 19] :g 29S AAE7) 2
o] &g dlo] ¥ &= Al F Al 71 ® MRP-211 B3 ol =55 o] glHUt),

=3
L2
o AAZUFFEE 7|7 A 200 AL F A= AR FAHS EES 7 UES
at7] 91
o 9 HA2 AR HAHS F
<l

Y25 7] 7] 3|

W ol A Abe g 2

129

- T8 FAAES &8 7S S A i\-Eﬂ?_E]i%L s £48 5355 It
128 /495 MRP-211°] &4 3}sbm, B3 :134\: S HES
sHlQle) s AR AES] T wAHo EHAT
AR o= YAZE YWEFZE oA A Ijr(Reactor Internals Issues Task Group) 2 35
wERHE BE 2 Eil"/”(]mnt Owner’s Baffle Bolt Program)= H|335}o] 2] 7] 2} EPRI
MRPSLES) 9 olEl ESo s, B e Sl e
WAL 71 HAE HolE A E 7?” e E ‘:% EA o R HoFal
UARE, Ao R = oA S TEHo] glow, w3k ESAA ek A4 BUt=

A-27



Translated Table of Contents

A ForaUTh AR om, o AREAS WAL AXols AA Akl
AgE JEE GG o wale Aze dolEst B8 bralAs U A2e
dolB g £8F + AES AR, £ 249 U 3349 5] mE A g,
Bgol R AN AL 5 LS AU

- B RIUAM AR 7] i ZHJELT'SB%UH‘O Al el A -8k 4= 3l
G3 QA AFH TR NS AR YRTZRE x| yold Fr} 2 A A A

T AEF o= AREA Als ABRFE(EHE 7f‘i)°ﬂ TraqgEyn. ook 22
WA o R, g AAle NgATR W TEE V7e Y3 24E Ao EA

BAAE ALolo) A AU Y B L AR V%A FARS T 5 Q=S AT 2
gtk

44,714, ol %

- B RIAdA ANE AR 2l 22 717 AUy Bk D AP A
TFANTE AL AAA) A4 NETEE =T o we] T2 A5 exduh

7F A Z(PWR) U -T2 E 717

A-28



Translated Table of Contents

Bt
OO \';
ST X TR Vi
2 =TSRRI 11
I T OO 1-2
O TR T OO 1-2
2 VBEA] THR et 241
21 TFG R B H B e 2-1
211 7IAASE AAE WETFZE X5 S5 e 2-1
212 7MAAFE 2 H SR HAFIZAF e 2-2
22 AMNEAAY A AMNEFEE T -8 B4 i, 2-3
221 ANSYS-IRADSS T Z b ..o, 2-4
222 TA FAIBE ER e 2-4
32 2HYOIE 2HQIF AT T4 S A e 3-1
3.1 Fdlo] T LM AT e 3-1
3.2 TF Bl ettt 3-1
33 AR AL AEIATZTE 8 e, 3-2
34  SEAT AP T e, 3-3
341 HFAL GEFEE 300 7 2EA 2T T EA e, 3-5
3.5 330°CeA] 316 CW, 316 SA, ¥ 304 SA =E| g 27e] 7] A% &40l m| x| +=
HEAR ZAF D W ZEZEE0] FTF e 3-11
3.5.1  330°Cell A WA AR G aboll thdh BEIE L 3-11
3.5.2 330°Cell A W37 H AR AR ARESE e, 3-13
353 7pAzel en WikrbE 9 WAL A o] w2 s A A S o] Auks) 3-15

A-29



Translated Table of Contents

3.6 UHFSAIZ] ©F ST Tl e, 3-26
3.6.1 S E-HT A H e, 3-26
3.7 Do) WE MO A e, 3-29
3.7.1 A ITER T4 Al G- EAFYE 1o 3-29
3.7.2  ASME DA BIALGE 2. s 3-29
3.7.3 ITER @A 1A o] A3 AR BIAFE 3, 3-29
874  FTA HAL ittt 3-30
3.8 71X WA D AP ZAL TLBIIE e 3-30
381 ZIE B A EEl s 3-31
3.8.2 WIAPAZAF FBIZ O] TdE A LTl e 3-32
3.9 ILTE Ll et 3-34
3.9.1  IASCC 7HAl: MRP-211, 7R 2 10 7123 A3 2 Ral e, 3-35
3.9.2 IASCC 7HAl: MRP-135, 73 19] & T8l e 3-36
3.9.3 WA ZAIZF AA O] M X BT 3-38
394 VIE THFO T QT F I i 3-39
BETE AR et 4-1
A1 Q8 A BEE ottt n et n e aeaeas 4-1
B2 FEILIEBD e 4-4

