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ABSTRACT

This report surveys current creep-fatigue design and fitness-for-service assessment procedures,
with a particular focus on environmental effects and creep-fatigue cracking near weldments.
Included in this assessment are the American Society of Mechanical Engineers Boiler and Pressure
Vessel Code Section III, Division 5, the British RS standard, the French RCC-MRx design code,
the ITER Structural Design Criteria, and the API-579/ASME FFS-1 fitness-for-service rules for
petrochemical components. The focus of this review is to identify gaps in the available methods
that could prevent the regulator from evaluating future advanced non-light water reactor designs.
The report makes recommendations, where appropriate, on actions that could be taken to fill these
gaps by either providing adequate assessment procedures for creep-fatigue damage in harsh
environments or by identifying strategies vendors could use to mitigate regulatory concerns with
creep-fatigue damage in advanced non-light water reactor components.
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1 Introduction

This report surveys current design and fitness-for-service evaluation practices for structures
subject to creep-fatigue damage. The purpose of this survey is to identify potential challenges to
a regulatory assessment of an advanced reactor design, with a particular focus on the interaction
of creep-fatigue damage with the reactor environment and on creep-fatigue cracking near
weldments. The report identifies gaps in current practices and makes recommendations on future
development work required to address these deficiencies.

The development of creep-fatigue design and fitness-for-service assessment was driven by work
on high temperature nuclear reactors in the 1970s. This effort incorporated earlier work on
aerospace applications dating back to the 1950s and focusing on high temperature design in jet
turbines and for aerodynamic heating. The initial development of design rules was done by
American Society of Mechanical Engineers. These rules are now contained in Section III, Division
5 of the ASME Boiler and Pressure Vessel Code. Section 2 traces their history in greater detail.
This work eventually focused on the development of a design standard for the Clinch River
Breeder Reactor. However, as that plant was never built service experience with the ASME rules
is limited to scaled testing done as part of the Clinch River project.

Both the British and the French built and operate commercial high temperature reactors: the gas
and advanced gas reactors in the UK and Phenix and Superphenix in France. As such, both
countries developed standards for the design and fitness-for-service assessment of advanced non-
light water reactor (ANLWR) components in support of their respective reactor designs. Both
countries started from the ASME rules, but over time significant differences have developed
between these standards and the current rules in ASME Section III, Division 5. This report
evaluates the French RCC-MRx and RS5 British standards. Technically, the RS standard is a
fitness-for-service methodology, but it can be applied to plant design by starting from an as-built
condition, without prior history. As both countries had/have operating plants, these standards are
somewhat more comprehensive than the ASME rules, generally covering both design and fitness-
for-service and, in the case of RCC-MRXx, irradiation damage.

The ITER Structural Design Criteria (ISDC) for fusion reactors are also surveyed here. In their
current form these rules closely mirror the French RCC-MRx standard. Uniquely, given the
challenges inherent in designing fusion containment structures, these rules only cover creep-
fatigue damage in high radiation flux environments. They do not provide rules for structures
experiencing low radiation doses.

Finally, the report surveys the American Petroleum Institute API-579/ASME FFS-1 standard for
fitness-for-service evaluation as an example of current non-nuclear industry practice. The design
of components in non-nuclear power plants and in petrochemical facilities conventionally does not
include creep-fatigue criteria, even at temperatures and operating transients where creep-fatigue
might be expected to be an issue. However, recent changes in the power generation industry
causing existing plants to experience more intermittent service and the development of combined
cycle gas plants using heat recovery steam generators has pushed the non-nuclear industries
towards incorporating creep-fatigue in their design. For example, ASME is currently sponsoring
an effort to include creep-fatigue rules in Section I and Section VIII of the Boiler and Pressure
Vessel Code. However, it is unlikely the non-nuclear power and petrochemical industries will



develop entirely new practices. Most likely, they will adopt the current nuclear methods with
appropriate modifications.

Creep-fatigue damage has a somewhat longer non-nuclear history for fitness-for-service
evaluation. The first version of API 579 was published in 2000 and contains rules for evaluating
the initiation of creep-fatigue flaws and the propagation of flaws found by inspection.

The report also attempts to survey the literature on creep-fatigue damage initiation and propagation
mechanisms for base metal, in adverse environments, and near and in welds. A mechanistic
understanding of creep-fatigue may be of particular importance when considering environmental
effects, where general rules covering all the potential mechanisms will be difficult to develop.
Unfortunately, despite a great deal of effort, the fundamental cause of creep-fatigue interaction is
still unclear, particularly when combined with corrosion or irradiation damage mechanisms. This
uncertainty, and the large variety of potential interacting mechanisms, is likely one reason why
none of the existing procedures provide comprehensive methods for creep-fatigue in corrosive
environments and why methods for accounting for irradiation damage on creep-fatigue are
typically padded with large design margins to make up for the degree of uncertainty.

Section 2 of the report covers creep-fatigue damage and flaw initiation in base metal. Section 3
discusses creep-fatigue combined with exposure to radiation or corrosive coolants. Section 4
discusses methods for creep-fatigue flaw evaluation in general as well as specific methods for
initiation and propagation near weldments. Each of these sections has a common format. The first
subsection surveys the underlying mechanisms that may contribute to creep-fatigue for the specific
conditions discussed in the section. The next section surveys existing design and fitness-for-
service methods. The final subsection discusses potential gaps and makes recommendations for
on how to address those gaps. Section 5 briefly summarizes the more important recommendations
discussed in detail earlier in the report.



2 Creep-fatigue design and analysis

21 Creep-fatigue mechanisms
2.1.1 General overview

Creep-fatigue is the initiation and subsequent growth of flaws under cyclic load interspersed with
hold periods at constant, or slowly varying, load. For the purposes of engineering design and
assessment creep-fatigue interaction expresses the experimental observation that a strain-
controlled fatigue test with holds will fail in fewer cycles than an equivalent pure fatigue test with
the same strain range and at the same temperature but without any hold periods. Similarly, adding
up the hold periods in the test to a total time at an equivalent stress produces a lower failure time
than when compared to a pure creep test at constant load. Creep-fatigue interaction then describes
the detrimental interaction of creep and fatigue failure modes.

Given this definition it is also worth defining pure fatigue and pure creep damage and deformation.
Fatigue damage is the initiation and growth of flaws under cyclic load. At least for the purposes
of this report, fatigue damage is a time-independent failure mechanism associated with either rapid
cycling, without holds, or lower temperature cyclic service where creep is insignificant. It is far
beyond the scope of this report to summarize the voluminous literature on fatigue damage initiation
and fatigue crack growth. For a general overview of mechanisms see [1] and for a recent review
of initiation models see [2]. For the materials of interest to this report, ferritic and ferritic-
martensitic steels, austenitic iron-based and nickel-based alloys, fatigue has mostly, but not
exclusively, been reported as initiating as a transgranular crack associated with a persistent slip
band impinging on a grain boundary.

Similarly, a general overview of creep damage mechanisms is beyond the scope of this report.
Reference [3] provides a general overview. For the materials of interest for this report, creep
damage is generally assumed to be an intergranular mechanism occurring at grain boundaries and
associated with the nucleation, cavitation, and coalescence of cavities [4]. This makes creep
damage a distributed mechanism, occurring simultaneously at many locations in the material,
whereas fatigue damage nucleates only at a few critical locations.

Given that, by definition, creep-fatigue loading involves creep, which is only a significant
deformation and failure mode at high temperatures, creep-fatigue is a high temperature failure
mode. Creep-fatigue damage has been recognized as a significant, potentially controlling failure
mode for high temperature structures at least since the middle of the 1960’s. This work was
primarily led by the nuclear industry, in anticipation of planned high temperature commercial
reactors, but was also influenced by the aerospace industry’s concerns about aerodynamic heating
for, at the time, current supersonic aircraft and anticipation of future hypersonic craft (c.f. [5]).

It is difficult to ascertain directly from the open literature how significant of a failure mode it has
been in practice for operating high temperature facilities, primarily concentrated in the
petrochemical and fossil power generation industries. The conventional design practice for such
structures, discussed below, does not account for creep-fatigue. However, there is some indication
that creep-fatigue is becoming a concern in these industries. Fossil power generation facilities are
operating at increasingly higher temperatures [6] and increasingly must respond to fluctuating load
on the electrical grid. Both factors have led to failures attributed to creep-fatigue interaction [7]—
[9], for example as ligament cracks between tube bore holes in Cr-Mo steel header pipes. For



natural gas generation, numerous failures have been ascribed to creep-fatigue in modern combined
cycle plants, particularly in the heat recovery steam generator [10], [11].

2.1.2 Creep-fatigue mechanisms

The brief description of creep and fatigue damage mechanisms provided above summarizes fatigue
damage as transgranular and localized to critical slip bands and describes creep damage as
intergranular and distributed widely over many grain boundaries (see Figure 1). The question is
then how do these two mechanisms interact to lead to the experimentally-observed decrease in life
compared to pure fatigue or pure creep deformation and damage?

Fatigue damage: transgranular, localized, linked to slip bands

A potential example of
creep-fatigue
interaction:

..., creep-induced voids
cause a fatigue crack
to grow along a grain
boundary

Creep damage: intergraﬁular, dispersed, linked to voids
Figure 1 Schematic diagram of creep, fatigue, and creep-fatigue cracking.

There is no definitive answer to that question. The following is a brief overview of some of the
theories that have been presented in the technical literature over the past 50 years.

Generally, the experiments described in the literature support the general model described above
— increasing creep deformation tends to promote intergranular cracking over transgranular
cracking [12]-[16]. Increased creep deformation here means either a higher temperature or a
longer hold time. Similarly, increased creep deformation tends to increase the likelihood that the
flaw would nucleate on the interior of the specimen and that the time to flaw initiation would be
independent of the surface finish, which again supports a model associating creep with
intergranular damage. A few studies did report a transition back to transgranular cracking at very
high temperatures [17], [18]. These studies provided a complicated explanation linked to
competition between wedge cracking and sliding on grain boundaries. Given the limited number
of experiments reporting this behavior and the fact that only one study reported the effect for an



alloy of interest (304 stainless steel), the body of evidence seems to support the general association
of fatigue and transgranular cracking and creep and intergranular cracking.

Surprisingly few papers provide a mechanism for the cause of creep-fatigue interaction. Those
that do provide a micromechanical explanation can be divided into three categories:

1. Creep damage on grain boundaries promotes earlier nucleation of a flaw on the order of
the grain size [19]. This flaw then grows under the subsequent fatigue cycling. This theory
has been applied to both ferritic and stainless steels.

2. Cracks initiate either through fatigue mechanisms (persistent slip bands) or creep
mechanisms (void coalescence or wedge cracking) and material softening effects promote
the subsequent growth of flaws, causing detrimental creep-fatigue interaction. There are
two subcategories here. The first subcategory hypothesizes that the softening mechanism
is creep cavitation. This theory can be applied to cyclic-hardening materials like 316 and
304 stainless steel [20]. The second subcategory attributes the softening mechanism to
plastic deformation in low cycle fatigue causing softening through microstructural
recovery mechanisms affecting the grain and dislocation structure [21]. This mechanism
can only be applied to cyclic softening materials, such as 9-12% Cr ferritic-martensitic
steels.

3. Creep deformation “holds open” grain boundaries, promoting diffusion of oxygen along
the boundary network, causing internal oxidation, detrimental microstructural changes, and
hence creep-fatigue interaction as these microstructural changes promote increased fatigue
crack growth. This theory is primarily applied to nickel-based alloys at very high
temperatures [12], [16].

We should note a further category of authors that refuse to attribute creep-fatigue interaction to a
single mechanism, instead describing several different mechanisms depending on the material,
temperature, and type of loading [22], [23]. A final category of papers, primarily focusing on
aerospace applications, does not report any creep-fatigue interaction (c.f. [24]). These papers
typically examine very short dwell times and therefore creep may simply not have been significant
in these tests.

Overall then, the experimental literature shows that there is likely not a single mechanism for
creep-fatigue interaction that can be applied to all materials, or even to the relatively limited types
of materials likely to be used in high temperature nuclear reactors. To some extent, this fact may
explain the prevalence of empirical engineering methods over mechanistic models. The
connection to oxidation in nickel-based alloys may be particularly important as current design
practices do not account for the effects of environment beyond factors on design fatigue curves
aimed at enveloping possible environmental effects.

2.1.3 An overview of creep-fatigue design and assessment

The subsequent sections of this report examine, in detail, current design practice for basic creep-
fatigue damage evaluation, creep-fatigue damage evaluation in the presence of detrimental
environmental effects, and the evaluation of damage and flaw growth under creep-fatigue loading
near welds. This subsection gives a general overview of creep-fatigue design and flaw evaluation



and provides an overview of alternate methods for creep-fatigue evaluation that have not been
adopted by the major design and fitness-for-service codes and standards.

We can divide engineering methods for creep-fatigue into two categories: design and construction
codes and fitness for service codes. Design and construction codes specify how to design a new
structure to withstand creep-fatigue damage over some specified design life, given the expected
loading, and further specify construction processes aimed at minimizing the initiation and growth
of flaws. This is supplemented by in service inspection methodologies, for example as specified
in ASME Section XI that provide, in concert with design and construction rules, added assurance
on the structural integrity. Fitness for service methods instead aim to ascertain the remaining life
of a component given the current material condition, a characterization of any detected flaws, and
some estimate of past and future loading.

We can also group methods into two additional categories: methods for preventing creep-fatigue
flaw initiation and methods for predicting creep-fatigue crack growth, given some initial flaw
geometry. This report focuses on crack growth near welds, though most methods generally apply
to both welds and base material.

In general, fitness-for-service procedures cover both flaw initiation and flaw growth, while design
procedures focus on preventing flaw initiation. Fitness-for-service procedures for flaw initiation
can be used for design by applying the procedure to virgin material and using the design loads.
Fitness-for-service procedures for flaw growth could be used for design by requiring designers to
consider a library of prospective design flaws. This methodology is commonly used for the design
of low temperature, light water reactors but does not seem to be commonly used for high
temperature design. Table 1 lists and categorizes the codes and standards considered in this report
according to these criteria.

Code Type  Initiation? Flaw evaluation?
ASME Boiler and Pressure Vessel Code Design Yes No

Section III, Division 5

ASME Boiler and Pressure Vessel Code Fitness No Yes (under
Section XI development)
ASME FFS-1/API-579 Fitness Yes Yes

R5 Fitness Yes Yes

RCC-MRx Design  Yes Yes

ITER criteria Design Yes Yes

Table 1 Summary of design and fitness-for-service rules considered in this report.

There are a several additional high temperature codes and standards that are not covered in this
report. ASME B31.1 covers high temperature piping. This report does not consider it because the
methodology overlaps with the Boiler and Pressure Vessel Code and is less well developed than
the detailed Section III, Division 5 rules. The Japanese Society of Mechanical Engineers, the Japan
Atomic Energy Agency and other Japanese professional and governmental agencies maintain
codes and standards used to design and maintain the Monju Fast Breeder Reactor and future high
temperature reactors in Japan. However, these standards are not widely available outside of Japan.
Various European standards cover portions of high temperature design and evaluation, for example



EN 13480 for piping, but there is no comprehensive high temperature design methodology suitable
for high temperature nuclear reactors.

Finally, the ASME Boiler and Pressure Vessel Code covers high temperature non-nuclear
structures in Section I (Power Boilers) and Section VIII (which covers high temperature
petrochemical equipment). Neither of these sections provides rules for creep-fatigue design and
so they are not considered in detail in this report. Both use an allowable stress method similar to
the “design load check™ in Section III, Division 5 but with different tables of allowable stresses.
Section VIII Division 2 has a code case (Case 2843) that directly incorporates the elastic analysis
methods of the Section III Division 5 subpart HBB! rules.

All the creep-fatigue damage initiation methods described in detail in this report fundamentally
use a similar method, which could be called linear or bilinear damage interaction. All the methods
compute a fatigue damage use fraction, Dy, and a creep damage use fraction, D, and then plot the
two quantities on a design chart of the type shown schematically in Figure 2. If the point (Df, DC)
falls inside the diagram the section passes the check; if it falls outside the diagram it fails. These
design plots are called damage diagrams, D-diagrams, or creep-fatigue interaction diagrams.
Different codes use different diagrams and, in some codes, different materials use different
envelopes. If the diagram is of the straight-line type shown in Figure 2 then the creep-fatigue
interaction can be called linear as it is expressed by the equation Dy + D, < 1. If the diagram is
“kinked,” also called out on the figure, then the interaction is called bilinear.

D

C

1.0

Passes

Figure 2 Schematic creep-fatigue interaction diagram illustrating the difference between a
linear and bilinear interaction.

1 We use the notation subpart HBB to reference Section III, Division 5, Subsection HB, Subpart B and so on for other
Subparts of the Code throughout the report.



All the standards considered in this report computed fatigue damage using Miner’s rule and strain-
range based fatigue curves. However, each Code uses a different method of computing creep
damage. There are many different rules for calculating creep damage and different studies often
assert advantages of certain methods over others (c.f. [18], [25]), but there is no consensus on
which method is superior overall.

The design and fitness-for-service methods consider here in detail use variants of three methods:
time fraction, ductility exhaustion ([26], [27] among many others), and the Omega approach [28].

In the time fraction approach creep damage is computed as

b jt dt
¢ o tr (o)
where t,.(0) is the time-to-rupture corresponding to the stress level at each instant during the stress

relaxation profile. The advantage of this approach is that it uses the same database (time to rupture
from creep rupture tests) that is used to establish the allowable stresses.

Ductility exhaustion calculates creep damage as

t .
&
D, :f (o) dt
0

er(0)

where &, is the creep rate and €5 is the rupture ductility, both of which could depend on stress.
Some studies find the ductility exhaustion method to be more accurate than the time fraction
approach. However, it does require a database reporting creep rupture ductility as a function of
time, stress, and temperature which is not as commonly available as simple rupture time results.

A third method for calculating damage is the MPC Omega approach described in [28]. Here creep
damage is given as

D, = j b (@) (o)t

where €., describes the initial creep rate and (),,, describes the rate of damage accumulation. The
Omega method was developed so that the () parameter, which describes the creep damage
accumulated in the material, can be determined from short-term creep tests measuring the creep
rate of a sample of material with some prior loading history. Additionally, an extensive database
of material parameters exists though MPC Project Omega and is reproduced in API-579/ASME
FFS-1. However, the model neglects primary creep in order to develop a one-to-one map between
creep strain rate and damage.

The Omega method is one example of a general family of continuum damage mechanics models
for creep rupture which originate with the work of Kachanov [29], Rabotnov [30], Hayhurst, and
Leckie [31]. These continuum damage approach have not been widely adopted by design codes,
perhaps because they are not easily amenable to simple analysis methods but rather require full
transient finite element simulations.



In addition to the linear or bilinear damage summation methods adopted by design and fitness-for-
service codes, there are several other approaches to representing creep-fatigue interaction that
should be mentioned. References [3], [32] provide good general overviews.

Manson and coworkers developed a strain-based approach that divides a generic stress-strain
hysteresis loop into components representing all combinations of forward and reversed creep and
forward and reversed plasticity, associating a damage with each of the four possible mechanisms
[33]. The disadvantage is that detailed, categorized experimental hysteresis loops and associated
failure data is required to calibrate the methodology.

Coffin developed an approach based essentially on modifying fatigue curves to account for strain-
rate effects. In the average sense of dividing the strain range experienced over a cycle by the total
cycle time (including holds) this approach can be applied to creep-fatigue deformation [34]. This
approach seems most suitable for slowly varying cycles, rather than conventional ramp-and-hold
plant operations. It has been adopted by the concentrating solar power community.

Chaboche and coworkers adopted the Hayhurst-Leckie-Kachanov-Rabotnov creep continuum
damage to account for creep-fatigue [35]-[37]. As with the classical continuum creep damage
models, their approach is most applicable to fully resolved simulations and hence has not been
widely adopted for engineering design or fitness-for-service approaches.

There are numerous other theories. For example Ostergren proposed a method based on the
dissipated energy of the hysteresis cycle [38] that seems to work well, at least for some materials.
The linear or bilinear damage summation approach seems to have become the dominate method at
least in part because of its relative simplicity, allowing for easy evaluation in engineering
calculations. We should emphasize that with this approach the creep-fatigue interaction diagram
is not a material property, but rather a design aid. A clear demonstration of this fact is found in
that the main design codes all posit different creep-fatigue interaction diagrams for the same
material. This is because the shape of the diagram is influenced by the methodology used to
compute creep (and fatigue) damage.

There is one dominate method for flaw evaluation under creep and creep-fatigue deformation: the
C* (steady state creep) and C; (time dependent creep) approach for correlating loading to creep
crack growth and extended to creep-fatigue growth by linearly adding additional fatigue crack
growth based on linear or nonlinear fracture mechanics. This approach is adopted by both R5 and
FFS-1 and so is detailed further below. Reference [39] provides an excellent overview and history
of the approach.



2.2 Survey of current design practice

2.2.1 ASME Boiler & Pressure Vessel Code

The design and construction rules for nuclear components that will experience elevated
temperature loading are in Section III, Division 5 of the American Society of Mechanical
Engineers Boiler and Pressure Vessels Code [40]. These Code rules began development as Code
Case 1592. This Code Case became Code Case N-47, which later became Section III, Division 1,
Subsection NH. Finally, the Code rules were split into their own Section III, Division 5 in the
2011 Addenda.

This report focuses on the current Code rules as of the 2017 edition and does not attempt to
extensively trace the history of the Division 5 creep and creep-fatigue design provisions. However,
there was a major change in the ASME creep-fatigue design method which occurred around 1990
[41]. The previous rules used modified fatigue curves accounting for creep effects, the current
rules use the creep-fatigue interaction diagram described in this report.

The Code provides design rules for two safety classes: Class A, which corresponds to Section III,
Division 1, Class 1 and Class CS and Class B, which corresponds to Section III, Division 1, Class
2 and Class 3. The classification of a component is determined through interaction between the
owner/operator, reactor vendor/designer, and the regulator through system analysis. As a general
rule Class A components will be those in the primary coolant pressure boundary.