A-30



Translated Table of Contents

% 32 A" R AFSE G- AE
%1 3-3300 3 AlE = ZEIQE 27 B AT U] 25 e
1% 3-4300 8 A2 2EANE A GAES U @5 e
1% 3-5300 18 A= ZEHAY AT HE 8 U 25
% 3-6 M| Z2AL, HE A e300 3 Alg] = AEQIE A7 25 R AE A

g8 g wd

1% 3-7 H] Z2A}, S 323 304, 316, 347 3 Al g = ~H Qg A7t &% 52 A 9
bl s = e B A e = | OSSR SRR RTRRRRURO
1% 3-8 H] ZA}, G2 A3 304, 316, 347 38 Alg] = 2 olg] A7) &% 42 A 9
B A T A B T e
19 3-9 H| ZA}, 923 304, 316, 347 3 Alg] = ~H Qg A7} &% 32 A9
T B A e A A B e

1% 3-10 304 SA |l g A7 | AL 2 AL Ei} 2
19 3-11 316 CW 28|21 g] =7 v] AL 2 A}
12 3-12 0 < rew < 0.2 13l 330°Cel 4] ¢ 304
1% 3-13 0 < rew < 0.201] T3l 330°Cell A4 €] 304
1% 3-14 0 < row < 0.2 T3l 330°Coll 42| 316
1% 3-15 0 < row < 0.201] T3} 330°Cell 4 2] 316
12 3-16 0 < rew < 0.2 T3l 330°Col| 4] ¢ 347
19 3-17 0 < rew < 0.200] T3l 330°Cell 4] 9] 347 -3
1% 3-18 0 < rey < 0.201] T3] 20°Cell A4 €] 304 &3
719 3-19 0 < row < 0.20 thal 20° CoﬂAM 304 Trﬁg
719 3-20 0 < row < 0.201 thal] 20°Ce]
1% 3-21 0 < rew < 0.290 T30 20°C°ﬂ/‘1«] 316 3
19 3-22 0 < rew < 0.201 th el 20°Ce]
19 3-23 0 < row < 0.29] thal 20°Cel A 2] 347 +-3
17 3-24 20°C % 330°Cell 4] 304 SA 3] 7 ¥ %
719 3-2520°C % 330°Col| A 2] 316 CW 3 9] ¢ ‘3-1
¥ 3-26 S5 B Yo R A Bl 2AF 304 e
9 3-27 2% 2 Y3 o] SR A o] Bl 2AF 316 13 ©
719 3-28 &% Y dpa® ¥AHE Ao §4=2 4 2] 304 SA

ot o
L g
oo Il o Lt JU

ot

e
ot oft
o o 1o

JB o L o M

£ oo 2 ool &

ot
lo

—|~
9 o 9 o O ol

ot
©
4
ot
o3
o

otk

o

Lo

e

(0]

4

ot
dEor% Jmoroh

r9 ol O oo 9 o

808 2 o) &

2
o,
w
N
N
o do
oftt

Ei&ﬁi&i&j&
Al oo g o [

o (L o IH o W
LI L L

e
o

o N‘ ON'
9
£
o

o =
o
o

JIXE )
oz e

L L
oo ofo

do
ot



Translated Table of Contents

9 3-29 2% Y dpa® FA|H = A S22 316 CW=0.2 F3 9 52-1d

2 L= TP 3-28
719 3-30 3712] IRADSS A AL O 2 A DA e 3-30
%9 3-31 T35 WA A T X do) B 2 A3 3 LA e 3-33
2% 3-32 WAL ZAF A dlolE 2 A 3] wAA: MEE B e 3-34
19 3-33 A7k SR Ao 289 IASCC A /MA EdE ABE D RE 3-35
19 3-34 WA AL A #FS 0] 8-3HIASCC SH AlF S(A)2] HE s 3-37
719 3-35 A& <=2 A 330°Col A 304 SAL] IASCC AF3HE &3 e 3-37
1% 3-36 A3k <=2 A 330°Col| A 316 CW2] IASCC AF3HE 23 e, 3-38

A-32



Translated Table of Contents

..1-3
.2-3
. 3-2
..3-6
...3-6
37
37
.. 3-12
.. 3-12
. 3-12
..3-13

= AL (ShH=

=
=

1-1 G =]

=¥

3-2300 73 A

=¥

A,
A,

~
4

"

3-6 330°Col| A H] %A} 316 CW2] =)
3-7 330°Col| A H] %A} 316 SA2] A
3-8 330°Coll A H] A} 304 SA2] A
3-9 330°Col| A ¥] %A} 347 SA2] A