Section III, Division 5 covers both metallic and non-metallic (i.e. graphite and SiC/SiC
composites) components. This report only considers the rules for metallic components.

Additionally, the Code separates out rules for pressure boundary components, support structures
for Class A and B components, and internal structures (also called core supports). Table 2 describes
the location of the rules within Division 5. The table also shows where Division 5 rules reference
Division 1 rules rather than defining an entirely new design process. In subparts HBA, HCB,
HFA, and HGA Division 5 references Division 1 rules with only very small modifications.
Subsection HCB references Division 1, Subsection NC with more substantial modifications
covering creep buckling and creep effects in piping.
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Low temperatures High temperatures

Class A HBA, references Div. 1, NB  HBB
Class B HCB, references Div. I, NC  HCB
Class A supports HFA, references Div. 1, NF Not applicable
Class B supports HFA, references Div. 1, NF  Not applicable
Class A core internal HGA, references Div. 1, NC ~ HGB
Class B core internal Not applicable Not applicable

Table 2. Map of Section III, Division 5 rules. Unnumbered subparts refer to Division 5.

A key distinction in Division 5 is clearly then the division between low temperature and high
temperature service. This temperature threshold is provided in HAA-1130-1. The table of
temperature cutoffs of permitted materials for low temperature service is reproduced here as Table
3.

Material Temperature °F (°C)
Carbon steel 700 (370)
Low alloy steel 700 (370)
Martensitic stainless steel 700 (370)
Austenitic stainless steel 800 (425)
Nickel-chromium-iron 800 (425)
Nickel-copper 800 (425)

Table 3. Division 5 temperature thresholds for low and high temperature service.

Division 5 contains two design criteria relevant to creep and creep-rupture. The Code checks the
primary stresses against a time-dependent allowable stress. This check covers, among other failure
modes, creep rupture under sustained load. Additionally, the Code requires checking Class A
components for creep-fatigue failure.

Subpart HCB extends the Division 1, Subsection NC allowable stresses to account for non-
negligible creep. Neither Division 5, Subpart HCB nor Division 1, Subsection NC explicitly
addresses cyclic service and, therefore, creep-fatigue failure. However, Division 5 does allow a
designer to design a component to a higher safety category. This means that the designer could
design a Class B component in elevated temperature service to the Class A rules found in Subpart
HBB. However, the full scope, and not just a selected portion, of the Class A rules needs to be
applied for this option.

The core support rules in Division 5, Subpart HGB are substantially identical to HBB.

As such, this report focuses on the parts of Section III, Division 5, Subpart HBB that guard against
creep rupture under sustained loading and creep-fatigue damage in cyclic service. These rules
essentially make up the majority of the ASME Code design procedure for all high temperature
nuclear components.

Executing a Subpart HBB design requires input from the Design Specification, generally provided
by the Owner-Operator. Among other things, this specification defines a series of service loadings,
classified into Level A, Level B, Level C, and Level D categories, along with a Design Load.
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Ultimately, the classification of transients into the four levels of service loadings is part of the
Design Specification and therefore generally the responsibility of the Owner-Operator. However,
the general guidance provided by the Code is that Level A corresponds to expected plant operating
conditions, Level B corresponds to expected fault conditions that can be recovered from without
repair, Level C corresponds to fault conditions that could only be recovered from after the
inspection and repair of plant systems, and Level D are fault conditions that cannot be recovered
from — a strong earthquake is the canonical example of a Level D service loading. Each of the
four categories has different design requirements and therefore different design margins and
somewhat different design rules. For example, for a Level D loading the only consideration is the
health and safety of the public and plant workers and therefore plant systems can be allowed to
fail, provided the primary pressure boundary remains intact.

The Design Loading envelopes the operating conditions described by all the Level A loading
conditions and therefore describes the expected operating conditions in the manner of a Section
VIII design load.

Each loading (Service and Design) must provide sufficient information to run a thermomechanical
analysis to determine the component stress/temperature history. Typically then, a loading
condition might be described by a set of thermal and mechanical boundary conditions — typically
metal temperatures, pressures, and nozzle and support loads. The thermal analysis could either be
done “upstream” from the mechanical designer, in which case the Design Specification would
specify metal temperatures, or it could be integrated into the mechanical design, in which the
specification might provide fluid temperatures and pressures. These fluid conditions could be
translated into metal temperatures using transient thermal analysis.

In general, Division 5 deals with time-dependent failure mechanisms and so the hold times
corresponding to each loading must be part of the Design Specification. As such, the thermal
analysis must be transient and not simply represent steady-state conditions. The Design
Specification must, at a minimum, specify the conditions corresponding to each service load and
the number of times the component will experience each particular load over its design life. The
specification might also give an expected loading sequence. If it does not, the Code allows the
designer to uniformly distribute the service loading cycles over the complete design life.

22.1.1 Primary load design: creep rupture under sustained load

The ASME Code considers two creep-fatigue related failure modes: creep failure under sustained
loading and creep-fatigue damage under cyclic load. The primary load design criteria guard
against creep rupture under sustained applied load.
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These checks use the stress determined for the component using an elastic analysis. These elastic
stresses must then be classified in order to separate out the primary load. The Code defines the
primary load as “Primary stress is any normal stress or shear stress developed by an imposed
loading that is necessary to satisfy the laws of equilibrium of external and internal forces and
moments” (HBB-3213.8). In the high temperature regime, another way to think about primary
load is that the primary load is the stationary stress under steady state creep.  Additional stress
classes used in the code are local primary (HBB-3213.9), secondary (HBB-3213.10), and peak
(HBB-3213.11).

Additionally, the Code requires the designer to linearize stresses, dividing them into membrane
and bending contributions. The membrane stress is the average stress across the section of a vessel.
The bending stress is then the part of the stress the varies from this average membrane stress.
Because the analysis is linear these stress contributions can be superimposed.

For shells and the center of heads the concept of a stress across a section is well-defined. For more
complicated 3D geometries, like a nozzle, the conventional procedure is to choose a line through
the component from surface to surface and classify stresses along this line.

Stress classification and linearization are really not separate concepts in Section III, Division 5.
Instead, the Code provides a table (HBB-3217-1) to aid designers in classifying stresses into the
categories of:

1. primary membrane

2. primary bending

3. local primary membrane
4. secondary

5. peak.

Note that local primary stresses are always membrane. Local primary stresses are in effect
secondary stresses that must be categorized as primary because if they were not limited they would
cause excessive load distribution and distortion elsewhere in the component. These include
stresses near nozzles or junctions between heads and shells in vessels.

Secondary stresses are self-limiting. The associated loading can be increased arbitrarily without
causing the structure to fail. The classical example is a thermal stress. Consider a vessel section
under a through-wall linear temperature gradient. As the magnitude of the gradient increases the
stress increases but the vessel, in the ideal case, will never collapse because the loading is self-
equilibrating.

Peak stresses are stresses caused by stress concentrations and other local stresses that cause only
local distortions. The stresses caused by a notch or hole are a classic example, as are stresses
caused by local hot-spots and clad stresses caused by differential thermal expansion. The key
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aspect of peak stresses is that they are only significant in the context of fatigue and creep-fatigue
design or when considering the propagation of a pre-existing crack.

One helpful way to think about stress classification is to realize that when the Code was developed
the only feasible vessel analysis method was through axisymmetric frame theory. The primary
load could then be calculated by splitting the vessel at arbitrary points and solving for the stresses
for the resulting statically-determinate problem. Axisymmetric frame theory naturally categorizes
stresses into membrane and bending stresses through its kinematic assumptions. Additional forces
and moments could then be applied at the cuts to bring the discontinuous sections back into
equilibrium. The stresses resulting from these continuity forces are the secondary stresses.
Finally, this method of analysis cannot account for notches, holes, nozzles, and other local features.
As such the perturbation in the stress field from the axisymmetric problem caused by these features
had to be calculated separately, for example by using stress concentration factors. These extra
stresses are the peak stresses. Local primary membrane stresses are secondary membrane stresses
which operating experience, experiments, and analytical models [42] show should be considered
as primary in order to maintain a conservative vessel design. Confusion and ambiguity in the stress
classification and linearization process results from applying the concept to 3D stress distributions
generated through modern finite element analysis. Note that stress classification is not a unique
process. Two designers could develop two different, reasonable distributions of primary and
secondary stress starting from the same geometry and loading [43].

The designer does stress classification and linearization on each component of the stress tensor
individually. Then the Code calculates a stress intensity factor for each type of stress — primary
membrane, primary bending, local primary membrane, bending, and peak. The stress intensity
factor is twice the maximum shear stress induced by the particular classified stress, in other words
the difference between the maximum and minimum principal stresses. This entire process occurs
at a single stress classification line or section of a vessel. All the design checks described below
must occur for each point along that line in order to find the worst case. For the classical
axisymmetric frame analysis, it is immediately clear where this worst point occurs because the
stresses are nicely divided into natural membrane and bending contributions. The checks must
then be repeated for all sections of the vessel or for a number of stress classification lines at
different points in order to ensure the design criteria hold over the entire component.

HBB primary load design considers both a design conditions check and a service conditions check.
Checking a structure against the primary design load criteria is essentially analogous to non-
nuclear, Section VIII, Division 1 practice. A linear elastic stress analysis of the component, under
the Design Loading conditions, provides the (maximum) primary membrane stress intensity. This
stress intensity is compared to a time independent allowable stress, S,, which is based on the
material’s yield and ultimate strength along with (extrapolated) 100,000 hour creep-rupture
strength.

14



The primary load check for the service conditions considers each loading individually and then
also considers the summation of primary-load creep damage for all the service conditions.
Essentially, each individual load case must be assessed against a time-dependent allowable stress
Sme Which in turn is the lesser of a time independent allowable stress, S,,,, and a time-dependent
allowable stress S;. S, is based on the material’s yield and ultimate strengths, accounting for
property degradation due to thermal aging with reduction factors. S; includes the time-dependent
rupture strength (criteria for both minimum and average material properties) but also additional
criteria based on the time to 1% creep strain and the time to the onset of tertiary creep. The service
loading checks include factors designed to account for plastic and creep stress redistribution for
bending, and so the actual checks consider membrane and bending primary stresses somewhat
differently and check S, and S; separately.

The assessment procedure for Level A and B loading follows this general approach. Level C
increases the time-independent allowable stress. Level D further increases the allowable stress
(for example, but using the Code rupture stress S, instead of S;) but uses reduced yield and ultimate
stresses accounting for thermal aging effects.

The damage summation criteria combines the results from each individual primary load check for
each service loading. This summation uses a time-fraction approach. Essentially, for each service
loading determine the maximum allowable time for that load, according to the Code S,,,;, divide
the actual time associated with the loading by this maximum allowable time, and sum up these
usage fractions for all the service loads.

These primary load checks ensure that the structure will not fail by creep-rupture under prolonged
loading. The actual criteria are more stringent than this, consider, for example, the additional
criteria incorporated into the time-dependent allowable stress S;, but at a minimum the primary
load criteria guard against long-term stress rupture. Separate criteria in Section III, Division 5
prevent the initiation of a creep-fatigue crack due to cyclic loading.

2212 Protection against creep-fatigue initiation using Nonmandatory
Appendix HBB-T

Subpart HBB requires “The strains and deformation resulting from the specified operating
conditions shall be evaluated. This evaluation shall include the effects of ratcheting, the interaction
of creep and fatigue, and the possibility of buckling and structural instability.” This mandate then
requires that the designer guard against creep-fatigue interaction. Ultimately, the Owner must
specify, in the Design Specification, which methods are used to evaluate these secondary load,
deformation-controlled limits. The Code provides Nonmandatory Appendix HBB-T as an
acceptable design method. The original intent of designating the rules in Appendix HBB-T as
nonmandatory was that the methodologies underlying these rules were new at the time of their
incorporation and frequent updates were anticipated.
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HBB-T provides two options for evaluating creep-fatigue damage: design by elastic analysis and
design by inelastic analysis. Additionally, Code Case N-862 provides an additional option using
design by elastic-perfectly plastic analysis. Fundamentally, all of these methods share the same
underlying technology — an evaluation of creep damage using a time-fraction rule, an evaluation
of fatigue damage using Miner’s rule and an assessment of creep-fatigue interaction using a creep-
fatigue interaction diagram. The basic input to these evaluation procedures are, for each service
loading, an equivalent strain range, used to evaluate fatigue damage, and a stress relaxation history,
used to evaluate creep damage.

Given some cyclic strain versus time history, the Code defines an equivalent strain range to convert
this history into an effective scalar strain (HBB-T-1413). This strain range can then be used to
look up an allowable number of cycles to failure from the Code fatigue diagrams. These diagrams
are based on strain-controlled fatigue test data at different temperatures. The average fatigue curve
determined from these tests are adjusted by dividing the best-fit trendline from the cycles to failure
data by a factor of 20 and the corresponding strain ranges by a factor of 2 and taking the minimum
of the two resulting curves. The origin of these factors is somewhat opaque, but they are designed
to account for not only scatter in the observed fatigue life but also environmental effects. For each
cycle, a creep damage fraction is calculated by dividing the number of repetitions of a given cycle
type (provided in the design specification) by the allowable number of cycles. A total fatigue
damage fraction is then calculated by summing up the fatigue damage fraction from each cycle
(Miner’s rule).

Given an equivalent, scalar stress relaxation history, HBB-T defines creep damage using a time-
fraction rule D, = foth ?, where t, is the time-to-rupture defined by the Code values of the
T

minimum rupture stress, S,. These rupture stresses are based on a minimum bound Larson-Miller
fit to experimental rupture data, conventionally a constant offset approximation to a 95% lower
prediction bound to the experimental data. The Larson-Miller fit may be used to extrapolate the
rupture data, but not past a factor of 3 to 5 in time (depending on how stable the material’s
microstructure is at elevated temperatures) and not below the lowest applied stress in the
underlying experimental dataset. In addition to using this lower bound, the Code requires the
designer first divide the “actual” stress relaxation profile coming from the analysis by a factor
(generally 0.9 for design by elastic analysis and design by EPP and 0.67 for design by inelastic
analysis). As rupture times are generally log-linear with stress this requirement greatly adds to the
design margin, when computing creep damage. The time-fraction damage for each individual
service loading are then summed to produce an overall creep damage fraction.

Now the designer has a fatigue damage, Dy, and a creep damage, D, associated with the whole
service loading history. The creep-fatigue diagram for the material is used as an acceptance
criteria. These diagrams provide an envelope in creep-fatigue damage space. If a particular point
(Df, DC) falls inside the envelope then the structure passes the HBB-T creep-fatigue design criteria.
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The creep-fatigue diagram is constructed from the results of strain-controlled creep-fatigue test
data. These tests cycle the material at fixed temperature between a fixed strain range. At either
the maximum tensile or compressive strain the test holds the material at fixed strain while the
stress relaxes. Sometimes tests are performed with holds on both the tensile and compressive ends
of the cycle. These holds will reduce the number of cycles to failure, when compared to a standard
fatigue test at the same strain range. Creep-fatigue tests produce a number of cycles to failure, a
strain range, and a series of stress relaxation profiles. The strain range can be used to determine a
number of cycles to failure for pure fatigue using a nominal fatigue curve. A fatigue damage
fraction can be calculated for the creep-fatigue test by dividing the actual number of cycles to
failure observed in the test by this pure-fatigue number of cycles to failure. A creep damage
fraction can be computed from the test stress-relaxation history by calculating creep damage using
the time-fraction approach and summing the results for the entire stress-relaxation history. Again,
this creep-damage calculation is done using nominal rupture data, not the lower-bound and
factored design approach described above. Each creep-fatigue test can therefore be reduced to a
single data point (Df,DC). The creep-fatigue interaction diagram is produced by plotting the
results of numerous creep-fatigue tests and fitting a bilinear trendline. This process generates the
diagram using nominal property data and so the diagram, notionally, represents the nominal
response of the underlying material to creep-fatigue loading. However, oftentimes the selected
trendline more closely follows the lower bound of the available data. The calculation of fatigue
and creep damage, described above, therefore contains the design margin in the ASME creep-
fatigue approach.

Traditionally, both tension and compression holds are tested and the worst of the two used in
constructing the interaction diagram. One diagram is used for all temperatures and so the design
diagram tends to conform to the data from the worst tested temperature.

Each of the three methods of design analysis (elastic, EPP, and inelastic) constructs the input data
to this general procedure in a different way.

Design by elastic analysis starts from the elastically-calculated strain range for a service cycle.
This strain range is modified by factors intended to approximately account for the increase in strain
caused by creep and plasticity. This strain range is then used to estimate a stress relaxation profile
using the Code isochronous stress-strain curves. The hot tensile curve at the material temperature
and at the design strain range is used to produce an initial stress. A stress relaxation history is
constructed by the determining the stress at the design strain range and temperature for subsequent
times during the hold. For example, the isochronous stress-strain curve value for 10 hours life at
the design strain range and temperature provides the stress after 10 hours of stress relaxation and
so on down to the cycle hold time. The elastic rules provide methods for combining the effects of
multiple load cycles. For fatigue this involves a variant of rainflow counting. For creep, this
requires superimposing the service relaxation profiles and using the resulting, bounding relaxation
history in the calculation of creep damage.
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The methods used to construct the design strain range and relaxation from the base elastic analysis
are all conservative. For example, constructing a relaxation history using the isochronous curves
is very conservative compared to both integrating a creep-rate equation into a relaxation history
and compared to experimental stress relaxation data. This conservatism adds to the design margins
contained in the Code stress rupture data, creep damage calculation, and design fatigue diagrams.

The EPP method uses the Code values of rupture stress to directly bound the creep damage
experienced by a component. The strain range resulting from this bounding EPP analysis is then
used to calculate fatigue damage. In practice, the elastic shakedown requirement of the EPP creep-
fatigue method tends to make this method very conservative.

Design by inelastic analysis is conceptually the most straightforward approach. The designer uses
a suitable inelastic model to simulate the full transient history of the component to generate a
temperature-strain-stress-time history. The Code definition of equivalent strain range converts the
strain tensor into fatigue damage. The Code defines an equivalent stress using Huddleston’s model
[44], which accounts for multiaxial stress effects. Finally, these strain ranges and stress-relaxation
profiles can be used to assess the adequacy of the structure using the creep-fatigue interaction
diagram.

2213 A general assessment of the ASME procedure

Historically, the ASME procedure was developed first among the creep-fatigue design methods
described here and many of the subsequent methods described below share similar features with
the ASME approach [45]. As such, it is worthwhile to describe the design margin contained in the
base ASME approach, now described in Nonmandatory Appendix HBB-T and Code Case N-862
and reflect on the assumptions and limitations inherent in the process.

As implemented in Section III, Division 5 the ASME creep-fatigue design approach ties directly
to experimental data to determine the fatigue damage fraction (by reference to experimental fatigue
curves), the creep damage fraction (by reference to an experimental creep-rupture curve), and in
the construction of the creep-fatigue interaction diagram (by reference to creep-fatigue tests).
Given a perfect representation of the components stress-strain-time-temperature history, the
margin in the method is in the factors of 2 and 20 used in constructing the design fatigue diagram,
the use of a minimum stress to rupture in calculating creep damage, and the use of a factorized,
rather than notional, stress relaxation history. Nominal properties are used in the construction of
the creep-fatigue interaction diagram, converting the stress tensor into an effective stress, and
converting the strain tensor into an effective strain range. The procedures used for combining
multiple load cycles are constructed to give a conservative estimate of the effect of superimposing
transients.
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In addition to the basic conservatism of the assessment method, the design by elastic analysis
procedure makes conservative assumptions in calculating the design strain range and relaxation
history. The EPP method uses a very conservative bound on the creep damage accumulated over
the structure’s design life.

In the absence of environmental effects, the ASME approach is thought to be very conservative.
Direct operating experience with structures designed to the Code is limited to subscale testing of
components in preparation for the Clinch River Breeder Reactor. The overall experience was that
the Code rules are somewhat difficult to execute, but the procedure leads to very conservative
designs.

2.2.2 RCC-MRx

The Afcen (French Society for Design and Construction Rules for Nuclear Island Components)
RCC-MRx design and construction code [46] constitutes a single document that covers in a
consistent manner the design and construction of components for high temperature reactors and
research reactors and the associated auxiliaries, examination and handling mechanisms and
irradiation devices. Although initially developed for Sodium Fast Reactors, Research Reactors,
and Fusion Reactors, the methods can also be used for components of other types of nuclear
facilities if the different radiation environments are properly accounted for. It was first issued in
2009 from the merging of the RCC-MX code, edition 2008 [47], developed in the context of the
research reactor Jules Horowitz Reactor project, and the RCC-MR code, edition 2007 [48],
devoted to high temperature reactors and ITER vacuum vessels. The scope of application of the
RCC-MRx code design and construction rules exclusively covers mechanical components —
considered to be important in terms of nuclear safety and operability, — having a leak-tightness,
partitioning, guidance and retaining or supporting role, and — containing fluids such as vessels,
pumps, valves, piping, bellows, box structures or heat exchangers and their supports.

The RCC-MRx code proposes three quality classes in the design and construction rules: N1Rx,
N2Rx, and N3Rx. They correspond from 1 to 3 to a decreasing levels of assurance of ability to
withstand different types of mechanical damages to which the component might be exposed as
result of loading corresponding to specific operating conditions. The Prime Contractor, the
Contractor and the Manufacturers shall draw up, as part of the contract, the list of mechanical
components and supports to be designed and constructed in compliance with this Code and
specifying the required Code Class, service loading considerations, and the level of criteria to be
met. The level criteria are categorized in to Level A, Level C, and Level D categories. For normal
operation including normal operation incidents, start-up and shut down the minimum level criteria
is Level A. Level C corresponds to the emergency conditions with very low probability of
occurrence, while Level D corresponds to fault conditions that are highly improbable but whose
consequences on components are studied among others for safety reasons. Note that, the ASME
code introduces a Level B into the design of pressure retaining enclosures by introducing a certain
tolerance into the design internal pressure value. This provision does not figure in RCC-MRx code.

To introduce design and construction rule sets such as those contained in new Standards NF EN
13445 (pressure vessels) and NF EN 13480 (pipes), the usual RCC code format was modified in
RCC-MRx by creating three sections (see Table 4). The design rules were adapted to cover the
mechanical resistance of structures close to neutron sources that can also operate in significant
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thermal creep conditions. The code provides a broader choice of materials than the steels used in
Pressurized Water Reactors (PWR) and Sodium Fast breeder Reactors (SFR) such as alloys of
aluminum and zirconium which can meet requirements for neutron transparent materials of
research or irradiation reactors (RR). The design rules are divided into general rules for design by
analysis and component specific design rules for particular components — shells and vessels,
supports, pumps, valves, and piping. The code also provides design rules for examination,
handling, or drive mechanisms and irradiation devices in separate subsections. The general design
by analysis rules are the same for all classes except class N3Rx for which those are not provided
in the code. Rules for bolts, bolted assemblies, and welded joints are also covered within general
design by analysis rules.

Titles (acronyms)
Section I General provisions (RDG)
Section II Addition requirements and special instructions (REC)
Section III Rules of nuclear installation mechanical components
e Tomel e Design and Construction rules
—  Subsection A —  General provision for Section III (RA)
—  Subsection B —  Class N1Rx reactor components, its auxiliary systems and supports (RB)
—  Subsection C —  Class N2Rx reactor components, its auxiliary systems and supports (RC)
—  Subsection D —  Class N3Rx reactor components, its auxiliary systems and supports (RD)
—  Subsection K — Examination, handling or drive mechanism (RK)
—  Subsections L — TIrradiation devices (RL)
—  Subsections Z —  Technical appendices (A1, ...)
»  A3: properties groups for base metal
» A9: properties groups for welded joints
» Al6: guide for prevention of rupture, leak before break analysis and defect
assessment
»  Other technical appendices
e Tome?2 e Parts and product procurement specifications (RM)
e Tome3 e Destructive tests and non-destructive examination methods (RMC)
e Tome4 e  Welding (RS)
e Tome5 e  Manufacturing operations other than welding (RF)
e Tome 6 e Probability phase rules (RPP)

Table 4 Table of content of RCC-MRXx code

The RCC-MRx code allows three methods of analysis — elastic analysis, inelastic analysis, and
experimental analysis. Elastic analysis is carried out on the assumption that the behavior of the
material is elastic and linear, that the displacements are small and there is no initial or residual
stress. Elastic analysis should be the most commonly used method, the other methods of analysis
should be used when it is not possible to check certain criteria associated with elastic analysis.
Experimental analysis consists in subjecting models representing the component or some of its
elements to loadings in order to determine the deformation and stresses or margins with regard to
the damage under study. Depending on the type of damages, different inelastic analysis methods
are proposed in the code — elastoplastic or limit analysis under monotonic loading, elastoplastic
analysis under cyclic loading if creep is negligible, and elasto-visco-plastic analysis under cyclic
loading when creep is significant. Limit analysis is performed by considering an elastic perfectly-
plastic material model while material hardening is considered in elastoplastic analysis. For elasto-
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visco-plastic analysis, a creep law representing material creep behavior must be included into the
material model.

The general analysis rules are provided in Chapter RB 3200. Rules are drafted with due regard for
the corresponding chapter of the RCC-MR code in order to introduce additional rules into it to
cover where irradiation is significant. In addition to the negligible creep test in the RCC-MR
which, if met, allows the effects of creep to be disregarded, a negligible irradiation test is provided
in RCC-MRx. This test makes it possible to disregard the effects of irradiation if the fluence
received by the component is below a value specified for the material concerned at the service
temperature. The structure of RB 3200 is described in Table 5. In this section, rules for negligible
irradiation are discussed. Rules in the case of significant irradiation are discussed in Section below.

Negligible creep Significant creep
Negligible | RB 3251.1 (Type P damages) RB 3252.1 (Type P damages)
irradiation | RB 3261.1 (Type S damages) RB 3262.1 (Type S damages)
Identical to RCC-MR Identical to RCC-MR
Significant | RB 3251.2 (Type P damages) RB 3252.2 (Type P damages)
irradiation | RB 3261.2 (Type S damages) RB 3262.2 (Type S damages)
New rules New rules

Table 5 Structure of RB 3200.

2221 Negligible Creep Test

The code provides two test methods to determine whether the effect of creep and the corresponding
additional analysis can be neglected. Test 1 is defined with two conditions. The first condition
checks whether the maximum temperature during the total operating period is less than the
negligible creep temperature of material. Here it is necessary to consider the maximum
temperature of the structure inside the thickness. The use of maximum local temperature is because
the negligible creep test covers both Type P (related to means stresses and strains in the thickness)
and Type S damages (taking care of local stresses and strains) [49]. The through thickness mean
temperature could be sufficient to describe the effect of creep for the former one, while the
maximum local temperature is required for the latter.

If the first condition is not met in Test 1, the code requires the total operating period, including all
loading levels, to be broken into N intervals of times. For each time interval, the maximum time,
T; during which the material may remain at the maximum temperature reached during t; without
creep is obtained from the negligible creep curve. Then, the effect of creep can be neglected if

o (E) <1

If both conditions in Test 1 cannot be satisfied for total operating period, Test 2 can be used which
is to check whether any of the conditions in Test 1 is met after ignoring Level D loadings.

t
T;

The rules for negligible creep are applied if the negligible creep test is satisfied. However, if the
primary membrane plus bending stress intensity exceeds the time independent allowable stress, Sm
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for a condition for which the maximum temperature is higher than the material negligible creep
temperature, then all rules for significant creep must be applied.

Since the focus of this report is creep-fatigue design, we limit our discussion to rules under
significant creep condition.

2222 Rules for Prevention of Type P Damages under significant creep —
negligible irradiation condition

Type P damages have the same meaning as in ASME code — P means Primary. For ductile and
hardening materials, these damages are caused by primary loads — e.g. constant pressure, force —
not by displacement controlled loads — e.g. temperature gradients. As with the ASME Code only
primary loads are considered when designing the structure against long-term sustained loading.
Again, as with the ASME Code the designer is responsible for classifying stresses [49]. Type P
damages could lead to the burst or collapse of the structure if they are not limited. The code divides
Type P damages into two parts — immediate excessive deformation and plastic instability due to
plastic strains and time-dependent excessive deformation and plastic instability due to creep
strains. Both immediate and time-dependent parts are covered in Level A and Level C criteria
while Level D criteria covers only immediate part of Type P damages.

If an elastic analysis is used the designers are required to classify and linearize stresses in order to
determine primary membrane, primary bending, local primary membrane stresses. Other two
categories are secondary and peak stresses that are not used in rules for preventing Type P
damages. The RCC-MRx code uses same definitions for all stress categories as those in the ASME
code. Detailed descriptions of stress classification and linearization are provided in Section 2.1.1.
The code then uses either maximum shear theory or octahedral shear theory to determine various
stress intensities and ranges.

To prevent the immediate Type P damages, Level A criteria to be verified are:

Prn = Sm(6m)

P, <1.5 S,,(6,,) ; in local non overlapping areas

P, <1.1 5,,(6,,) ; in local overlapping areas

P, +P,<1.5S5,6,)
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where, P, is general primary membrane stress intensity, P, is local primary membrane stress
intensity, P, + P, is primary membrane plus bending stress intensity, 8,, is the mean temperature
in the thickness of the supporting line segment used to determine stress intensity, and S,,, is the
allowable stress which is time independent but a function of temperature. Note that, all the stress
intensity values are determined by a linear elastic stress analysis of the component. The
explanation for multiplying allowable stress with 1.5 in the case of primary bending and local
stresses is that these kind of stresses cannot lead to necking and rupture but they can produce large
strains and must be limited. However, the limitation is not so severe compared to the limitation of
the general primary membrane stress. The values of S,,, are the smallest of the followings:

2/3 times the yield strength at 20°C

0.9 (austenitic stainless steels and nickel alloy) or 2/3 (other materials) times the yield strength at
O

1/3 times the tensile strength at 20°C

1/3 (austenitic stainless steels and nickel alloy) or 1/2.7 (other materials) times the tensile strength
at 0,,.

In the case of Level C and Level D criteria, the S,,, values are replaced by the lesser of 1.35 S,,
and yield strength at 6,,, and the lesser of 2.4 S,,, and minimum rupture strength at 6,,,, respectively.

For time-dependent Type P damage check, in the case of elastic analysis, the code introduces creep

usage fraction, U(d) which is used to estimate total creep damage for overall service time of the

component. To determine creep usage fraction, the total service time is first broken down to N

intervals. For each time interval, t; the maximum operating temperature and maximum stress

intensity are calculated to determine maximum allowable time, T; on the basis of time-dependent
) .. tj .

allowable stress, S;. The cumulative creep usage fractionis U = Zj\' T_]() For a given temperature,

6 and application time, t, the value of S; is equal to the smaller of the following quantities:

2/3 of the minimum rupture stress, S, (0, t)

80% of the minimum stress leading to the appearance of tertiary creep

the stress inducing total strain (elastic + plastic + creep) of 1%

To prevent time-dependent Type P damages, all loadings related to level A and C criteria must
meet

Upc(2.Bp) <1
Upc(Bp +®.P,) <1

where, (2 is a correction factor to account for local primary membrane stress and cannot be less
than 1. @ is a coefficient which takes into account the less damaging effect of the bending stress.
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The check for Level D criteria, all loadings related to Level A, C, and D must meet
Wycp(1.350.B,) <1

where W is the cumulative creep rupture usage fraction determined similarly as creep usage
fraction but using minimum rupture stress, S, instead of S;.

If elastoplastic analysis is performed, Type P damages for Level A criteria are checked under
loadings obtained by multiplying the loading concerned by 1.5 and 2.5 for excessive deformation
and plastic instability, respectively. In case of Level C criteria, the multiplication coefficients are
1.2 and 2. Check for excessive deformation not required in Level D criteria and plastic instability
is checked by a multiplication coefficient of 1.35. The elastoplastic analysis is performed under
monotonic loading and the mathematic model of the material behavior is based on von Mises
plasticity criterion, plastic flow rule, and an isotropic hardening rule.

If limit analysis is used, the code provides following two rules.
So = Sm(Omax)

where S, (—) R;; C is the mechanical or thermal load and C; is the collapse load obtained for
an elastic perféctly plastic material with a yield strength R; .

and
Usc(£2'.S,) <1 ;for Level A and C criteria
Wyep(1.3502".5,) <1 ;for Level D criteria

where 2 = creep correction factor due to plasticity.

2223 Rules for Prevention of Type S Damages under significant creep —
negligible irradiation condition

Type S damages are those which can only result from repeated application of loadings. These
damages are progressive deformation or ratcheting and creep-fatigue. The code provides separate
rules for preventing both ratcheting and creep-fatigue damages. However, the ratcheting rules must
be satisfied before applying creep-fatigue rules. Thus, rules for preventing ratcheting are also
discussed here along with rules to prevent creep-fatigue damage. All the rules for Type S damages
are checked only for Level A criteria.

The RCC-MRx code proposes the famous conservative 35, design rule as an alternative rule for
structures in the domain of negligible creep. However, in the case of significant creep, the code
recommends the concept of effective primary stress through the use of an efficiency diagram
validated for austenitic steel in the significant creep domain. Since 2002 [50], the efficiency
diagram rules have been extended to structures with secondary membrane stresses (e.g. cylinders
subjected to axial thermal gradients varying with time and in space) and to the case of an overload
of short duration (e.g. a level A seismic load). The efficiency diagram allows the calculation of the
relative variation of secondary stress in relation to the primary stress considered. Two types of
relative variations called secondary ratios — one in relation to the primary membrane stress and
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another related to the sum of primary stresses — are determined for use in the efficiency diagram.
There are several methods to determine these secondary ratios depending on the presence of
secondary membrane stress and overload of short duration. Using the secondary ratios and the
efficiency diagram the effective primary membrane stress intensity and the effective primary stress
intensity of the sum of primary stresses corrected by a creep factor are determined. To prevent
ratcheting the code limits the effective primary membrane stress intensity to 1.3 times S,,, and the
effective total primary stress intensity to 1.3 times 1.5S,,. Again, the bending stresses are less
prone to create a damage compared to membrane stress, thus a 1.5 coefficient is applied to S,,,.
After confirming the limits on effective primary stress intensities the code applies following limits
to strain at all points of the structure.

o Plastic strain + associated creep strain at 1.25 times the effective primary membrane stress
intensity should not exceed 1%

e Plastic strain + associated creep strain at 1.25 times the effective total primary stress
intensity should not excide 2%

The plastic strain is determined from average tensile stress-strain curves and the creep deformation
is determined from creep strain rules provided in material properties.

Once ratcheting rules are satisfied, creep-fatigue rules can be checked. Rules to prevent creep-
fatigue damage in RCC-MRx code are analogues to those in ASME code. As in the ASME code,
the RCC-MRx code also uses creep-fatigue interaction diagram to limit the creep-fatigue damage.
For a structure to pass the creep-fatigue design criteria, the representative points [V (Ag), W (0)]
must fall within the allowable envelop in creep-fatigue interaction diagram at all points of the
structure. Here, V (A¢) is the fatigue usage fraction and W (o) is the creep rupture usage fraction.

To determine the fatigue usage fraction, the strain cycles corresponding to the operating period are
classified into M types of cycles. The fatigue usage fraction for the type of strain cycle j is equal
to the ratio of the number of strain cycles nj to the maximum allowable cycles Nj. The cumulative
fatigue usage fraction is the sum of the fatigue usage fractions calculated for all types of strain
cycles. The maximum allowable cycles Nj is determined from the fatigue curve using the estimated
real strain range, Ae for cycle j. Similar to ASME code, the RCC-MRx code also factors the
nominal fatigue curve by a factor of 2 on strain range and 20 on the number of cycles to failure.
The real strain range, Ae includes the strain range found from elastic analysis; the plastic increase
in strain due to primary stress range, plastic redistribution and triaxiality; and the strain increase
due to creep. RCC-MR recommends the use of the equivalent strain variation as defined by the
von Mises criterion. Since the analysis is performed assuming elastic behavior, correction is made
by taking into account for plasticity, creep, and triaxiality. The creep rupture usage fraction is

determined as W (o) = Y W(g—';, 0) using S, values. Here, o0y, is determined based on primary
stress intensity and secondary stress range during time interval k.

The ratcheting and creep-fatigue rules discussed above are applicable when an elastic analysis
method is used. If an elasto-visco-plastic analysis is used, to prevent ratcheting the code limits the
greatest positive principal strain of the mean strain tensor along the supporting line segment to
material specific maximum allowable strain. The maximum allowable strain is usually 1% for most
of the materials. The code also limits the greatest positive principle strain of the tensor equal to the
sum of the mean strain and bending strain to twice the maximum allowable strain. Creep-fatigue
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rules for elasto-visco-plastic analysis are same as those for elastic analysis, except the maximum
strain range to calculate fatigue usage fraction and stress to determine creep rupture usage fraction
are directly calculated from the analysis results after a stabilized state is reached. The elasto-visco-
plastic analysis may need to run for several loading cycles to reach to a stabilized state.

2.2.3 ITER design criteria

ISDC design criteria [51] were developed specifically for in-vessel component of a Tokamak
fusion reactor, specifically ITER. The in-vessel components of ITER are irradiated by high energy
neutrons which affect material properties, most importantly ductility and fracture toughness. Thus
ISDC design code was developed based on material behavior under irradiation. The code provides
design rules for both low temperature and high temperature. The high temperature rules are for
structures that experience creep. The code checks the applicability of high temperature rules by a
negligible creep test. The code does not distinguish between different component classes, however
the approach taken in the ISDC is to evaluate the structures using rules that are equivalent to the
design by analysis rules of ASME Class A components. The code categorized criteria level into
A, C, and D — similar to those in RCC-MRx code. The general objectives of these criteria are:
negligible damage in Level A; significant local distortion may happen and inspection may be
required in Level B; and large general distortion may happen but keeping the pressure boundary
intact with no loss of safety margin in Label D. Level A criteria covers normal and upset loading
conditions, while Level C and D cover emergency and faulted loading conditions, respectively.

Because of the expected operating conditions, rules are only provided for high temperature
components that experience significant radiation. These rules are therefore detailed in Section 3.

224 RS

224.1 Overview

The R5 code [52] is a comprehensive manual for assessing continued operations of components
and structures subject to high temperature conditions. The R5 Code by default using a reference
stress approach and shakedown analysis. However, the assessment procedures available in R5 do
not preclude the use of a full inelastic analysis.

The modes of failure considered in RS are:

Excessive plastic deformation due to overload

Incremental structure collapse due to the applied load history
Excessive creep deformation and/or stress rupture

Crack initiation through creep-fatigue damage

The growth of flaws due to creep and creep fatigue

Failure of dissimilar metal welds due to creep and creep-fatigue

ANl S e
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There are a few general limitations for the use of RS procedures. It does not consider: unstable
structures that may be subject to creep buckling, severe dynamic loading, short time fracture (this
is covered in the R6 standard) and the effects of corrosion. The choice to not include creep-
buckling has been made R5 was originally developed to design and maintain the gas-cooled
reactors in the UK, most of the components have larger wall thickness than liquid metal reactors
or molten salt reactors due to the higher system pressure, and creep buckling is of lesser concern.
Severe dynamic loading (i.e. earthquake loading) has not been included. The interaction between
corrosion and other mode of failure at high temperature is still under consideration.

The general steps required to apply any of the procedures described in RS are:

1. Identify the temperature and load history of the structure under consideration, determine

the current service seen by the structure and define the additional required service life

Perform an elastic finite element analysis

Perform load classification and linearization from finite element results

Assess if creep plays a significant role

Decide if inherent flaws play a crucial role in the residual life estimation, and therefore

need to be considered

6. If a dissimilar weld is present, determine its integrity by using the procedures available in
RS Volume 6

7. 1If flaws are not considered or the structure is flaw free, then use Volume 2/3 to assess
structural integrity and crack initiation. If crack initiation is detected from the Volume 2/3
procedures then the propagation stage is evaluated by using Volumes 4/5 and 7. If flaws
are present in the structure than directly use Volumes 4/5 and 7

kb

When dealing with crack-like flaws and fatigue damage RS always divides the time history of a
crack like flaws into two steps: incubation and growth. The incubation is the time required for a
crack like flaw to reach a predetermined size a;. The value of a; is generally set to the maximum
non-detectable flaw size during inspection and is therefore methodology dependent. A value of
a; = 0.2 mm is suggested if no other information is available. The determination of the incubation
time t; is then performed using strain range-based fatigue endurance curve as follow:

In(N;) = In(N,) — 0.86N; 028

where N; is the number of cycles required for incubating a defect of size a;. N; is the fatigue
endurance determined from the fatigue strain range curve. The incubation time t;is computed from
N; knowing the relationship between the two. The incubation time is used to discount a portion of
the service life from the fatigue damage in the procedure. It should be noted that if a crack is
present considering a zero incubation time always lead to conservative results.

In general, RS 1s mostly concerned about assessing if a structure can sustain systematic service
loads (and small variations to them) without the need for repair during the planned future service
time. For this reason, one of the main assumption is the quasi shakedown behavior of the structure
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or component of interest. This assumption is partially removed when performing crack growth
assessments.

R5 classifies primary and secondary loads consistently with the ASME code. The purpose of
classifying and limiting primary, secondary and peak stress and adding design margin can be
summarized as follow:

e The limit on the primary stress is used to ensure that the structure operates in elastic regime
and to prevent ductile burst pressure overload or plastic collapse

e The limit on the primary plus secondary stress aims to prevent incremental inelastic
deformations leading to a structure collapse and to validate the use of elastic analysis for
crack growth assessment

e The limit on the peak stress is intended to guard against fatigue failure

A general concern for rules based on elastic analysis is the treatment of the elastic follow-up
because it contributes to enhanced creep damage. RS includes the effects of the elastic follow-up
by means of the elastic follow up factor Z. The follow up factor Z is used to assess the creep
fatigue damage and creep crack growth. It should be noted that the value of Z depends on the
mechanism of interest and that the methods used for determining Z are empirical and based on
judgment and experience.

Safety margins are not generally included in R5 procedures, instead sensitivity analysis of the input
parameters is required to assess the robustness of the evaluation. There are exceptions. In Volume
2/3 a safety factor is imposed on the yield stress for the determination of the plastic collapse,
minimum rupture properties are scaled by a 1.3 factor, and the two are sometimes combined in a
pessimistic manner to evaluate a conservative life or damage estimates.

As mentioned before, R5 relies on a reference stress concept to reduce the conservativism of elastic
analysis while still using simplified estimation technique. Another advantage of using a reference
stress method is the ability to incorporate complex material data without the use of a full inelastic
analysis. In Volume 2/3 the reference stress oyf is computed using a limit load analysis and
increased by a factor to define a rupture reference stress o, - The rupture reference stress is used
to evaluate bulk creep damage and deformation caused by primary loads. For cyclic loading a
shakedown reference stress o, # 1s defined to account for stress redistribution. This shakedown
reference stress can be interpreted as the reference stress at the beginning of dwell when
shakedown is achieved and it is used to assess surface creep damage and enhanced bulk creep
damage arising from fatigue loading. In volumes 4/5 and 7 the reference stress is modified to
account for the presence of defects. The reference stress is then used to compute the C* parameter,
from which crack-growth can be estimated.

Time dependent damage is evaluated in R5 by considering independently three factors and
combing them in a linear fashion. The three factors are: creep rupture due to necking instability,
time independent mechanical fatigue, and local failure due to ductility exhaustion. In RS, the
separation between creep rupture and local failure is justified by invoking the length-scale
difference of the two phenomena. The three different factors are defined as follows:

1. The creep usage factor is based on life fraction rule and is defined as
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e
where t; is the allowable time to failure as function of the reference stress and temperature.