3-10 316

sk

Ak

<

vzel

HJ—X

3

o 4
an

=¥

"

=¥

.3-14
.3-14
.3-14
.3-15

-
It

M

NN

3-11 304

=3

=3 3-14 330°Col| A 304 2 316

.3-16
3-17
3-17
317
3-17

2]

3-15 316

1

3-17 316

=¥

A-33






The Electric Power Research Institute, Inc. (EPRI, www.epri.com)
conducts research and development relating to the generation, delivery
and use of electricity for the benefit of the public. An independent,
nonprofit organization, EPRI brings together its scientists and engineers
as well as experts from academia and industry to help address
challenges in electricity, including reliability, efficiency, affordability,
health, safety and the environment. EPRI also provides technology, policy
and economic analyses to drive long-range research and development
planning, and supports research in emerging technologies. EPRI
members represent 90% of the electricity generated and delivered in the
United States with international participation extending to 40 countries.
EPRI's principal offices and laboratories are located in Palo Alto, Calif.;
Charlotte, N.C.; Knoxville, Tenn.; Dallas, Texas; Lenox, Mass.; and
Washington, D.C.

Together...Shaping the Future of Electricity

Program:

Pressurized Water Reactor Materials Reliability

© 2019 Electric Power Research Institute (EPRI), Inc. All rights reserved. Electric Power
Research Institute, EPRI, and TOGETHER...SHAPING THE FUTURE OF ELECTRICITY are
registered service marks of the Electric Power Research Institute, Inc.

3002013216

Electric Power Research Institute
3420 Hillview Avenue, Palo Alto, California 94304-1338 * PO Box 10412, Palo Alto, California 94303-0813 USA
800.313.3774 « 650.855.2121 * askepri@epri.com * www.epri.com



	Materials Reliability Program: Development of a Material Constitutive Model for Irradiated Austenitic Stainless Steels (MRP-135, Revision 2)
	ACKNOWLEDGMENTS
	PRODUCT DESCRIPTION
	ABSTRACT
	EXECUTIVE SUMMARY
	SYMBOLS AND ABBREVIATIONS
	CONTENTS
	LIST OF FIGURES
	LIST OF TABLES

	1  Introduction
	1.1 Purpose
	1.1.1 Scope


	2  General Overview
	2.1 PWR Loads and Environment
	2.1.1 Loads on PWR RV Internals
	2.1.2 PWR Temperatures and Neutron Irradiation

	2.2 Finite-Element Analysis with User-Defined Material Subroutine
	2.2.1 ANSYS-IRADSS Solution Procedure
	2.2.2 Constitutive Formulation Procedure


	3  Constitutive Properties for Austenitic Stainless Steel
	3.1 General Description of Model
	3.2 Assumptions and Limitations
	3.3 Types of Stainless Steels Modeled
	3.4 Construction of the Stress-Strain Curve
	3.4.1 Basic Properties of Unirradiated, Annealed Type 300 Series Stainless Steel

	3.5 Effects of Irradiation and Cold Work on the Mechanical Properties of 316 CW, 316 SA, and 304 SA Stainless Steel at 330 C
	3.5.1 Modeling of Irradiation Effects at 330 C
	3.5.2 Generalization to Cold Work and Irradiation at 330 C
	3.5.3 Generalization of Mechanical Properties to Variable Temperature, Cold Work, and Irradiation

	3.6 Generalized Uniaxial Stress-Strain Relationship
	3.6.1 Stress-Strain Curves

	3.7 Calculation of Thermal Expansion Strain
	3.7.1 The ITER Secant Coefficient of Thermal Expansion—Option 1
	3.7.2 ASME Thermal Expansion—Option 2
	3.7.3 Direct Use of the ITER Thermal Expansion Fit—Option 3
	3.7.4 Thermal Expansion Comparison

	3.8 Void Swelling and Irradiation Creep
	3.8.1 Void Swelling: Empirical Model
	3.8.2 Irradiation Creep Empirical Model

	3.9 Failure Model
	3.9.1 IASCC Initiation: Empirical Model Based on MRP-211, Revision 1
	3.9.2 IASCC Initiation: Original Model of MRP-135, Revision 1
	3.9.3 Effects of Irradiation on Ductility
	3.9.4 Embrittlement Due to Void Swelling


	4  References
	4.1 Works Cited
	4.2 Bibliography
	Blank Page
	Blank Page

	A Translated Table of Contents
	简体中文 (Chinese – Simplified)
	Français (French)
	日本語 (Japanese)
	한국어 (Korean)