2. The fatigue damage factor is assessed using Miner’s Rule

J
n.
D, = ) —L
f N
—1 0j

j
where the index j represents a cycle type, n; represent the number of applied cycles and

Ny; is the corresponding fatigue endurance.
3. The creep damage factor related to ductility exhaustion is defined as:

th &,
d:f ——dt
‘ 0 Sf(ec)

where t;, is the dwell time, £, is the instantaneous equivalent creep rate and & 1s the
corresponding multiaxial creep ductility.

2242 Volume 2/3: Crack initiation procedure for defect-free structures

R5 utilizes simplified inelastic analysis to guarantee the integrity of a structure. The procedure
relies on shakedown analysis to identify the parameters used in creep fatigue damage calculations
and guards against the following failure mechanisms: excessive plastic deformation, creep rupture,
ratcheting, crack initiation due to creep fatigue damage and creep deformations enhanced by cyclic
loading.

The procedure described in RS is summarized below:

First identify the complete load history of the component and resolve it into well-defined cycles
either by event or service loading. If well-defined cyclic event cannot be easily identified than one
should use the rainflow procedure, or similar methods, to derive cycle types and numbers. Then, a
finite element elastic stress analysis of the component shall be performed for each cycle type.
Critical location shall be recorded (there might be more than one critical location). Welds can be
neglected in this finite element analysis.

At each critical location:

e Compute the equivalent von Mises stress, elastic strain and associated ranges for each
point in time.

e Identify a stress classification line including the critical location and compute the
equivalent primary membrane, primary local membrane, primary bending, secondary and
peak stresses, Py, P;, Pg,Q and F, respectively.

e Demonstrate sufficient protection against plastic collapse, which means that the following
inequalities must be satisfied:

o B, <0675

o PL+Py <5

o A(P,+ Pg + Q) < 2.05, for ferritic steel

o A(P,+ Pg + Q) < 2.7, for austenitic steel
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where S}, is in general the 0.2% proof stress S,,. For materials with creep exponent smaller
than 2 then S, = 3nS,,/2(n + 1), where n is the creep exponent

If margins are adequate one proceeds to the next step otherwise full inelastic analysis shall
be performed

Evaluate if creep is significant. This means checking the following inequalities:

. t
S i) <
=1 tm(Tref) j

where t is the dwell time, ¢, is the allowable time from the insignificant creep curves and
Tyer 1s maximum temperature at the critical local for a certain cycle. If this criterion is not
met one needs to compute the creep usage factor U which is a function of the allowable
time to failure t at the given rupture reference stress o, £

- Zn, Lf( ref ref)l

If U < 1 then the analysis can contlnue, otherwise one needs to perform a more detailed
analysis.
The next step is to check if the structure is in global shakedown. This requires computing
the size of the region of cyclic plasticity by means of a yields stress S, scaled by a
parameter K, (typical value of K are between 0.7 and 1, however if justified K can be
larger than one). The parameter K; measures the ability of a material to develop steady
cyclic behavior. All regions along the stress classification line exhibiting an equivalent
elastic stress larger than S, K are considered plastic. The total length of plastic zone along
the classification line shall not exceed 20% of the wall thickness and a continuous elastic
core should be present for at least 80% of the wall thickness. If this is satisfied a detailed
shake down analysis is not required and one proceeds directly to check if the effects of
cyclic loading are significant via the following criteria (see Volume 2/3 Section 6.2.2 for
more detail):
e The most severe cyclic equivalent elastic stress range is within the elastic range of
the material, e.g. Al max < (KsSy)C + (KsSy)nC. The subscript ¢ and nc denote

the creep and non-creep end of the cycle

e The total fatigue damage Dy = Z§=1 1::—’ < 5% where N, is the fatigue endurance
0j

given the calculated elastic strain range associated to AGg; yqx
e The creep behavior is unperturbed by cyclic loading: AGg; gy < 0ss + (KSSJ’)nc’
where o556 = X, s is the steady state creep stress. Note that if all loads are secondary
ogs = 0.
If the above inequalities are all satisfied then one proceeds to compute the creep damage

J
2= 2o,

J=1
where t;, is dwell time, ogs is the steady state primary equivalent stress and t,. is the time
to rupture as function of ogg.
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The assessment is performed computing the total damage D = D, + D¢. If D < 1 and the
crack initiation will be avoided and the component is assessed for future service, otherwise
the procedure for crack propagation describe in Volume 4/5 shall be used to assess the
structure/component suitability. Note this implies that RS uses a linear interaction diagram.
To gain confidence in the assessment RS strongly suggests performing a sensitivity
analysis on the input parameters.

22421 Refined shakedown assessment

If the simple global shakedown criterion discussed above is not satisfied, e.g. the size of the plastic
zone along every stress classification line is not limited, one needs to demonstrate that the structure
will not collapse under incremental loading in another way. To achieve this a more detailed
shakedown analysis can be performed. R5 provide a simple superposition method to postprocess
finite element elastic results to check if a residual stress field can be used to satisfy shakedown.
The core concept is to find an equilibrated residual stress field p(x) such that when added to the
linear elastic stress field 6,;(t, x) generates a shakedown stress field 6;(t, x) = p(x) + 6,;(t, x).
The shakedown stress field 6;(t, x) must then be used to compute the size of plastic zone as
described previously.

224272 Additional steps for significant creep or significant cyclic effect

If creep effects are significant additional checks are required to avoid crack initiation and to guard
against cyclically enhanced creep. For globally shaking down structure subject to creep there are
two important factors to consider: the start of dwell stress g, and the elastic follow up factor, Z.

If peak stresses have been included in the shakedown calculations then g5 = 0, otherwise the

value of the start of dwell stress g, must be updated to better represent the start of the dwell stress
state. This can be achieved by identifying the maximum elastic stress range Adg;mq, and

subtracting from it the modified non-creep yield (KSS;/)nc:

0, = max (0, AGei max — (KSS;,)M)
note that the max function is used to ensure that the start of dwell stress is a non-negative quantity.

For selecting an elastic follow up factor Z, R5 provides several options: i) completely disregarding
relaxation (e.g. Z = ), ii) use a value of Z = 3 if some conditions about temperature and stress
level are satisfied everywhere in the structure, or iii) perform a monotonic elastic creep
computation. With Z computed the equivalent stress relaxation drop Ag,, is available and the total
equivalent strain range A&, can be evaluated. The total equivalent strain range A&; is defined as the
sum of the strain increment due to creep and the strain increment due to plastic deformations. The
total equivalent strain range A&, will be used for assessing the creep-fatigue damage. To guard
against excessive creep deformation the creep usage factor W need to be evaluated. A shakedown
reference stress and a reference temperature should be used to evaluate W. Because the concern
about excessive creep deformation is on the structure as whole the reference stress of interest is
related to the stress exhibited by the core of the structure. For this reason, RS provides different
methodologies to compute a core reference stress that should be used for this evaluation. The
reference is then selected to be the computed cores stress. The reference temperature is selected as
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the shakedown temperature computed in the residual stress procedure. The creep usage factor W
is then evaluated utilizing a life fraction approach:

"o Zn] Lf( ref; ref)l

where tis the allowable time to failure read from the appropriate rupture stress curve (e.g. Sg vs

time). If the creep usage factor W < 1, then no further analysis is required and the creep damage
per cycle can be computed as

th E'TC
d =j ——dt
‘ 0 ef(ec)

where £, is the instantaneous equivalent creep rate. To accurately compute the creep damage RS
suggests using inelastic finite element simulations. If this is not possible a pessimistic value of d.
can be computed assuming that the most extreme stress state during dwell applies at all times and
that the creep ductility is independent from the strain rate and equal to a lower shelf ductility. Note
that if this approximation is used the elastic follow up factor will be used in the calculation. RS
also permits adding the creep damage due to the transition before shakedown. Guidance about this
issue is given in Volume 2/3 Appendix A3.

The total creep damage D, is then computed as follow:

J

DC = Z n]dcj

j=1

The fatigue damage is calculated using the fatigue endurance N, obtained as a function of the
strain range A€; obtained in this section. The fatigue damage is computed as:

2.2.5 API-579/ASME FFS-1

API 579-1, also known as ASME FFS-1, regulates how a Fitness-For-Service (FFS) assessment
should be performed on components and equipment degrading during service. An equipment is
defined as an assembly of components.

An Assessment is used to calculate if a component is suitable for continuing operations or if it
should be repaired or retired.

In general, FFS-1 provides three different Assessments levels:

e Level 1 provides conservative screening criteria, requires the least amount of data and is
performed by using mostly pen -and-paper calculations
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e Level 2 s less conservative than Level 1, but it requires more complicated calculations and
more information about the past and planned operating conditions for a
component/equipment

e Level 3 provides the most detailed evaluation and is usually the least conservative. A Level
3 assessment may require FEA analysis and or additional experimental data to characterize
the state of the component of interest.

FFS-1 also provides guidance on which Assessment Level can or shall be used to evaluate the
suitability of the component depending on the type of service condition and the current state of the
component. For instance, for components operating in the creep-regime exhibiting a crack like
flaw only Level 3 assessments can be used.

Level 1 and Level 2 Assessments can be used only to predict rupture life if and only if the
component does not exhibit crack-like or volumetric flaws. For all other cases a Level 3 should be
performed.

For all Assessments Level the following data should be available:

e Original Equipment Design Data
e Maintenance and Operating History

Chapter 10 in FFS-1 provides procedures for how a component subject to creep-regime shall be
evaluated for continued operations.

2.2.5.1 Creep damage

22511 Data Requirements

The data required for a FFS evaluation are:

e Original component and equipment data. These data may include manufacturer’s data
report, fabrication drawings with enough detail to permit the calculation of the maximum
allowable working pressure (MAWP), inspection records, material test reports, etc. For
more detail see FFS-1 paragraph 2.3.1.

e A progressive record of maintenance and operational history including: the actual operating
envelope consisting of pressure and temperature including upset conditions, documentation
of any significant changes in service conditions, the date of installation and a summary of
all alterations and repairs, records of all hydrotests performed as part of any repairs, results
of prior in-service examinations including wall thickness measurements, records of all
internal repairs, etc. For more detail see FFS-1 paragraph 2.3.2.

22512 Level 1 Assessment

A Level 1 Assessment can be performed only if:
e The original design criteria the component has been designed to a recognized code or
standard
e The component has not been subject to thermal shocks or any other event resulting in
significant permanent shape changes, including corrosion and erosion.
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e The material meets or exceeds the respective minimum hardness and carbon content (see
FFS-1 Table 10.1 for more detail).
e The component does not contain:

o
o
o

O 0 0O

A local thin area (LTA) or groove-like flaw,

Pitting damage,

Blister, hydrogen induced cracking (HIC), or stress-oriented hydrogen induced
cracking (SOHIC) damage,

A dent or dent-gouge combination,

Any imperfection exceeding the original design code tolerances,

A crack-like flaw, or

Microstructural abnormality such as graphitization, sigma phase formation,
carburization or hydrogen attack.

The Level 1 Assessment procedure relies on the computation of a total creep damage parameter

Dotal but it is not always required. The total computed accumulated creep damage

Dctotal is

compared to a reference value Dcref = 0.25. If Df"ml<D:ef the component is suitable for
continued operation. The calculation of the total creep damage D' is different depending on if
the component is subject to a single or multiple design and operating condition. Required
assessment information are the nominal load, the maximum operating temperature and the
component construction material. Note that in both cases the effect of wall-thinning shall be
included, if present.

e Single design and operating conditions

a.

b.

d.

Determine the total service time tg. that shall include past and futured planned
operations. The nominal stress calculation shall include the effect of wall thinning.
Use screening curves provided in Chapter 10 to identify the maximum permissible
time for operation and compare it to the total service time. If total service time is
smaller than or equal to the maximum permissible time for operation, then the
component is suitable for continued operations; otherwise, proceed to step ¢
Determine the creep damage rate R, using the appropriate damage rate curves
provided in Chapter 10. The appropriate damage curve is selected based on the
nominal conditions. Compute the creep damage and the associated damage
DgOtal — tseRC'

Compare DE°! with D}/

e Multiple design and operating conditions

a.
b.

Determine the number of operating conditions J
For each operating condition j, identify the nominal load, the maximum operating

J_ must be identified. Again, the effect of wall

temperature and exposure time tg,,

thinning shall be included.

For each operating condition, determine the creep damage rate Rg using the
appropriate damage rate curves provided in Chapter 10. The appropriate damage
curve is selected based on the nominal conditions. Compute the creep damage as

D] =t! RI. |
Compute the total creep damage Dot = Z§=1 J

Compare DE°! with D}/
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In practice, for multiple operating conditions the total damage is computed as the sum of all the
damages generated from each condition.

In both cases, if DE°t@ < D] I the component is deemed suitable for continued service. If not, one
can either change the future inspection time, tune planned operating conditions or rerate the
component using Assessment Level 2 or 3

22513 Level 2 Assessment

A Level 2 assessment can be performed if:
e The original design criteria the component has been designed to a recognized code or
standard
e A history of the operating conditions and documentation of future operating conditions for
the component are available.
e No more than 50 cycles have been applied to the components. Note this includes startups,
shutdowns.
e The component does not contain:
o An LTA or groove-like flaw,
Pitting damage,
Blister, HIC, or SOHIC damage,
Any imperfection exceeding the original design code tolerances,
A dent or dent-gouge combination,
A crack-like flaw, or
Microstructural abnormality such as graphitization, sigma phase formation,
carburization or hydrogen attack.

0O 00O O0O0Oo

The Level 2 Assessment is the same as applying Procedure 1 for creep rupture life outlined in the
Level 3 assessment. For a Level 2 Assessment the temperature should be considered uniform for
the component at each specific timestep.

22514 Level 3 Assessment

A Level 3 Assessment can be used when the Level 1 or 2 Assessment fails or they cannot be
applied because of the presence of flaws. It should be noted that this assessment level is the only
one allowing creep-fatigue interaction to be considered.

Four different kind of level 3 assessments can be performed. The choice of the assessment depends
on the problem of interest:

e Creep rupture: determine creep rupture the life of a component without flaws.

e Creep-crack growth: is applicable to components with crack like flaws operating in creep
regime (discussed in the subsequent section on flaw evaluation.)

e (Creep-fatigue interaction.

e (Creep-fatigue assessment of dissimilar weld joints: it is applicable to 2.25Cr-1Mo and
2.25Cr-1Mo-V ferritic steel structure welded with a stainless steel or a nickel-based filler
metal. This procedure is applicable for structure operating in the creep regime and subject
to cyclic operations, but is not applicable if a crack is present (discussed in the subsequent
section on weldments.)
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The two creep-rupture life procedures described in FFS-1’s paragraphs 10.5.2.3 and 10.5.2.4 can
be utilized to evaluate the rupture life of a component operating in the creep range using the results
from a stress analysis. This assessment evaluates stresses and strains through the wall thickness
based on the best available estimate of the actual operating conditions. For the case in which an
inelastic analysis has been performed a material model accounting for creep or time hardening is
required. Plasticity should also be included in the material model if the computed stresses exceed
the yield strength of the material at the operating temperature.

These assessments provide a systematic approach for evaluating the creep damage experienced by
the component for each operating cycle. The total creep damage is the sum of all creep damages
computed for all cycles.

Inelastic accumulated strain limit | Weld and HAZ Base metal
Anywhere in the structure 2.5% 5%

when considering only primary | 1.25% 2.5%
bending and membrane stress

when considering only primary | 0.5% 1.25%
membrane stress

Table 6. Limit of accumulated inelastic strain for base metal, weldments and heat affected
zone (HAZ). Different strain limits are used for base metal or welds. Different strain limits
are allowed depending on stress combination type considered.

There are two procedures:

e Procedure 1: The first procedure (see FFS-1 paragraph 10.5.2.3) is based on the total
accumulated creep damage DE°'* throughout the component service life and inelastic
strain limits. The total accumulated creep damage is evaluated by computing stresses and
using material data from either the MPC Omega Project or Larson-Miller parameters (both
are provided in FFS-1). Stresses at discrete times during the load history may be computed
via elastic analysis, or inelastic analysis considering the effects of creep relaxation. The
use of this procedure implies the identification of a load histogram including the past and
future operating conditions and it is suitable for cyclic loading. If required, the entire load
history should be divided into cycles. Each cycle must be subdivided. For each cycle m
the procedure’s steps are the following:

o Determine the total cycle time ™t and divide into N time steps. The time steps
should be small enough to capture all relevant changes in operating conditions.
Note that the analysis should be performed accordingly to the actual sequence of
operating conditions. If the component is subject to corrosion and/or erosion the
time-steps should be small enough to capture this.

o Determine the temperate "T and the stress state "o;;for the time increment "t.
Note that the stresses can be computed by numerical or closed form solution for
simple geometries.

o Check if the component has adequate protection against plastic collapse. The
margin against plastic collapse is determined by doing a stress classification and

linearization analysis and by checking the following inequalities:

L "0 < Oy
.o n p .o,
. "0 < 0.75 gy, for austenitic steel
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n np2 np2 0.5
where the reference stress is computed as narp ef = P Pb3+9 Pi) ,P, and P; are
the primary bending and local membrane stress for the nt* increment, respectively,
and gy is the yield strength at the reference temperature "T.
o Determine the principal stresses "oy, "o,and "o3 and the effective stress "a,. The

effective stress is:

_ (n0'1 - no-z)z + (n0-3 - no-z)z + (n0'1 - n0-3)2
B 2

o Determine the remaining life for the computed equivalent stress level and
temperature for n‘" increment and define it as "L. The calculation the remaining
life depends if material data used are from MPC Project Omega or from the Larson-

Tlo.e

Miller parameter (LMP):
i. When MPC Project Omega Data are used the time to rupture is given as
L= , Where €., is the initial creep rate at the beginning of the sub

écoﬂm
step being evaluated based on stress state and temperature and Q,, is the
multiaxial damage parameter (see paragraph 10.5.2.3.g.1 for more details).
1000 LMP("S¢ff)
Trefa+ T B
Ciyp, Where LM P( "Ser f) is the Larson Miller parameter at a given
effective stress S, and Cppp are the Larson-Miller constant.
It should be noted that for both cases the parameter of both equations are constants.
For this reason, smaller the sub step time higher the accuracy obtained by the
remaining life calculation. Additional margins are introduced in the remaining life
when using material data based on the "L parameter. If the source of material data
is the MPC Project Omega database, the value of &., and (,, can be adjusted by
using the creep adjustment factor Ag) (linearly affects the minimum time to rupture
and range between -0.5 and +0.5) and the creep ductility factor AS!(linearly affects
the expected time to rupture range between -0.3 and +0.3) respectively. If creep
rupture data are given in terms of Larson-Miller parameter then the minimum or
average time to rupture may be used.

ii. For LMP the time to rupture is given by log;o[ "L] =

n

o Determine the used life fraction as DY = n—z
The total creep damage for cycle m is therefore computed as ™D = Y.N_, DY and the total
creep damage for the entire load histogram is computed as D% = yM_ mp [f ptotal <
1 the component is suitable for continued operations, from a creep damage perspective. If
the component satisfies both the creep damage and inelastic strain limit criterion the
component is suitable for continued operation, otherwise the component shall be rerated,
repaired or retired.

Procedure 2 (see FFS-1 paragraph 10.5.2.4) is defined in terms of integral equations and
is better suited for implementation in numerical software. This procedure considers
ratcheting and shakedowns at all points in the structure as means to guarantee global
structural integrity. The operation time histogram shall be defined in the same manner as
in Procedure 1. This procedure provides three options for assessing structural integrity:



a. Elastic analysis for which the following limit P, + P, + Q < (Sh + Syc) shall be
satisfied where Q is the secondary stress, Sy, is the maximum allowable stress at the
maximum temperature within the cycle being considered and S, is the minimum
yield strength for the cycle under consideration. In other words, for both S;, and S,
pessimistic values are used.

b. A simplified inelastic analysis is used to demonstrate elastic shakedown at all points
in the structure. For this option a conservative load histogram should be used (e.g.
for each sub-step n use the most extreme loading condition). At least two complete
cycles shall be considered. A minimum hold time of at least one year must also be
included to establish the effects of creep relaxation.

c. A complete inelastic analysis is used to account for time dependent material
properties and the complete load history, including transients. The purpose is to
demonstrate structural shakedown or steady ratcheting. In either case the strain
limits in Table 6 of FFS-1 shall be satisfied.

For options a and b a simplified histogram may be used. Option c requires a complete
inelastic analysis of a load histogram. For stabilized cycles an elastic-perfectly-plastic
model is used to produce conservative results. Furthermore, shakedown is not required
because a limit on total accumulated inelastic strain is used (this is similar to ASME
Section III, Division 5, paragraph HBB-T1310). The strain rate to be used in the inelastic
analysis, i.e. a creep model shall be determined using the following equation (see FFS-1
paragraph 10.5.2.4.c for more details):

_ €oc

~1-D,

where &, is the initial creep rate evaluate at the beginning of time period being evaluated
based on stress and temperature. The creep model for the inelastic analysis is determined
by equations 10.30 through 10.42 in FFS-1 paragraph 10.5.2.4. This model is based on
MPC Project Omega Data.

€

It should be noted that the provided strain rate model does not include the effect of primary
creep. In general, primary creep is irrelevant when calculation is performed utilizing
design data. Furthermore, the Omega model accounts for accelerated creep rates and creep
relaxation when high stresses are present. This is a conservative approach compared to
letting primary creep relax without damage.

Furthermore, inelastic analysis is required to assess the creep life for regions of the
component experiencing extreme conditions of stress and temperature which may lead to
inelastic behavior of the component. It is the responsibility of the analysist to select such
locations and to ensure that the worst-case scenarios have been analyzed. The life due to
creep damage is defined as the time for which the accumulated creep damage D, = 1. The
remaining life is defined as the creep life minus the time in actual operation.

At local discontinuities the use of inelastic analysis account for creep damage and creep-
fatigue interaction. The use of a local shakedown requirement guarantees that
accumulated inelastic strains are small everywhere in the structure. Results of the inelastic
analysis must satisfy the following criteria.
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1) The creep damage D, must be smaller than unity everywhere in the structure
2) The equivalent accumulated inelastic strain should not exceed the following
limits (see Table 6):
e 5% anywhere in the structure
e 2.5% when considering only primary bending and membrane stress
e 1% when considering only primary membrane stress

2252 Fatigue damage

FFS-1 provides rules to assess the fatigue damage and the remaining fatigue life in chapter 14. For
creep-fatigue conditions only Level 2 and Level 3 Assessments can be used because Level 1
assessments do not provide a fatigue damage analysis. Note that only Level 3 Assessments are
described in detail as they produce the most accurate fatigue damage estimate. For detail about
Level 2 Assessments see FFS-1 section 14.4.3.

There are three methods for a Level 2 fatigue assessments:

1) Method A — Fatigue Assessment Using Elastic Stress Analysis and Equivalent Stresses. The
computed effective total equivalent stress amplitude obtained from a linear elastic stress
analysis and experimental data from smooth bar fatigue curve are used to evaluate fatigue
damage and remaining life.

The effective equivalent stress range is then computed and scaled by a fatigue penalty factor
K, , whose value can be computed as a function of the stress or strain range.

2) Method B — An elastic-plastic analysis is required to determine the appropriate equivalent
strain. This method computes the fatigue life based on an equivalent strain range determined
from numerical calculations and compares the results using experimentally determined strain
range and life.

3) Method C — Assess the life of welds using an equivalent stress obtained from elastic analysis.
This method utilizes the computed equivalent structural stress ranges and compares them
with weld and joints fatigue curves. The equivalent structural stress range parameter is
defined as the structural stress range scaled by the product of three different factors: a power
of the structural correction factor f), ;, a power of the means stress correction factor I and a
power of the equivalent structural stress effective thickness t ;.

Note that a fatigue assessment entails a secondary ratcheting check. Two methods are provided:

1) Elastic Stress Analysis — The protection against ratcheting is evaluated using an elastic analysis
with conservative assumptions to approximate the effects of steady-state and cyclic loading
conditions. The conservatism comes from using the highest value of equivalent stress range AS,, ;
throughout the thickness and by limiting it with the maximum allowable primary plus secondary
stress range Spg.

2) Elastic-Plastic Stress Analysis — It is used to determine the structural shakedown and to evaluate
the accumulated plastic strain. This assumes the use of an elastic-perfectly plastic material model
and the use of minimum specified yield strength at a temperature. The acceptance criteria for the
Assessment are: there is no plastic action in the structure, or there exists an elastic core in primary-
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load-bearing boundary of the component, or there is no permanent change in the overall dimension
of the component under cyclic loading.

Level 3 fatigue assessments leverage a critical plane approach in combination with a multiaxial
strain-life equation, and incorporating a mean stress correction, to evaluate the allowable fatigue
life for the given loading history. The aim of the critical plane approach is to identify the cutting
plane exhibiting the maximum fatigue damage. Fatigue damage is computed using a strain/life
equation. The critical plane approach shows improved correlation with fatigue test results and its
post processing complexity is therefore justified, given that it reduces the degree of
conservativism.

The results from an elastic stress or elastic-plastic stress analysis may be used. The methodology
is different and depends on kind of stress analysis performed:

e Elastic stress analysis and critical plane approach:

o Determine the loading history and future planned operations. Because this is a
fatigue analysis all significant events should be included.

o Perform an elastic stress analysis of the component record the stress distribution
for point of the loading history. Because this is an elastic analysis the order of
events is not significant and simulations can be performed independently for each
time in the loading histogram. The sequence of events can be reconstructed during
post processing.

o Correct the resulting stress and strains for plasticity using the Neuber correction
model. The Neuber correction model used in the FFS-1 plastic correction
procedure incorporatse isotropic and multiple back stress kinematic hardening.
For more detail on the correction see Section 14C.2.2.2 in FFS-1.

o Using the Neuber corrected stress and strains compute the maximum shear and
normal strain for a candidate critical plane for all times in histogram.

o Using the elastic (uncorrected) stresses and strain determine the corresponding
stress and strain ranges using the cycle counting technique described in paragraph
14C.4.2. Define the total number of stress ranges as M.

o For each cyclic stress range k:

= For the selected candidate plane calculate the maximum shear and
associated normal strain range, Ay, 4, x and Aey using the Neuber
corrected strains.

* Calculate the admissible number of reversal Ny by means of the brown
miller equation

AVmax,k A";—'N — 1.65 <O—f{,k — ON—meank

b , c
ok 26 — )(zzvf,k)k+1.5gf,k(zzvf_k)k

where o7 ., & i, by and ciare equations parameter determined for the

reference temperature of the k" cycle type. This equation directly
considers the effect of Poisson’s ratio, elastoplastic strains and means
normal stress.

= Compute the fatigue damage as:

D, = —k
g
fND

with fyp =1
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where ny, is the number of applied cycles of type k and fy is the fatigue
knockdown factor. The fatigue knockdown factor accounts surface finish,
geometry and other effects that might reduce fatigue life. Table 14.8 in
FFS-1 gives values for the fatigue knockdown factor.

o Compute the total fatigue damage as the sum of the damages computed for each

cycle:
M
Df = Z Df,k
k=1

o Repeat the all procedure for the next candidate critical plane.

o Once all candidate critical planes have been evaluated determine the maximum
fatigue damage as the maximum damage accumulated over all the critical planes
Dt amx- The component is suitable for continuing operation if

Dfmax =1

e Elastic-plastic stress analysis and critical plane approach: the procedure is the same
outlined for the Elastic stress analysis except that Neuber stress and strain correction is
not used.

2253 Creep-fatigue interaction

Creep-fatigue interaction evaluation in FFS-1 is described in paragraph 10.5.3. Creep damage and
fatigue damage are evaluated separately. For evaluating creep damage, use the creep rupture life
assessment described above and determine the creep damage (e.g. D, = Y. _; ™D). For evaluating

the fatigue damage per cycle, a damage fraction approach is used (e.g. Dy = M . m—;), where n

is the number of actual cycles and N is the number of allowable cycles for the condition defined
by the histogram for cycle type m. Once creep and fatigue damage are computed, FFS-1 provides
a creep-fatigue interaction diagram to check whether the combined creep and fatigue damages
exceed the limits. Besides satisfying the creep-fatigue damage requirement FFS-1 additionally
requires a limit on the maximum accumulated inelastic strain accordingly to Table 6.
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2.3 Recommendations

2.3.1 Scope of this report

The authors are aware of parallel efforts by ASME on assessing and identifying gaps in the Section
III, Division 5 rules for the design of high temperature nuclear components. Therefore, this report
does not duplicate these efforts for the creep-fatigue design rules. The following recommendations
might be viewed as improvements to existing creep-fatigue methods, as the current ASME
methods are generally over-conservative. However, they do address areas where the current
ASME methods, stripped of design margin, could fail to predict the actual life of a component
conservatively, particularly for structures with long service lives. For very long service lives
experimental data does not exist to directly validate the design method predictions and so it is
possible, if unlikely, that the design methods including margin could eventually fail to be
conservative.

2.3.2 Assessing creep and creep-fatigue damage methods

Most newer codes and standards adopt a ductility exhaustion approach to calculate creep damage,
whereas the ASME code relies on the older time-fraction approach. Given identical databases the
two methods do produce different predictions of a structure’s rupture life. There is some indication
in the literature that the time fraction approach produces longer predicted rupture lives than the
ductility exhaustion approaches for low levels of applied load (i.e. components with long design
lives). This does not mean predictions using the time-fraction approach will be non-conservative,
but it is a potential concern.

The creep damage calculation in the ASME methodology could easily be replaced with any other
method of computing damage. However, as described above, the creep-fatigue interaction
diagrams would need to be recomputed which would require a much more substantial effort.

A short study could assess the adequacy of the time fraction approach for the long design lives and
multiaxial stress states more representative of in service components in future advanced reactors.
This study would necessarily be comparative rather than determinative — it could compare the
predictions of the time fraction approach to other methods for computing creep damage, but as all
methods will be extrapolating from shorter term data it could not directly determine which methods
may be non-conservative.
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However, knowing for which design lives and/or stress states existing methods make diverging
predictions could be valuable for the regulator in setting limits on initial licensing periods or
thresholds for requiring a higher scrutiny of a structure subject to creep-fatigue loading.
Additionally, such a study could be used as a vehicle for providing the NRC a suite of different
models for creep-fatigue evaluation that could be used to make decisions on particular component
designs. For example, if all the models provide consistent predictions than the uncertainty in the
extrapolated creep-fatigue life is likely low. On other hand, if the predictions of the models diverge
than there could be considerable uncertainty in the extrapolated component life.

A similar effort could be undertaken to give regulators a suite of options for creep-fatigue damage
evaluation, beyond the linear or bilinear interaction approaches adopted by the current design
codes. This suite of models could be used in a similar way to the creep damage model described
above. At least some of the alternative models can be calibrated with the same data that underlies
the ASME creep-fatigue interaction diagram and so additional testing would not be required.

2.3.3 Notch effects

Nearly all creep-fatigue design procedures are calibrated to uniaxial creep-fatigue test results. The
ASME Code is no exception. The effects of multiaxial stress states are incorporated into the design
procedure using an effective stress that is supposed to index a multiaxial stress state to an
equivalent uniaxial stress. Equivalency, in this case, ideally, means that the two hypothetical stress
states will result in the same creep-fatigue life.

The effective stress used in the ASME code for creep-fatigue analysis varies. For design by elastic
analysis it is in effect the Tresca stress, because the design by elastic analysis rules use stress
intensities. For the EPP method it is in effect the von Mises stress because the bounding creep
damage calculation using perfect plasticity and a pseudoyield stress uses a von Mises yield surface.
The design by inelastic analysis method explicitly uses the Huddleston [44] stress to account for
multiaxiality. Of these three only the Huddleston stress has any direct experimental validation.

Again, ultimately the only way to directly validate the code approaches is to conduct specialized
creep-fatigue tests on geometries with controlled stress states. Only example would be a
pressurized tube under combined axial load. Another example could be tension-torsion
experiments. As with most of high temperature design, such experiments would be complicated
by time effects. For example, experiments have established that the effect of stress multiaxiality
on creep rupture changes with the applied stress level and hence the design life [53].
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However, analysis studies could be used to clarify the issue. One possibility is to evaluate a series
of components with a geometry contrived to span a variety of stress states — for example bars with
increasing sharp notches — using several creep-fatigue methods to determine the scatter in life
predictions and to ascertain any trends in the methods’ predictions as the stress state changes. Such
studies could be used to gain confidence in the existing methods, if the stress state does not greatly
affect the scatter in predicted lives, or to identify which methods may have particular difficulties
handling notch effects, for example if one method begins to diverge from the others for particular
stress states.

2.3.4 Assessment of margin

The ASME creep-fatigue design approach is likely highly conservative, particularly for structures
with relatively short design lives. However, the margin in the current design code approaches was
not set probabilistically, but rather through engineering experience. This means, for example, that
a probability of premature failure cannot be associated with a particular component, set of loadings,
and design life. Furthermore, though it is expected that this hypothetical probability will be very
low it will also certainly increase as the design life required of the component increases. Part of
this increase in probability will be caused by long-term unknown effects that cannot be directly
assessed from existing experimental data — several of effects of this type are highlighted in this
section. However, part of the increase will be due simply to a reduced confidence in extrapolating
stress rupture data out to longer design lives. This statistical effect could be quantified.

Furthermore, the overall fixed design margin implied by the code approaches for creep-fatigue
could be determined as a function of temperature and design life by a consistent comparison to
inelastic damage analysis. The general approach could be:

1. Select some inelastic damage model for creep fatigue to represent the true material
response. This model must reasonable capture the relevant phenomenon, but not exactly
capture the experimental response of any particular material.

2. Use this material model to simulate a set of experiments sufficient to construct creep-
fatigue design information following the current code approach.

3. For a series of different components, loadings, and design lives perform two life
evaluations: one with the code design approach using the design curves developed from
synthetic experiments that will be consistent with the inelastic model and one with the
inelastic model directly. The difference in predicted life between the two analyses is the
design margin for the code approach for that particular component, design life, and
sequence of loadings. The process can be repeated to build up a more complete picture of
how the inherent margin in the code changes as a function of design life, temperature,
loading, etc.
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Combining the statistical uncertainty of extrapolating short-term data and the fixed design margin
in the code approaches could give regulators a better understanding of risk in high temperature
structural design. This combination could be made by introducing appropriate data scatter in step
two of the process described above, tuning the scatter to that found in actual, experimental
measurements of the relevant material properties.

The probabilities generated through this approach could only be a lower bound because of general
uncertainty associated with long-term creep-fatigue damage (notch effects, changes in creep-
fatigue interaction, etc.). However, this method could give regulators a tool for examining single-
event scenarios as a function of design life and uncertainties in transient temperature loadings and
also a tool for assessing the likelihood of multiple-event scenarios where more than one component
fails in a narrow timeframe.
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3 Creep-fatigue in adverse environments

3.1 Creep-fatigue mechanisms in corrosive coolants

The fatigue resistance of metals can be significantly affected by the corrosive environment. Hostile
liquid or aggressive gaseous environment, most frequently in the presence of damaging impurities,
can cause degradation in the fatigue life of structural metallic materials while undergoing cyclic
loading through interactions of the chemical and mechanical processes at the crack tip. The
phenomena of cracking under the combined action of cyclic loading and a corrosive environment
is commonly called corrosion fatigue [54], [55]. Cracks during corrosion fatigue can be initiated
at the surface intergranularly or transgranularly [55]. In the case of former, intergranular corrosion
provides initiation sites for fatigue cracks which could then grow transgranularly. On the other
hand, the initiation can be transgranular when slip intersects the surface and fresh slip steps contact
the surface which results in dissolution of atoms. Many small cracks are generated in this process
which eventually coalesce and grow. The crack growth rate is sometimes enhanced by hydrogen
generated from reactions between environmental species and the newly cracked material at the tip.
The generated hydrogen diffuses into the highly stressed region at the crack tip and causes
additional damage and increases the crack growth rate.

Corrosion assisted crack can also propagate under sustained loading called stress corrosion
cracking (SCC) [56]. The stress required to cause stress corrosion cracking is small, usually
smaller than yield stress, and tensile in nature. Residual stresses can also cause stress corrosion
cracking. While corrosion fatigue is cycle dependent, SCC is time dependent. However, a recent
work [57] on martensitic stainless steel in chloride environment shows that low amplitude cyclic
loading, below AK TH (i.e. ripple loads), can enable the SSC below Kiscc via mechanical rupturing
of the crack tip film and enhancement of the hydrogen embrittlement-based SCC mechanism.

Corrosive environment can also reduce creep rupture strength of metal. Several studies on the high
temperature corrosion-creep interaction for different metal-salt systems can be found in [58], [59],
[68], [60]-[67] for aircraft, marine, and land-based gas turbine applications. Most of these studies
show that molten salt does not significantly affect the secondary or minimum creep rate. However,
it does adversely affect the tertiary region which results in consequent reduction in creep rupture
life. Molten salt penetrates along the grain boundaries and coalesces with creep cavities, resulting
in lower creep rupture life.

Very few studies [12], [69]-[71] have attempted to investigate the impact of corrosive environment
on creep-fatigue behavior of structural alloys. Moreover, almost all of these studies basically
compared experimental results carried out in air, vacuum, or some inert environment which are
not relevant environments for future high temperature reactors.

Overall, there is a paucity of data on creep-fatigue, creep, and fatigue on materials exposed to
realistic high temperature reactor coolants. This is reflected in the current design practice (see
below), which do not attempt to account for the effect of corrosion on creep-fatigue life.

3.2 Creep-fatigue mechanisms under irradiation damage

When exposed to fast-flux neutron irradiations nuclear reactor metals may exhibit many
phenomena such as irradiation hardening and loss of ductility, void and bubble swelling,
irradiation creep, irradiation growth, and helium embrittlement. Fundamentals to all these neutron-
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induced phenomena are the basic damage production through two different processes: the creation,
diffusion, and interaction of point defects such as vacancies and interstitial atoms resulting from
collisions with high energy neutrons; and the chemical and isotropic alteration of atoms via
transmutations. Detailed discussions of the damage processes are beyond the scope of this report.
Several chapters in [72] provide detailed reviews of radiation-induced microstructural changes,
radiation damage formation, and radiation-induced segregation in metals. Brief descriptions of
the radiation related phenomena are provided here.

Irradiation hardening is the increase in strength of metal under irradiation. The microscopic
components such as voids, bubbles, precipitates, dislocation loops etc. produced by irradiation act
as obstacles to the movement of dislocations and therefore increase the strength of metal. This
increase in strength usually saturates at low irradiation level. This saturation level depends on
metal composition and temperature and interestingly does not depend on heat treatment such as
annealing, cold-work etc. For example, the yield strength of 20% cold-worked 316 stainless steel
and annealed 316 stainless steel converse to the same saturation level when irradiated under same
dpa rate and temperature [73]. A concurrent process to strength hardening under irradiation is the
loss of ductility.

Void swelling is the progressive accumulation of vacancies whereas bubble swelling is the
accumulation gas such as helium produced during irradiation. Both void and bubble swelling lead
to macroscopic increase in volume. In most nuclear system swelling is the most important
contributor to dimensional instability. In the absence of stress field or constraint, swelling
distributes its strains isotopically. When constrained or spatially varying, however, swelling can
lead to high stresses and activate irradiation creep which then redistributes the strain
anisotopically.

Irradiation creep is the response of the dislocation microstructures to the local stress state.
Irradiation creep is widely held to be non-damaging and is not limited by ductility. However,
irradiation creep strains can affect the distribution of stresses and can influence other damage
mechanisms such as fatigue and thermal creep. In the 1970s, swelling and irradiation creep were
used to be considered as two separate processes but now it is known that both are interrelated and
interactive processes [74].

Irradiation growth is a volume-conservative anisotropic distribution of strains without the presence
of stress and introduces severe distortion. At high temperature, helium can accumulate at grain
boundaries through diffusion or dragging by dislocations and may cause grain boundary
embrittlement [75]. Some of the parameters that affect all the irradiation-induced phenomena are
neutron fluence or dpa (displacements per atoms), dpa rate, temperature, stress, and lattice
structure and composition of metal.

All the above mentioned irradiation-induced phenomena influence the creep-fatigue behavior of
materials. Very few studies focus on creep-fatigue interaction under irradiation, most of the studies
found in literature either focus on the effect of irradiation on the creep rupture strength or on the
fatigue strength. Thus the effect of irradiation on creep and fatigue damages are first discussed
separately and then the effect on combined creep-fatigue damage is discussed. Note that, this
discussion only provides some general overview and some important findings on the effect of
irradiation on creep and fatigue damages for some of the nuclear reactor alloys but does not cover
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every aspect of it. The intention is to provide some insight that may help decide the approach to
developing assessment rules for components that experience significant irradiation.

Under irradiation at high temperature metals experience irradiation creep as well as thermal creep.
It is well accepted that irradiation creep is inherently a non-damaging process on the
microstructural level [74]. However, there are other irradiation induced processes that do limit the
deformation of structures. Such processes are elemental segregation, irradiation-induced
precipitation leading to embrittlement, and the formation and growth of helium bubbles on grain
boundaries [76]. The last mechanism is the most important. Details of the bubble growth
mechanism through the transport of He from grain interiors to grain boundaries and failure due to
this mechanism can be found in [77].

Grossbeck et. al [76] investigated the effect of irradiation on creep rupture life of austenitic
stainless steel alloy 1.4970 at 700°C and found remarkable reduction in lives for in-reactor
specimens. They also noticed a change of stress dependence of the creep-rupture strength. A better
explanation of this change can be provided by comparing the creep rupture life of in-reactor and
post-irradiation specimen. Several studies [78], [79] reported lower creep rupture life for in-reactor
specimens when compared to specimens tested after irradiation though the post-irradiation
specimens have higher helium concentration. This is because the presence of tensile stress during
irradiation enhances the growth of bubbles, some of which might grow as voids by vacancy
absorption, cause the specimen to fail earlier than the post-irradiated samples.

Ukai et al. [80] performed in-reactor creep rupture tests on 20% CW modified 316 stainless steel
to determine the effect of irradiation through comparison with creep rupture experiments in air and
sodium. The in-reactor creep rupture lives were shorter than those tested in air and sodium.
Interestingly, in-reactor creep appeared to show earlier onset of tertiary stage and was significantly
accelerated. The resultant larger creep strain does not support the failure mechanism associated
with helium embrittlement. It was instead attributed to the earlier recovery of dislocation structure
introduced by cold-working. Investigations on the effect of irradiation on creep rupture properties
for some of the Ni-based alloys and ferritic-martensitic steels can be found in [81]-[84]. In all
cases irradiation adversely affects the creep rupture properties of these metals.

In general, fatigue life of nuclear metal alloys such as austenitic steels, ferritic-martensitic steels,
and nickel-based alloys is reduced due to the irradiation-induced defect clusters. However, the
extend of the effect can vary significantly depending on the composition, irradiation conditions,
and temperature. Kharitonov [85] carried out a review of the low cycle fatigue data up to 1984 and
provided a comprehensive review of the effect of irradiation on fatigue life of 316 and 304. The
fatigue life of 316 stainless steel was found to be strongly affected by irradiation compared to that
of 304 stainless steel. The life of 316 stainless steel was decreased by a factor of 2.5 to 10 with
increasing temperature whereas that was decrease by a factor of 1.5 to 2.5 for 304 stainless steel.
A possible explanation for the greater reduction of fatigue life for 316 stainless steel, as provided
in [85], is the higher concentration of gaseous products, specially helium and hydrogen, from
transmutation of 316 stainless steel than 304 stainless steel. The main contribution of these gases
comes from nickel whose content in 316 stainless steel is 13.6% and in 304 stainless steel is 9.5%.
Same explanation is also true for Incoloy 800 whose fatigue life was reduced by a factor of 5 to
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35 due to the large nickel content of 32% [85]. For Erofer97, a ferritic-martensitic steel, at high
temperature (>450°C) irradiation seemed not to affect the low cycle fatigue behavior [86].

Irradiation-induced hardening also plays an important role on fatigue life. As reported in [87],
fatigue life of solution annealed 316L stainless steel did not decrease due to irradiation when the
applied strain range is low. The explanation provided is that at low strain range the deformation
may become almost entirely elastic due to irradiation-induced hardening which results in a delayed
crack initiation. In most of the studies the effect of irradiation on fatigue life was determined from
fatigue experiments on post-irradiated samples which may not be the actual representation of the
material behavior under irradiation. For example, as shown in [88] for ferritic-martensitic steel,
the fatigue lives of samples tested during irradiation were found shorter compared to the post-
irradiated sample, while it is reported the other way around in [89] Simultaneous irradiation and
fatigue can develop a different microstructure and lead to different material response which is not
considered in post-irradiation experiments.

There are only a few studies that investigated creep-fatigue under irradiation. Scholz and
coworkers [90], [91] performed fatigue and creep-fatigue experiments on cold worked and anneal
316L stainless steel during an irradiation with 19 MeV at 400°C. Tests were conducted in torsion
mode on hour glass specimens. They imposed hold-time at two positions — maximum and mean —
of the loading cycles. The former was to induce creep under irradiation while the latter was to
study the effect of cyclic loading on irradiation hardening. While they compared fatigue life of
irradiated specimens with unirradiated specimens, they did not compare the creep-fatigue life
between irradiated and unirradiated conditions. Thus, the effect of irradiation on creep-fatigue life
cannot be determined. Brinkman and coworkers [92], [93] investigated creep-fatigue interaction
in irradiated and unirradiated solution annealed 316 and 304 stainless steels based on available
data in literature. They found significant reduction in creep-fatigue life under irradiation. However,
due to lack of data no recommendation was made on estimating creep-fatigue damage for design
purposes.

Overall, there is much more information available in the literature on the effect of irradiation on
creep and fatigue life, albeit very few studies that examine creep-fatigue interaction explicitly.
However, based on this information several of the design codes have formulated rules for
accounting for radiation effects on structural life.

3.3 Survey of current design practice

3.3.1 ASME Section lll, Division 5

The design rules contained in Section III, Division 5 explicitly do not consider the effect of
environmental conditions on creep-fatigue damage. The only explicit consideration of corrosion
contained in the Subpart HBB design rules is in HBB-3121, which requires a corrosion allowance
accounting for the expected gross loss of section for a component (or region of a component) over
the design service life in the expected operating conditions. The only explicit mention of radiation
damage is in HBB-3124 which warns the designer of the detrimental effect of fast neutron radiation
on material properties and suggests not placing structural discontinuities in high radiation areas.
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HBB-Y-4200 notes that the design material properties in the Code may be degraded by long
exposure to irradiation or corrosive coolants. This paragraph explicitly places this issues (with the
exception of thermal aging) outside the ASME code but requires that the Owner/Operator account
for environmental effects in some way and justify these decisions to the regulator. This provision
refers to Nonmandatory Appendix W to Section III, which details possible environmental effects,
general construction methods for mitigating the effect of the environment,

Appendix W takes a catalog approach, giving some brief general guidance about mitigating
environmental effects and then listing a large variety of possible detrimental environmental
mechanisms. For each mechanism, the appendix provides a general overview followed by specific
design, construction, and inspection recommendations. Most of the mechanisms in the appendix
apply to low temperature lightwater reactors, though there is a brief section (W-4400) covering
high temperature effects. While this appendix provides useful general guidance, it does not
provide design or fitness-for-service methods accounting for corrosion or irradiation damage.

3.3.2 RCC-MRx

As mentioned above, the RCC-MRx code was developed to cover the mechanical resistance of
structures close to neutron sources, thus detailed design rules are provided for irradiation damages.
Rules were developed on the basis of standard nuclear installations where irradiation damages
occur due to neutron flux and therefore these rules do not cover for damages due to other types of
irradiation — e.g. proton irradiation, irradiation producing large amount of helium etc. The code
does not provide detailed design rules for damages due to corrosion, erosion, and wear. However,
a provision is provided to consider these environmental effects. Effect of thermal ageing is
addressed in the code by a negligible thermal ageing test and by adding higher margin on some of
the design allowables if thermal ageing is significant.

The provision for corrosion, erosion, and wear is discussed first. If a component is subjected to in-
service thinning, a certain additional thickness shall be added to the minimum thickness
determined on the basis of the design rules. This addition thickness shall compensate for thinning
during the specified service life of the component. Then the code requires the designers to check
the correct behavior of the structure in its original condition and in the condition resulting from
total or partial consumption of the corrosion allowances.

The code provides a test to check whether the thermal ageing is negligible. If this test is not passed,

thermal ageing effect should be considered for checking the design for Type P damages. The
design rules are still the same but with applying additional safety margin. The code provides a
thermal ageing factor. For elastic analysis, the time-independent allowable stress, yield strength,
and minimum rupture strength are multiplied by this factor; while for elastoplastic analysis, load
is divided by this factor. The thermal ageing coefficient is material dependent. The thermal ageing
coefficient also depends on the temperature and time. Although the RCC-MRx code provides
negligible thermal ageing curve and lists thermal ageing coefficients only for two aluminum alloys
and one low activation steel alloy, the code suggests to account for the thermal ageing effect for
other materials if the experimental data suggest so.

RCC-MRx code divides the design rules to prevent irradiation damages into two parts depending
on the significance of accounting for the effect of creep. A negligible creep test, discussed in
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Section 2.2.2.1, decides whether creep effect and corresponding addition analysis and rules can be
neglected. Similarly, the code also provides a negligible irradiation test to determine if irradiation
damages are significant. If this test is not passed, rules for significant irradiation must be applied.
The code provides the negligible and maximum amount of displacement per atoms (dpa) for five
austenitic steel alloys as a function of temperature. Two of the alloys have same composition but
different procession conditions — one is solution annealed and the other is work hardened. Based
on the values provided for all the five austenitic steel alloys, the negligible and maximum allowable
dpa depend on the material compositions but not the procession conditions. Since the focus of this
report is creep-fatigue damages, we only discuss rules to prevent damages under significant creep
— significant irradiation conditions.

Rules for significant creep — significant irradiation provided in RCC-MRx code are only applicable
for solution annealed or work-hardened austenitic stainless steel. The code also limits the
applicability of these rules with two more conditions — irradiation damage must be less than the
maximum allowable dpa and the temperature cannot exceed 625°C. The explanation for these two
conditions, as mentioned in the code, is that the accumulation of significant irradiation and
significant thermal creep was specifically studied for annealed 316 and 316L grade stainless steel
in the temperature range between 450°C and 625°C. As such irradiation material properties are
provided for these type of materials. There are three type of austenitic steels for which irradiation
properties are provided — (a) X2CrNiMo17-12-2(N) solution annealed or simply 316L(N), (b)
X2CrNiMo17-12-2, X2CrNiMo17-12-3, and X2CrNiMo18-14-3 solution annealed which are
316L, and X2CrNiMo17-12-2 with around 20% work hardening i.e. work hardened 316L.

3.3.2.1 Negligible Irradiation Test

In this test, the maximum fluence received throughout the entire life of the component is compared
with the value defined for irradiation to be considered negligible, at the maximum operating
temperature. If this condition is not met, the code provide another check which uses a fraction rule
after breaking the total service time into intervals with approximately constant temperature and
constant flux. In this check, the effect of irradiation and the additional corresponding analysis may

be neglected if ¥ (%) < 1. where N is the total number of intervals the total operating
allowable)i

period is broken into; ¢; is the irradiation flux during time duration ti; and (D 40wanie); 1S the
maximum allowable fluence at maximum temperature, 6 reached during i interval. Although
irradiation flux is mentioned here as the unit for irradiation damage, the code actually uses different
units to quantify irradiation damages for different materials. For non-alloy and low alloy steels and
zirconium alloys the irradiation damage is expressed as irradiation flux in fast neutrons E>1Mev
per cm? and fast fluence can be deduced by integration over time. On the other hand, irradiation
damage is expressed using the displacement per atoms (dpa) calculated by Norgett-Robinson-
Torrens method for austenitic stainless steels [94].

3.3.2.2 Rules for Prevention of Type P Damages under significant creep —
significant irradiation condition

As discussed in Section 2.2.2.2, Type P damages in RCC-MRx code are those that occur due to
primary loads. To guard a structure against these damages under significant creep — significant
irradiation condition, the rules for significant creep — negligible irradiation must be checked before
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the additional irradiation related rules are applied. In this section, only the additional rules are
provided.

In the case of negligible irradiation, the immediate Type P damages are prevented by limiting only
the primary stress with time-independent allowable stress, S,,,. When irradiation is significant,
other stresses are also limited. For Level A criteria, in the case of elastic analysis:

Pm + Qm < Sglm(gm' Gtm)

P, +P,+Q+F<S4(0,G.,)

Here, P, + Q,, is the general membrane primary and secondary equivalent stress and
P, + P, + Q + F is the total primary and secondary equivalent stress. The allowable stresses S,
and S,; are membrane allowable elastic stress and total allowable elastic stress, respectively, for
the average temperature 6,, in thickness and for G, the average value in the thickness of G used
to quantify irradiation at the given time. 8,, and G, are calculated on the length of the supporting
line segment. If required, stress due to irradiation swelling must be included. Calculating stress
due to irradiation swelling requires a structural analysis taking into consideration the irradiation
swelling law and, if necessary, the irradiation creep law that could partially offset these stresses.

Sem and S,; are functions of irradiation G, temperature 6, Level of criteria X, and elastic-follow-
up factor r.

SEn(6,0,7) = = |5 Rm(G,0) +

E
100(r+1)

(45:(6,0) — £,(s%))|

S‘g(t (G.6,r) = I;_i [r:_1 R (G,0) + 100(Er+1) <(Agf(6’9)2+At(G'6)) & (S’)’(‘))]

where k, is the design margin, kg is 1 for brittle materials and 1.5 for ductile materials. Figure 3
illustrates how S,,, and S,; are determined from tensile stress strain curves. As illustrated in Figure
3 [95], the maximum point of the tensile curve (R, Ag¢) is used to limit only the general
membrane stress. It is to avoid locating the deformation by reduction in area that appears after this
maximum and is specific to the uniform membrane load used in the test. This is very conservative
because this type of stress is rarely uniform in complex structures. Traditional construction starts
from this point and adds margins leading to the membrane's elastic allowable stress S,,,. For total
stress, the traditional elastic-follow-up construction starting from point (R,,, (A4:+A.)/2) and the
addition of margins lead to total elastic allowable stress S,; .

For Level C and D criteria, same rules are applied but by replacing S&,,(8,, Gem) and SA(8, )
by S&,,(0,, Ger) and S5(0, Gy, respectively.
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Figure 3 Illustration of determining S.,, and S;.

The significant creep — negligible irradiation rules to prevent time dependent Type P damages are
applicable for significant creep — significant irradiation but with a 0.1, instead of 1.0, limit on creep
and creep rupture usage fraction is 0.1 instead of 1.

The code excludes limit analysis when irradiation is significant.

3.3.2.3 Rules for Prevention of Type S Damages under significant creep —
significant irradiation condition

To prevent ratcheting under significant creep — significant irradiation condition, rules for
significant creep — negligible irradiation are applied. If irradiated material properties are not
available, material properties without irradiation can be used justifying conservatism of the
approach. Criteria, in Ductility especially, must be assessed and proven to be sufficient for the
application.

Similarly, the code uses the same creep-fatigue interaction diagram to check design under
significant irradiation conditions. In this case, fatigue damage is determined from design fatigue
curves under irradiation condition. However, code allows the use of regular design fatigue curves
if fatigue curves under irradiation is not available for the material concerned. To determine creep
damage the code allows the use of minimum rupture stress, S, without irradiation. However, the
allowable envelop in the creep-fatigue interaction diagram (without irradiation) must be checked
by multiplying the creep rupture usage fraction by 10.

3.3.3 ITER design criteria

The code does not provide any rule for corrosion driven damages. However, it provides a provision
for corrosion and erosion which is very similar to the provision provided in RCC-MRx code. It
says if the component is subject to in-service thinning resulting from surface corrosion and erosion,
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the component should be protected by providing either a certain additional thickness or protective
cladding. The structural analysis and design checks should treat the corrosion allowance in the
most conservative manner. The analysis must check the behavior of the structure in its original
condition as well as in the condition resulting from total or partial loss of the corrosion allowances.
In general, the nominal thickness including corrosion allowance shall be used for checking
ratcheting and fatigue damage, and the minimum thickness shall be used for checking other
damages, particularly the primary membrane stress limit.

The ISDC high temperature design rules are categorized into two parts — rules to prevent M-type
damage and rules to prevent C-type damage. M-type damages are those due to primary loadings —
‘M’ means monotonic — and C-type damages are due to cyclic loadings — ‘C’ means cyclic. As
rules for preventing irradiation driven damages in RCC-MRx code was developed based on ISDC,
some of the rules in ISDC are similar to those in RCC-MRXx. At the same time, some rules in ISDC
are similar to those in ASME. In general, the primary load design rules in ISDC are similar to
RCC-MRx but with few changes in design margins, whereas the ratcheting rules for elastic
analysis are similar to those in ASME code. Although the ISDC code considers creep-fatigue
interaction as one of the factors in time-dependent fatigue damage, design rules for time-dependent
fatigue are left out to be added in future.

3.3.3.1 Negligible Creep Test

For a component or a part of a component, thermal creep is negligible over the total operating

period if 3N (%) < 1. Here, N is the number of intervals to which the total operating period is
l

broken into, t; is the duration of interval i, and T; is the allowable time obtained from negligible

creep curve corresponding to the maximum temperature during interval i. If this test is not passed

high temperature rules are applied.

High Temperature Rules for Prevention of M-type Damages

These rules are basically analogous the primary load design in ASME code and rules to prevent
Type S damages in RCC-MRx code. Rules in the case of elastic analysis are discussed first.

To prevent immediate plastic collapse and plastic instability, Level A criteria to be verified are:

Bn < Sn(0m, Gm)

P, <min [1.5 8,0, Gin), Sy(0m, Gry)] ; in local non overlapping areas

P, <1.1 5,,(6,,) ; in local overlapping areas
PL + Pb < Keff(ema Gm) Sm(em)

These rules are similar to those in RCC-MRx code with small changes. Note that, for comparison
purposes, all the symbols in ISDC code have been changed here according to the nomenclature
used in RCC-MRx code and therefore they may not match with the ISDC code but they represent
the same entity.

In both the codes, the general primary membrane stress intensity, P,, is limited by allowable stress
Sm» however S,,, is only function of temperature, & in RCC-MRx code whereas ISDC code treats
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S as function of both temperature and fluence, G. S,,, in ISDC code is defined as the least of the

following in Table 7.

Annealed austenitic stainless steels

Other materials

1/3 of S, at room temperature

1/3 of S, at room temperature

1/3 of S, at temperature, 6

1/3 of S, at temperature, 6

1/3 of S, at temperature, 6 and under irradiation, G

1/3 of S,, at temperature, 6 and under irradiation, G

2/3 of S,, at room temperature

2/3 of S, at room temperature

0.9 times S,, at temperature, 0

2/3 of S, at temperature, 0

0.9 times S, at temperature, 6 and under
irradiation, G if S,,/S,, =2.0

2/3 of S, at temperature, 6 and under irradiation, G
if §,,/8, =2.0

or, 2/3 of S, at temperature, 6 and under
irradiation, G if S,,/S,, <2.0

Table 7 ISDC allowable stresses.

The reason to use temperature and irradiation dependent S,,, values is that a material can harden or
soften under irradiation. In case of the former S, is controlled by the unirradiated value, while it
is controlled by the irradiated value for the latter case.

Both RCC-MRx and ISDC code apply same limit on local primary membrane stress for
overlapping areas. For non-overlapping areas the RCC-MRx code directly use 1.5 S,,,, while ISDC
code use the minimum of 1.5 S;,, and the yield strength. The ISDC code multiplies K, ¢ s with S,
for limiting the total primary stress. K, is effective bending shape factor which account for the
increased maximum bending moment carrying capability of an elastic-plastic material with limited
ductility as compared to that of an elastic-brittle material. ISDC considers this factor as a function
of temperature and irradiation. The value of K, s may be reduced due to the loss of ductility with

irradiation. The RCC-MRx code does not use K, ¢, instead multiplies S,,, with a fixed number 1.5.
The Level A criteria to prevent cracking due to immediate plastic flow localization is
P+ Qun < Sém(Oms Gem)

and to prevent immediate local fracture due to exhaustion of ductility is

P.+P,+Q+F<SAWB,Gep)

These two rules are to account for irradiation effect and are the same as in RCC-MRx code.
Definition of SZ,, and S/ are provided in Section 3.3.2.2.

To account for creep effect the following rules are applied for Level A criteria.
UP) <1
UP,+PP) <1

RCC-MRx code multiplies P,, with a factor — equal to or higher than 1 depending on the
classification of membrane stresses — to determine the creep usage fraction, U due to primary
membrane stress, whereas ISDC code does not consider any additional margin. @ in the second
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equation is the creep bending shape factor. In RCC-MRx code it depends only on geometry while
it is also function of temperature and irradiation in ISDC code.

The ISDC code also allows the use of elasto-visco-plastic analysis. To check for different failure
modes separate analyses are performed to determine the maximum loadings that can be applied to
the structure without failure. Then the code applies safety margins on the loadings determined
from analysis to determine design loadings. The code provides different safety margins for
different type of failure mode and Level criteria as well as for different type of loadings —
mechanical and thermal. Followings are the conditions to be satisfied to determine the maximum
loading for different failure modes.

For time-dependent plastic collapse, the elasto-visco-plastic collapse load is the least of the loads
at which the inelastic (plastic plus creep) part of the significant mean membrane (the greatest
positive principal strain of the membrane strain tensor) strain should be equal to the elastic part.

The inelastic part of the significant membrane plus bending strain should be equal to the elastic
part.
In case of avoiding time-dependent exhaustion of membrane ductility the condition is

Nplocks
Z SLgmflcant mean plastlc strain increment

- minimum uniform elongation
1=
NMblocks | L L.
N z significant mean creep strain increment
i=1

minimum creep ductility

and the condition to avoid local creep cracking is that the accumulated creep usage factor should
be less than 1.

Note that, strain linearization on the supporting line segment is required to determine significant
mean strains. The method of strain linearization is similar to that of stress linearization. In strain
linearization each strain tensor is divided into three parts — mean, bending, and non-linear strain
tensors. Then significant mean strain is determined by taking the greatest positive principal of
strain of the mean strain tensor. The significant mean plus membrane is determined from the sum
of mean and bending strain tensors while significant local strain is determined from the sum of all
three strain tensors. Of course the total mechanical strain tensor is first separated into elastic and
inelastic portion before strain linearization is performed on each of the elastic and inelastic strain
tensors.

Rules for Level C and D criteria are the same as those for Level A criteria but with a lower safety
margin.

3.3.3.2 High Temperature Rules for Prevention of C-type Damages

C-type damages in the ISDC code are ratcheting and time-dependent fatigue. The code
acknowledges creep-fatigue interaction within time-dependent fatigue damage, however no rules
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are yet provided to estimate fatigue life of structures when creep effects are relevant. Only rules to
avoid ratcheting are provided.

For elastic analysis, the code provides four different tests — A-1 (IRB 3541.1), A-2 (IRB 3541.2),
A-3 (IRB 3541.3), and B-1 (IRB 3541.4) to guard against ratcheting. Any of these test can be used.
These tests are exactly the same as tests A-1 (HBB-T-1322), A-2 (HBB-T-1323), A-3 (HBB-T-
1322), B-1 (HBB-T-1332), respectively, in Section III Division 5 of ASME code. Test B-1 is the
most popular one. This method uses the Bree diagram to account for plasticity and the O’Donnell
Porowski approach to account for creep. First, maximum primary stress intensity and maximum
secondary intensity range are determined from elastic analysis under primary and secondary
loading, respectively. These values are then used to determine the creep stress parameter, Z from
the Bree diagram which is multiplied with yield strength at low temperature extreme of the cycle
to determine the effective creep stress, o.. Once effective creep stress is determined for individual
loading blocks, creep strain increments for each block is then determined from isochronous stress
strain curve for 1.250,. The code limits the accumulated creep strain to 1%.

If elasto-visco-plastic analysis is used, the following two limits must be satisfied at all times.

N
Z significant mean plastic strain increment

minimum unif orm elongation

i=1
blocks
i significant mean creep strain increment < 051
" minimum creep ductility -
blocks
and
N

Z significant local plastic strain increment

minimum true strain at rupture
i=1 —
blocks triaxiality factor

N
N z significant local creep strain increment
=1

— - <
. minimum true strain at creep rupture — 2
blocks triaxiality factor

where 4; and 4, are safety factors which depend on level criteria.

3.3.4 R5

Environmental effects causing wall thinning (e.g. corrosion and erosion) or changes in material
properties (e.g. irradiation, embrittlement, etc.) are not explicitly considered in R5. However there
is an explicit interest in including the interaction between environmental effects and creep fatigue
failure modes, the last sentence in RS Volume 1 Paragraph 3 states: “The interaction of the
corrosion of components and the other modes of failure considered by RS, may be a relevant
consideration in future issues of R5”. RS5 is an assessment procedure for fitness-for-service
evaluation. It requires and allows using actual, measured material properties from the actual
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component in the degraded condition. Therefore, some effect of corrosion can be included by using
degraded, measured properties.

3.3.5 API-579/ASME FFS-1

FFS-1 does not directly incorporate environmental effects for creep or fatigue or creep-fatigue.
For component subject to creep regime, FFS-1 suggests using the component geometry determined
by inspection. Furthermore the metal loss for future operations can be predicted by utilizing
historic corrosion data for the component of interest (or data from a component subject to similar
conditions) or by using material specific corrosion design curves. This means that if corrosion or
erosion are of concern one should perform the stress analysis using the future reduced wall
thickness.

3.4 Recommendations

3.4.1 Development of an engineering assessment method for creep-fatigue
initiation in harsh environments

Of the design and fitness-for-service methods surveyed here only one, RCC-MRXx, provides any
assessment rules at all for creep-fatigue damage in concert with detrimental environmental
conditions. Ultimately, fully developing an assessment methodology of this type will require
system-specific experimental data, for example assessing the effect of long-term exposure to the
particular plant coolant chemistry or the particular radiation dose experienced by a component.
However, even provided with such a dataset there is currently no guidance on how to translate that
data into acceptance criteria.

A general approach for evaluating creep-fatigue for components subject to neutron irradiation
and/or corrosive coolants will need to be developed in order to assess particular designs. U.S.-
based advanced reactors will likely be design to the Section III, Division 5 criteria and so the most
straightforward path towards assessing environmental creep-fatigue would be to determine how to
alter the design data used in these procedures to account for environmental effects while keeping
the overall design method to same.

Turning then to the ASME creep-fatigue assessment procedures, environmental effects might alter
the material’s rupture life, its fatigue life, and/or the creep-fatigue interaction. A general method
could be developed for specifying what experimental data is required to determine these modified
design criteria or different combinations of radiation dose and coolant exposure. The final
approach would be similar to the method adopted in RCC-MRx.
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There may even be sufficient literature data to develop preliminary design data for the Class A
materials accounting for irradiation damage over the range of doses expected in advanced reactors.
A literature survey would need to be completed and the data collated and interpreted. One gap is
likely to be creep-fatigue testing to determine the interaction diagram. Another gap will likely be
long-term creep testing on irradiated material. Both could be addressed by introducing adequately
conservative design factors. Again, this appears to be the RCC-MRx approach, as the factor of 10
applied to the creep damage in non-negligible radiation environments is likely a conservative
approximation, rather than based on specific data.

The outcome of such a development effort could be the general assessment approach, potentially
specific design factors accounting for irradiation damage, and guidance on what sort of testing
would be required to establish complete design data for particular combinations of coolant
exposure and radiation dose. Clearly defining an approach would give regulators and vendors a
common framework from which to assess the effects of environment on creep-fatigue.

Such an assessment methodology would likely only cover relatively short-term effects because
long-term testing under the expected reactor operating conditions would likely not be completed
before the plant goes into service. Alternative means could be used to ensure component integrity
during long-term plant operation.

3.4.2 In-situ surveillance programs for creep and creep-fatigue damage

It seems unlikely that whatever method used by vendors to justify their design against creep-
fatigue in adverse environments will be directly validated by experimental data out to the plant
design life. There are too many potential combinations of environmental conditions to generate a
comprehensive database for all possible advanced reactor designs. Furthermore, the actual
environmental conditions in an operating reactor will not be precisely known in advance and could
vary during plant operations.

Accelerated testing in representative environmental conditions could be used to generate design
correlations using empirical or physically-based extrapolation methods. However, an alternative
means would be required to validate the extrapolation techniques for actual service conditions.

An in-situ surveillance program for creep-fatigue properties could be used to ensure the structural
integrity of components accounting for the actual, in-service plant conditions. The core of a such
a program would be to insert surveillance specimens at critical locations inside the reactor so that
they experience the actual plant environmental conditions — temperature history, exposure to
coolant, irradiation, etc.
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A surveillance program for creep-fatigue (or creep) damage would also need to ensure that the
monitoring specimens experience a cyclic mechanical load representative of the corresponding
component. For an operating reactor the loading mechanism would likely need to be passive, not
requiring any control or loading mechanisms penetrating the primary coolant boundary. Passive
loading would also simplify the program of placing specimens at critical locations, as the design
would not need to be complicated by providing ports for controlling the load on the specimens.
One possibility for such passively loaded specimens would be a bimaterial specimen that uses
differential thermal expansion to provide the mechanical load. Reference [96] provides
preliminary analysis demonstrating the viability of the concept. However, more work would be
required to translate the concept into a complete method for sizing specimens to replicated a set
mechanical load, given some temperature history. For example, the specimens would also need to
be small in order to minimize the disruption to the flow of coolant and to ease handling
requirements when the specimens are removed from the reactor. The specimens would need to be
designed to fail in the expected, gauge region, rather than, for example, at the bimaterial joint.

However, given the availability of suitable passive surveillance specimens, how could they be used
to guard against environmental degradation and premature creep-fatigue failure? At a minimum,
the methodology would require knowing the coolant temperature as a function of time at the
specimen location. This information should be available as the plant temperatures are key
information in the reactor control system. Volumetric heating effects, like gamma heating, might
cause discrepancies between the specimen and coolant temperatures. Monitoring specimens are
likely to be relatively small which should minimize these effects and help ensure the specimen
stays in thermal equilibrium with the monitored coolant stream. However, if necessary, these
effects could be accounted using models to correct the coolant temperature. Given only the
temperature history, a model of the test specimen could be used to extract the mechanical loading
on the gauge region.

The simplest model for a program only provides the opportunity to view the specimens during
plant outages. The only information that could be extracted is whether the specimen gauge failed
in the period between the last and current outages, gauge markings could be used to measure the
residual strain accumulated in the gauge, and melt wires used to validate the temperature readings
extracted from the plant control system
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In this simplest model two methods could be used to monitor creep-fatigue damage in the plant
components. The first would be to design the specimens as canaries for certain critical
components. Critical locations would need to be identified, likely based on the design creep-
fatigue assessment, possibly accounting for short-term environmental degradation using the
method outlined above. Then, using whatever design criteria the vendor uses to design the
component itself, the surveillance specimen would be sized so that it would be expected to fail
before the corresponding critical location in the actual component. The easiest method would be
if the specimen could be placed adjacent to the critical location in the operating plant. By definition
then the surveillance component would experience the same environmental conditions and
temperature history. The specimen could then be sized to experience greater mechanical loading
than the actual component, so that the specimen will fail first. In essence, the surveillance
specimen serves as a “canary” for the critical component location. The increased loading would
need to be calibrated so that, at a minimum, the specimen would fail one full outage cycle before
the component.

The basic surveillance program would consist of viewing the specimens at each outage and
determining whether the gauge section has failed. Ifthe specimen fails prematurely then there was
some non-conservative assumption made in the design of the corresponding component and the
plant operations would need to be altered. A more advanced program could be designed with
multiple surveillance specimens for each critical location, each designed to fail at different times.
For example, specimens could be designed to fail 20 years before the component, 10 years before,
5 years before, etc. The failure (or not) of these specimens could be used to provide additional
prior warning on upcoming environmentally-assisted creep-fatigue failure. That is, if the 20 year
specimen actually fails 21 years before the component design life that does not imply that plant
operations must be immediately altered. Instead, the plant operator would have time to determine
an appropriate modification strategy. On the other hand, ifa 1 year specimen fails 10 years before
the component design life then immediate changes to the plant would be required.

The alternative approach assumes that some out-of-reactor test could be used to ascertain the
remaining life of a particular surveillance specimen. To our knowledge, no such method exists for
creep-fatigue failure, but the MPC Omega method is an equivalent methodology for pure creep
rupture failure [28]. Taking the Omega method as an example, specimens would be sited near
critical locations in the reactor and sized to experience the same mechanical load. These would be
removed and tested to determine the current creep rate, which in turn can be turned into a remaining
life to creep rupture with the MPC Omega method. Notionally then this remaining life includes
the effect of the actual environmental conditions. Conventionally, this testing is destructive
(conventional rupture testing) and so in actuality multiple specimens would be required for a single
critical component. Another approach might be to measure the creep rate nondestructively and
then return that same specimen to the reactor, but the ability to accurately measure creep rates with
microindentation or some other nondestructive method would need to be developed.
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For both surveillance modes — canaries and life prediction — methods will need to be developed
for configuring passive surveillance specimens to match a set of target thermomechanical loading.
Specimens will need to be designed so that this loading remains stable — creep and high
temperature cyclic plasticity will tend to alter the loading hysteresis over time. In general, it will
be easier to achieve the bounding loadings required for a canary program, as opposed to the
matching loadings required for the life prediction problem. However, even in the life prediction
mode bounding loadings that produce shorter cyclic lives than the corresponding component are
acceptable. When using a bounding load, the predicted lives will simply be shorter than the actual
component life, which is an acceptable, conservative approximation.

Assuming the availability of advanced, wireless sensing equipment further simplifies the
development of a creep-fatigue surveillance program. Some sensing capability that could
determine whether the gauge of a test specimen has failed would eliminate the need to physically
view the specimen during outages. This would reduce the component design issues associated
with inserting creep-fatigue specimens into the plant and could reduce the required lead time in
the canary approach. The ability to monitor the strain of the specimen in real time opens up many
more possibilities, at the very least eliminating the need to do ex-situ testing to determine the
remaining life in the Omega approach. However, the required remote sensing technology is still
in the basic research stage and reactor vendors would then need to demonstrate the reliability of
the sensors themselves, which might require a separate testing program. In the near-term remote
sensing is likely to be used as a complement to more traditional physical property monitoring,
rather than as a replacement.

Overall then, we strongly recommend starting to develop the technical basis for a creep-fatigue
surveillance program now, so that reactor designers can design components that can accommodate
in situ test specimens. Work is needed on developing families of passive test specimens,
formulating acceptance criteria following either or both of the general approaches described in this
subsection, and on developing sensing and non-destructive testing capabilities to ease the burden
of physical monitoring during outages and/or ex-situ testing of irradiated samples.

3.4.3 Engineering assessment methods for high temperature cladded
components

One potential strategy for managing environmental effects could be to use cladded reactor
components. In this concept the base component will be fabricated from some existing, nuclear-
qualified structural material. Some relatively thin clad material will be joined to this base
component facing the reactor coolant. The clad material will not carry structural load, but rather
is there to protect the base component from environmental damage caused by the coolant
chemistry.
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Clads are widely used in the petrochemical industry. However, design rules are limited and to our
knowledge no rules exist for evaluating the integrity of a clad/base system under high temperature
cyclic load. If the clad is a safety-critical part of the overall reactor system then regulators will
need methods for evaluating the mechanical reliability of the cladded component.

The current Section III, Division 5 rules do provide some design guidance for cladded Class A
components. Subpart HBB-2121(c) allows the use of non-Code qualified clad materials if the clad
thickness is less than 10% of the base (Code-qualified) material thickness. The stress classification
tables specify that differential thermal expansion should be classified as a peak stress. Subpart
HBB-3227.8 states that designers should not count the clad in the primary load or buckling design,
but mandates that they consider the clad for ratcheting and creep-fatigue loading. However, the
current Code does not provide methods for evaluating creep-fatigue damage in a cladded
component.

The authors and others have begun to formulate design rules for high temperature nuclear cladded
components [97], however work remains to be done to formulate a complete set of design and
evaluation rules. The current DOE-sponsored effort, which is not currently active, focused on
design simplifications that can be made for clad materials that are either much more compliant
than the base metal (e.g. pure nickel on stainless steel) or much stiffer than the base metal (e.g.
tungsten on stainless steel), but reactor designers may use combinations of materials that do not
fall into either of these categories. There is also the issue of interface integrity under high
temperature, cyclic load. The strength of the bimaterial interface will depend on the particular
manufacturing technology used in assembling the system (weld clad overlay, coextrusion, cold
spray, etc.) and so developing a universal assessment method will be difficult. One option is to
develop a standardized test that would ensure sufficient clad/base joint integrity at high
temperatures, for cyclic load so that either the base material or the bulk of the clad material would
fail before the interface. Conventional design rules could then be used to assess the structure
assuming a perfect material interface. However, no such testing method currently exists.

3.4.4 A method for establishing corrosion allowances

An alternative to a detailed design assessment could be to establish adequate corrosion allowances
for the relevant degradation mechanisms. This approach is commonly used for general corrosion
in the petrochemical industry — section thicknesses are increased by the amount expected to be lost
in-service. A similar approach could be taken for local mechanisms as well. For example, for
chromium loss in molten salt systems the depth of grain boundary attack could be measured or
predicted and wall thicknesses increased. For local mechanisms like this a general corrosion
allowance is very conservative — the material properties are degraded but do not fall to zero — but
it may be a viable strategy for some vendors.

There are two potential problems with this approach. The first is how to predict depth-of-attack
for long service lives. Empirical extrapolation methods calibrated to short term tests may need to
be developed. However, corrosion in some potential future reactor systems is highly dependent
on the coolant chemistry and so standard crucible tests in sealed environments may not be
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sufficient. Furthermore, some reactor concepts rely on controlling the coolant chemistry and so a
vendor would want to account for this in their test data. An alternative approach could be to
develop mechanistic corrosion models that can accurately predict corrosion rates for long service
times. Ifa vendor relies on such a model, regulators will need some method of assessing the model
for suitability and accuracy.

65






4 Creep cracking near welds

41 Mechanisms

This subsection focuses on Type IV cracking in weldments in ferritic and ferritic-martensitic
steels. This mechanism has been identified as a particular concern for future high temperature
reactors. The discussion below on design, fitness-for-service, and recommendations covers crack
growth in high temperature reactors in general.

A major concern for low alloy ferritic steels is Type IV cracking. Type IV cracking is a long-term
failure mechanism of weldments associated to the presence of a heat affected zone (HAZ). The
HAZ is the region of material influenced by the heat flux and temperature gradient caused by the
welding process. In HAZ the microstructure of the base metal evolves during the welding process
generating a non-homogenous distribution of grain sizes and metal phases. The microstructure of
HAZ becomes more complex as more weld passes are performed, which is typically required for
thick components.

The HAZ of a multi-pass weld can be divided into different regions [98] that can be classified as
follows while moving from the solidified weld to the unaffected base metal:

1. coarse-grain HAZ (CGHAZ)

2. fine grain HAZ (FGHAZ)

3. intercritically reheated coarse grain HAZ (ICCGHAZ)
4. subcritically reheated HAZ (SCCGHAZ)

A CGHAZ and FGHAZ are generated for each weld pass. In CGHAZ there is a rapid growth of
prior austenite grains due to the high temperature, while in the FGHAZ the grain growth of prior
austenite grains is slower. At each subsequent weld pass the already present CGHAZ is reheated
and new microstructures are generated depending on the temperature peak [99]. Where the
temperature peak is between Aci, the temperature at which austenite starts to form, and Acs, the
temperature at which austenite transformation is completed, an ICCGHAZ forms, while further
away from the fusion line, where the temperature peak is still high but below Aci the formation of
a SCCGHAZ is observed.

The different temperature peaks also affect the phase of the material in the HAZ. In the CGHAZ,
if the cooling rate is slow pearlite and or upper bainite forms, instead if the cooling rate is high
martensite and lower bainite are generated. The first two phases are undesirable because of their
low toughness. The second group of phases are acceptable even though they are brittle after cooling
because they have a high toughness after tempering. The FGHAZ exhibit a fine grain prior
austenite grin structure. The ICCGHAZ is characterized by a mixture of ferrite and austenite
precipitates along prior austenite grain boundaries. The SCCGHAZ instead, has a microstructure
very similar to the base metal because the temperature peak is below the transformation phase.

Type IV cracking is creep driven failure mechanism occurring in the outer layer of the HAZ, either
in ICCGHAZ or in the FGHAZ [100]. In this region the material is more susceptible to creep
damage because of the fine grain structure. Defect pile up at grain boundaries causes void
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generation or particle decohesion, weakening the material. When a crack initiates then its
propagation rate is high because of the weakened material.

There have been a few studies investigating the behavior of Type IV cracks. An example is the
study by Shibli and Hamata [101] that reported results from the European SOTA and HIDA
programs. For the SOTA program, machine welded CT specimens have been used and the crack
tip was purposely placed in the CGHAZ and FGHAZ. The test temperature was 600 °C. Results
of the SOTA program were compared against base metal creep-fatigue scatter band curves. Both
kind of analyzed cracks showed a higher crack growth rate and scatter compared to the base metal.
The higher scatter was observed for low C* values where microstructural features dominates the
propagation rate. For higher C* values the scatter reduces to a similar range than the one observed
in the base metal. The growth rate in HAZ was observed for all ranges of C* and can be
conservatively estimated using a factor of about 10 on the upper scatter band of the base material.
Results of FGHAZ showed a larger scatter than the one obtained for the CGHAZ but always on
the conservative side (e.g. lower crack growth rate for the same C* value). It was also observed
that cracks initiated in the CGHAZ would end up propagating in FGHAZ. In the HIDA program
the temperature was higher, 625°C, and specimens with different geometry were used. Crack
growth rate in the HAZ were about factor of 10 higher than in the base metal. Note that welds were
all heat-threated at 760°C for 2 hours. Results of both testing programs agree and show that creep-
crack growth rate can be predicted using base metal material properties and a scale factor, at least
for ferritic steels.

The crack incubation time is the other factor that must be considered. Due to the inherent
microstructure variability the scattering of HAZ the crack incubation time might be very large. To
diminish the scatter and improve the crack incubation time all the steps of the welding process
must be accurately controlled. The first variable in the welding process is the chemistry of the filler
material. For steels such as T91, P91 and P92, it is generally recommended to use a filler material
of matching composition and use a submerged arc welding process to avoid diffusion of unwanted
species in the weld.

The critical properties of a weld for high temperature applications are the fracture toughness and
the creep resistance. These properties can be altered by changing the chemistry of the filler.
However, increase in fatigue performance generally degrades creep performance and vice versa.
Therefore, the optimal filler composition depends on the application. In a recent study [102], the
effect of different species on fracture toughness and creep rupture showed that the fracture
toughness decreases proportionally with the boron and oxygen content and that an optimum
content of nitrogen exists (440 ppm). However, boron helps improving creep rupture. Therefore,
the composition of the filler material should be optimized to achieve, if possible, the desired
material properties.

Another critical aspect of the welding process is welding thermal cycle. It is widely accepted that
preheating of the base metal is fundamental step to obtain the appropriate cooling rate after
welding. For performing a SAW on a ferritic steel such as P91, P92 and T91, a preheat temperature
between ~ 200 — 250°C is usually adopted. After the welding process is complete, a 2-3 hours
post-weld soaking should be allowed to prevent hydrogen induced cold cracking [103] followed
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by a slow cooling up to 80°C for thick walled component. This temperature should be held for
some time before performing tempering.

Tempering should be performed below the Aci temperature to prevent the formation of martensite
thus resulting in untempered material. Care should be taken when selecting the tempering
temperature because the Aci of the weld metal is likely to be lower than that of the base material
and varies with the Ni+Mo wt% content [104] (820 — 750°C for P91 and P92 like materials).
Furthermore, the minimum allowed tempering temperature according to ASME is 735°C.
Therefore, the temperature window for performing tempering on thick component in a reasonable
time might be very small. The suggested tempering time is usually between 2 to 4 hours [103].

4.2 Survey of current design practices: preventing cracking

421 ASME

The goal of the Section III, Division 5 design rules is to prevent the initiation of a creep or creep-
fatigue crack. The Code does this through the primary load creep rupture and secondary creep-
fatigue design procedures described above in concert with the construction practices specified in
Division 5 and the in-service inspection criteria detailed in Section XI. Fundamentally then, this
is a defense-in-depth approach: the design rules limit the stresses imposed on weldments, aiming
to prevent the initiation of a crack, the construction rules mandate high-quality, well-inspected
welds post-processed with appropriate heat treatments, and the Section XI inspection rules ensure
that if a crack or defect does nucleate during service it will be located in time to take preventative
action.

Focusing on the HBB design rules, the Code makes special modifications to the general base metal
design rules to account for the metallurgical discontinuity caused by the weld. The Code limits
designers to a small number of combinations of weld process and weld material that have good
demonstrated high temperature performance (HBB-1-14.1(b)). For creep strength, both in primary
load design and in creep-fatigue evaluation, the Code accounts for the reduced creep strength of
some of these allowable weld combinations using a temperature- and time-dependent stress rupture
factor R (HBB-I-14.10). These factors are determined experimentally using cross-weldment
rupture tests. The rupture factor is the ratio of the rupture strength of a weldment to the rupture
strength of base metal at the indicated combination of temperature and rupture life. This factor is
applied to the base metal rupture stress used in the creep-damage calculation for creep-fatigue
evaluation and the reduced rupture stress supplements the allowable stress S; for primary load
design. For the fatigue damage calculation, a weldment is only allowed half of the design cycles
to failure as for the equivalent base material. The creep-fatigue diagram remains the same as the
base material.
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The general approach for creep-fatigue design of weldments then follows the base material
approach of applying factors to the creep and fatigue damage and then using a creep-fatigue
interaction diagram representing nominal material properties. The weld factor for creep rupture is
determined experimentally using cross-weld rupture tests. The allowable number of fatigue cycles
for welds specified in the code is almost certainly conservative, given the large factors already
applied to base material experimental data to make the design fatigue curves and the further,
additional reduction for weldments.

The Section III, Division 5 design criteria do not provide a procedure for evaluating fracture under
high residual stresses, either for base or weld material. The rational is that high temperature cyclic
service will rapidly reduce any initial residual stresses caused by manufacturing processes, the
Code requires post-weld heat treatments to reduce residual stress and increase weld ductility,
where appropriate, the Code limits the allowable weld processes and materials to those with
adequate high temperature ductility, and that brittle material failure is unlikely at high temperatures
where the Class A materials all have substantial ductility.

However, HBB-3241 does note that residual-stress induced cracking is a possibility during
shutdown conditions after some period of high temperature service. The very creep deformation
that the Code relies on to eliminate residual stresses during high temperature operation will cause
residual stresses when the component temperature drops below the creep range. The Code Design
procedures will provide an estimate of the residual stress distribution during these periods of
operation and Section III procedures for preventing nonductile crack growth could be applied
given this information.

This leaves the possibility of non-ductile failure near welds during the initial plant startup or during
the first few operating cycles, before creep and cyclic plasticity eliminate any initial weld residual
stress fields. The Code currently does not provide design rules guarding against this possibility.

The Code does not contain guidance on the interaction of corrosive environments or irradiation
damage on the performance of welds.

4.2.2 RCC-MRx

The RCC-MRx general design rules for welds are covered in RB 3290. These design rules are
basically the base metal rules with modification made to account for the metallurgical
discontinuities in welds. These design rules are applied only after satisfying all the rules regarding
welding operations and their implementation. These rules are provided in Tome 4 and include
checking the suitability of materials for welding, acceptance testing of filler materials, welding
procedures, examination of welds, etc. These rules are provided to make sure a high quality weld
is produced.

The general design rules for weld are discussed here in reference to the base metal rules discussed
in above. The code allows performing elastic analysis with base material properties, but then limits
the structural response with allowable stresses specific to the weld. These allowable stresses are
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deduced from base metal allowable stresses by multiplying with a weld joint coefficient, n and
another coefficient to add extra margin on the design which is depending on the allowables:

Sm,weld =n ]mSm,base metal
St,weld =n ]tSt,base metal

Sr,weld = n]rSr,base metal

where J,,, is the weld properties coefficient, J; is the coefficient of weld creep properties, and J,. is
the coefficient of weld rupture properties. These coefficients are temperature dependent and
always less than or equal to 1. J,, values are determined by dividing the mean tensile strength
measured on the welded joint by the base metal mean experimental tensile strength. J, and J, are
determined by performing time- and temperature-dependent rupture tests of the welded joint and
then taking the ratio between respective strength of the welded joint to that of base metal. The
weld joint coefficient, n depends on the type of joint and the extend of examinations made on the
weld.

For ratcheting calculation, the code uses the base metal approach but using the allowable stress of
the weld and reducing the limits on the ratcheting strain by a factor of 2. For creep-fatigue damage
calculation, the code uses the base metal creep-fatigue interaction diagram. However, the creep
damage is calculated by replacing the base metal S, by weld S,.. The fatigue damage is calculated
using the design fatigue curves provided for the weld and for a strain range that is determined by
stress range found from elastic analysis divided by a fatigue strength reduction factor, f. This factor
depends on the type of joint and the extend of checks made on the weld. It is intended to take
account of local strain concentrations in the welded joint or at its surface. The weld design fatigue
curves are determined by applying a factor of 2 on the strain range and 20 on the number of cycles.

Limit analysis for primary load design under significant creep condition is carried out with a creep
usage fraction calculated by using S,. for weld, if an elastoplastic analysis is used.

The code does not allow inelastic analysis for creep-fatigue design unless the fatigue strength
reduction factor, f and joint efficiency, n are equal to 1. If they are equal to 1, inelastic analysis
can be used without considering the weld.

The RCC-MRx code does not provide any rules to address the effect of irradiation on the
performance of weld.

The provision, mentioned above, to account for in-service thinning of the base metal due to
corrosion, erosion, and wear is also applicable for weld.

4.2.3 ITER design criteria

The ISDC code provides design rules for irradiation damage only when creep is negligible. It does
not contain high temperature design rules while considering the effect of irradiation on welds.

424 R5

The base metal procedure can be used for assessing weldments. The only modification required is
to penalize the equivalent strain rage A€&; by using the fatigue strength reduction factor (FSFR).
For dressed weldments the A& . q = A& FSFR. For undressed weldments an even more
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conservative approach is used by also adding the equivalent creep strain range A& g =
A& FSFR + Aé.. Typical values of FSFR ranges from 1.5 to 4.0 depending on the weld and load
type.

4.2.5 API-579/ASME FFS-1

4.2.5.1 Creep damage

For a Level 1 or Level 2 assessment if the component of interest contains a weld then 14°C (25°F)
should be added to the maximum operating temperature.

For a Level 3 assessment the procedures for computing creep-rupture can be used with the
following modifications:
e Procedure 1 accounts for welds by setting the value of the creep adjustment factor used in
the omega model Ay = —0.5.
e Procedure 2 accounts for welds by reducing the allowable accumulated inelastic strain by
a factor of 2:
o 2.5% anywhere in the structure
o 1.25% when considering only primary bending and membrane stress
o 0.5% when considering only primary membrane stress
Furthermore, special consideration is given near welds for materials exhibiting a
minimum yield strength greater or equal to 345 MPa (50 ksi). In this case the allowable
creep damage D, must be smaller than 0.5 for any location within 25mm form the weld’s
bevel.
This supplemental check for weldments and adjacent base material is recommended for
high strength materials because compliance with the total accumulated strain criterion is
not sufficient to preclude failure from creep damage.

4252 Fatigue damage
API-579/FFS-1 provides fatigue curves specifically for various types of weldments.

4.2.5.3 Creep-fatigue interaction

The modifications described above to the creep damage and fatigue damage provisions apply when
computing creep-fatigue interaction in a weld.

4254 Creep-fatigue in dissimilar metal welds
FFS-1 provides a special method for evaluating creep-fatigue in dissimilar metal welds.

Laboratory experiments and on-the-field measurements show that creep rupture is the dominant
failure mode in dissimilar metal welds (DMW). Such data also shows that fatigue loading enhances
creep damage even for low stresses. Therefore, creep-fatigue interaction must be properly
accounted for in DMW procedure. The procedure outlined below address creep-fatigue interaction
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by including an appropriate model accounting for thermal mismatch, sustained primary stresses,
and cyclic secondary loads

Creep damage localizes in the heat affected zone on the ferritic side of the weldment. Failure can
occur by one of two modes:

L.

II.

Inter-granular cracking: it is usually observed at prior austenite grain boundaries in region
confined between one or two grains from the weld’s interface. This failure mode is
commonly observed in DMWs with nickel or steel-based filler metal. Inter-granular
cracking generally initiate at surface. Failure occurs because of crack bridging.

Interfacial voiding: it usually occurs at the interface between parent and welded metal due
to the presence of multitude of carbides from which decohesion starts. Failure occurs due
to crack bridging. This failure mode is only observed in DMW in which a nickel filler
material has been used.

For failure Mode I the assessment procedure considers the total creep damage to be the sum of
three different contributing mechanisms: the damage due to the differential thermal expansion
between the weld and the parent material, the damage generated by the presence of primary loads
and the damage associated to secondary load. The above three creep-fatigue damage contributions
summed together are the total creep-fatigue damage that as usual is given in term of life fraction
(e.g. the creep-fatigue damage limit is 1). The procedure steps are outlined below:
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Divide the load histogram into steady into the M different types of loading and define N as
the total number of observed dwell.

Compute the intrinsic creep damage as function of the difference in thermal expansion
coefficients between the base and the filler material:

M N
Dl. = z kyn; (el ) + z kyt; (ol )B 107D
=1 i=1

where & = Aq;AT;, o] = w , k1, ko, v f and f(T;) are constants defined in FFS-
1 Table 10.4 (which is not reported in this document) and E; is mean value of Young’s
modulus for the i" dwell.

Determine the creep fatigue damage caused by primary and secondary loads, D} and D!,

respectively:

N
Df’c = Z k3nj(UiP )Y
i=1

M N
Dl = ) keary(ef ) + ) esti(a ) 10770
j=1 i=1

where kg, ks are constants defined in FFS-1 Table 10.4, ejs = ;—‘l and represents the strain

due to secondary loads and o is the secondary stress.

Determine the total creep damage for Mode I as the sum of all the compute contribution
D¢ = Djc + Dpc + Dsc

If the creep total creep damage for Mode I D! < 1 then the component is suitable for

continued operations



For failure Mode II the assessment procedure considers the total creep damage to be the sum of
two different contributing mechanisms: the creep-fatigue damage created by primary loads and the
creep-fatigue damage created by secondary load. The above two creep-fatigue damage
contributions summed together are the total creep-fatigue damage that as usual is given in term of
life fraction (e.g. the creep-fatigue damage limit is 1). The procedure is the following:

e Divide the load histogram into steady into the M different types of loading and define N as
the total number of observed dwell.

e Compute the creep damage caused by primary load as a function of all dwell and half
cycles:

. B
kst; 9i - 107
1 1 — kg109TI)(TW; + 0.5¢;)3
where k3, kg and constants in Table 10.5 (not reported here for brevity) and
ti fort; < MT;
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e Compute the damage caused by secondary loads as:

M N B
of
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where k,, ks, k¢ are constants defined in FFS-1 Table 10.5 and ejs = (;—‘ is strain caused by

secondary stresses.
e Determine the total creep damage for Mode I as the sum of all the compute contribution
Dél = DII>C + DSI‘C
e If the creep total creep damage for Mode 1 DX < 1 then the component is suitable for
continued operations

4.3 Survey of fitness-for service practices and damage tolerant
design

4.3.1 ASME Boiler and Pressure Vessel Code, Section Xl

Section XI of the ASME Code provides in-service inspection criteria suitable for high temperature
reactors. However, if a flaw is discovered Section XI currently does not provide fitness-for-service
criteria suitable for flaw growth at high temperatures. This is a known gap in the ASME Code and
is currently being addressed by a joint Section I1I/Section XI Working Group on High Temperature
Flaw Evaluation. The working group will begin with flaw evaluation procedures for base
materials. Its current work does not address weldments nor does it address environmental effects.
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4.3.2 RCC-MRx

4.32.1 Preventing fast fracture

The RCC-MRx code provides rules to prevent fracture that initiates from any existing defect but
not preceded by an appreciable plastic deformation of the material. Fast fracture is generally
caused by unstable propagation of a crack. Two types of fast fracture are considered — ductile
tearing which occurs when a small volume of highly stressed material at the tip of the defect
fractures through plastic instability while bulk of the structure behaves elastically and brittle
tearing which is the result of material cracking without detectable local plastic deformation.

Rules to prevent fast fracture in RCC-MRx code are provided in Appendix A16. The code provides
a conventional analysis method as well as a detailed analysis method. The conventional analysis
method checks the design against postulated defects without direct connection to possible
manufacturing defects or in service deterioration. On the other hand, detailed analysis method
consists of determining the size of a critical defect that just barely meets the recommended safety
factors. The structure is then declared safe against fast fracture by demonstrating that any defect
larger than the critical defect is not possible considering the manufacturing process used and the
inspection during fabrication and operation.

In conventional analysis method, the value of J-integral must meet the following criteria:

Ji (AM +T,a f) < Jintiation ; for preventing tear initiation

Jr(@rer+Aa)
J(AM + T, ayer + Aa) < ——1—

; for preventing defect instability

where J-integral is calculated considering the mechanical, M and thermal load, T specified by C
and the depth, a,.f of a postulated reference crack. The depth a,.f is to be considered equals 4
of the thickness of the part but not exceeding 20mm. Acceptable calculation methods for J are
provided in Appendix A16 Section A16.7000 of the code. Ji,tiation 1S the fracture toughness at
initiation and is determined as per standard ISO 12135 or ASTM E1820. Ji is determined from
tear resistance curve based on standard ISO 12135 or ASTM E1820. § is a factor on J; curve and
varies depending on the Level criteria. § is defined in the Equipment Specifications and justified
by statistical load dispersion on the tear resistance curve. An additional factor, A on mechanical
load is applied whose value depends on the type of check and the Level criteria.

4322 Defect and leak before break assessment

In Appendix A16, the RCC-MRx code provides methods to perform defect assessment as well as
methods for leak before break analysis.

In order to perform a defect assessment, the effective length and height of the crack has to be
determined. The code provides instructions with figures to characterize and determine the
respective effective dimensions of different type of cracks. Once the geometry of the crack is
determined, the defect assessment is a two-step analysis method. The first step is the calculation
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of the defect evolution, while the second step is the verification that the presence of the defect will
not induce any risk of rupture and instability during the rest of the service life.

If the component experiences significant creep deformation, the first step is to check for creep-
fatigue initiation. In this step, the total usage fraction for initiation, A and total usage fraction for
rupture, W are determined for the number of cycles prior to initiation. Strain range and stress
relaxation profile from elastic analysis are used to determine the usages fractions. The usage
fractions are then checked with the creep-fatigue interaction diagram. If the (A, W) point falls
within the creep-fatigue envelop, only fast fracture and plastic instability are checked in the second
step. Otherwise, an additional creep-fatigue propagation analysis is required to perform for the rest
of the service life.

In creep-fatigue propagation analysis, the geometry of the defect at the end of service life is
checked given its current geometry. The rate of fatigue and creep propagation are determined first
and then add together to determine the final size of the defect.

The leak-before-break analysis determines whether it is possible to detect, under in-service
conditions, a leak of a fluid containing structure before the defect, the origin of the leak, induces
rupture of the structure. For this analysis, the code provides simplified methods based on fracture
mechanics concept.

4.3.3 ITER design criteria

Likely due to the high radiation doses structural components will experience in ITER, the ITER
design criteria focus on fast fracture in embrittled material.

Since irradiation can reduce the fracture toughness of most materials, the ISDC code provide rules
for preventing fast fracture originating from postulated flaws. The depth of the postulated crack,
a, is considered as the maximum of 4 times the largest undetectable crack length by NDE and Y4
of the wall thickness. Rules are provided for both elastic and elastic-plastic analyses.

In elastic analysis, mode I stress intensity factor , K; has to be calculated for a postulated surface
crack with depth, a, and minimum length 10a, subjected to the prescribed loading. The elastic
analysis rules are

K, < y1K:(6, Gyy,) ; for preventing global fast fracture due to primary plus secondary membrane
loadings

and

K, < y,K:(0, Giy,) ; for preventing local fast fracture due to all primary and secondary loadings,
including peak. Here y; and y, are the safety factors.

If the postulated crack for the global and local fast fracture analysis is embedded in a yielded
region, elastic-plastic fracture mechanics methodology should be used. The acceptance criterion
is based on J-integral determined for all the loadings.

i < v3Jc(6,Gem)
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Note that, both the minimum fracture toughness, K. and minimum critical J-integral are function
of temperature, 6 and thickness averaged fluence, G, to account for the effect of irradiation.

43.4 RS

4.34.1 General procedure

This procedure is described in R5 Volume 4/5 and is used for assessing the suitability of a structure
containing defect operating at high temperature and subject to creep-fatigue loading conditions.
This procedure can be used for different purposes: to find the loads so that a certain service life is
achieved; and to identify the initial defect size which will grow to the maximum acceptable size
given the operating conditions and the combination of loadings geometry, and material properties
for which the crack tip behavior has a negligible effects on total service life.

The core of this procedure is the creep-crack growth evaluation for which RS provides two
different methods. For Method I cyclic and creep crack growth rates are computed separately and
then summed together to obtain the total crack growth rate. For cases in which plasticity is
negligible the fatigue assessment is based on the elastically calculated AK, otherwise AK is
modified to account for plasticity using AJ. Creep crack growth during dwell is computed via the
C* parameter.

Method II is simpler than Method I and assumes that creep influences the cyclic contribution to
crack growth and therefore no explicit calculations of creep crack growth are required. For this
purpose, a high-strain creep model is used to account for the effects of creep damage occurring
during dwell and cyclic loading. The underlying assumption is the defect is small enough to be
embedded inside the cyclic plastic zone.

The procedure outlined below is applicable only to austenitic and ferritic steels, and does not
consider leak-before-break for pressurized components. Defects are assumed to be embedded in a
homogeneous material (either be parent or weld metal), or in non-homogeneous weldments. Both
displacement controlled and stress controlled crack behavior is considered.

The procedure is outlined below:

e Establish the cause of cracking. This step is critical as it ensures that the procedure is
applicable. Caution should be used if the defect is formed during service due to creep
because if significant creep damage is found away from a crack tip this might indicate over-
heating and or over-stressing. Caution should also be used if cracks are found in a material
having sustained extensive creep damage. When this is found to be the case all crack
growth calculations should use material properties fully representative of the present
material damage state. If there is evidence of environmental assisted cracking, this
procedure should not be used.

e Characterize the defect. The geometry and location of a defect are required for using this
procedure. Once the actual geometry of the defect is known it must be simplified before
the procedure can be applied: through wall cracks are idealized by their circumscribing
rectangle and embedded surface crack are characterized by a semi-ellipse whose axes are
derived from a rectangle circumscribing the actual defect. Calculations for elliptical defects
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must be performed twice, one for each ellipse axis. The procedure below only applies to
Mode I loading.

Define past and planned future loading conditions and resolve them into loading cycles.
Specification of the service conditions must include load, temperature and to-date and
planned service life. Furthermore, the load history must include time dependent, time
independent and fault loadings.

Identify the material parameters. Time dependent, time independent and cyclic material
properties are required for the evaluation. Furthermore, one might also want to consider
the effect of thermal ageing on material properties. The required material date are:

e FElastic and physical constants, such as elastic modulus E, Poisson’s ratio v,
coefficient of thermal expansion a, etc.

e Monotonic tensile data such as the 0.2% proof stress

e Creep rupture data

e Creep deformation data

e Creep ductility data

e Fracture toughness

e The shakedown factor, K

e (Cyclic stress-strain data

e Creep crack incubation data. For situation where fatigue is insignificant it might be
possible to discount the incubation period. The incubation period might be
computed as a function of a critical crack tip opening displacement §; or using the
C* parameter in the following relationship t;(C*)? = y, where B and y are material
properties.

e Creep crack growth data. This kind of data are expressed in terms a = A(C*)?
where A and q are material parameter. Further, when using C* to compute the crack
growth rate, there is a limit on the dimensionless crack velocity: 1 = ao/, f/ECT <
0.5.

e Cyclic crack growth data. The type of cyclic crack growth data utilized for this
analysis dependents on the method.

= For Method I the relationship used to compute the cyclic component of the

of the creep fatigue crack growth is (z—x)f = CAK} £r Where C and [ are

material and temperature dependent parameters.

= For Method II the relationship used to compute the cyclic component of the
da

of the creep fatigue crack growth is (dN)f = B’a? where B and Q depend
on material, temperature, environment and strain range. This method can
only be applied if the crack is embedded in the cyclic plastic zone at the
surface (apin < a < 1, where a is the crack size ap,;, = 0.2 mm and r, is
the plastic zone size on the surface.)

The main source of data for this procedure is R66.
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Perform an elastic stress analysis of the defect-free body at the extremes of the service
cycles identified before. A ratcheting analysis of the uncracked component/structure
should also be performed. The procedures used to assess shakedown are the same ones
used in Volume 2/3. If shakedown is demonstrated, then one must check that the crack has
negligible effect on the elastic compliance of the structure/component. For the crack
propagation analysis, the elastic follow up factor resulting from the shakedown analysis of
the uncracked body is increased by unity and the modified elastic follow up factor is used
in the crack propagation analysis. The size of the surface plastic zone must also be
identified as this might influence the method selected for calculating the crack growth rate.
The procedure to compute the cyclic plastic zone size is the same as that in Volume 2/3.
The stress intensity factor ratio R = K,/ Kinax must also be computed by using the result
of the shakedown analysis. This is because due to creep the shakedown analysis will
provide a lower value of R. For the creep crack growth analysis, one also needs the

reference stress at the beginning of dwell:

P ay

P.(0y,a)
where P is the primary stress resulting from the shakedown analysis at dwell, P is the
plastic collapse load assuming a yield stress 0,, and a crack size a.

P _
Uref -

Check the stability of the structure under time independent loading utilizing the procedure
described in R6. This procedure requires the use of the initial residual stresses present in
the component.
Check the significance of creep damage, fatigue damage and creep-fatigue damage
interaction.
e The effect of creep can be neglected if the ratio of hold time t over the maximum
hold time t,, at the reference temperature T,..r for the whole loading history is

smaller than unity (e.g. Z§=1nj [Tt)] < 1) where t,,, should be determined
m\Uref j

using Figures A6.6 and A6.7 in RS Volume 4/5.

e Cyclic loading can be neglected if: i) the creep behavior is not perturbed by cyclic
loading both locally and globally, and ii) the creep crack growth rate due to cyclic
loading is smaller than 1/10" of the estimated creep crack growth rate. To determine
if the creep behavior is perturbed by cyclic loading from the global structural
response, the same test for checking the significance of cyclic loading for the
uncracked structure is used (see Volume 2/3 Section 6.2.2 for more details.) To
determine the local effect of cyclic loading on the creep behavior one needs to show
that for the most severe cycles the size of the cyclic plastic zone rpcmc" is much

smaller than the crack or any sectional characteristic dimension of the structure (e.g.

remaining ligament size.) For cyclic loading the allowable elastic stress is two times

2

the yield stress (e.g. 20,,), therefore one can compute rpmwk = (%) where 8

can be is 1/2m and 1/6m for plane stress and plain strain condition, respectively.



If all requirements are satisfied then the effect of cyclic loading on creep crack
growth can be neglected.

e Check for the significance of creep fatigue interaction. Even if both creep and
fatigue are shown to be significant the latter has little effect on the total crack
growth rate if the creep-crack growth is accounted for explicitly. 1) If creep behavior
is perturbed by cyclic loading but the creep crack growth rate due to cyclic loading
is still smaller than 1/10" of the estimated creep crack growth rate. ii) When a crack
propagates through a material exhibiting high creep damages (e.g. D, = 0.8).

For case 1) the coefficients C and [ of (2—;)f = CAKéff should be determined

experimentally for relevant conditions. For case ii) RS suggests following the
guidelines provided in BS 7910 [105] which recommends evaluating the penalty

factor experimentally for creep damage D, > 0.8. Other sources [106] recommend
1

—D¢)
Calculate the rupture life t;p based on defect size. The rupture life t;p can be estimated

enhancing the creep damage by a factor a for any value of D,.

as: tcp = t,|of,f(a)] where ¢, is the rupture time at the stress level a;7, where o, is the

stress level considering primary stress loads for a crack of size a. If the computed rupture
life is less than the required service life then one does not need to perform crack growth
calculations. Otherwise, one needs to calculate the crack growth.

Calculate the three different characteristic times due to the different crack propagation
stages.

e (Calculate the crack incubation time t; (optional). The incubation time is defined as
the time from the beginning of the assessed period of high temperature operation
for which the crack growth rate is insignificant. If this step is neglected, the
incubation time is assumed to be zero. The incubation time can be estimated as

n

5. 11 ol .(ap)
p 1= L __ref 0

gC[O-ref(aO)l tl] [R/(ao)] E

See appendix A2 in R5 Volume 4/5 for more details.

e Calculate the redistribution time t,.4. The redistribution time t,.4 is the time
required for stresses to redistribute due to creep since the beginning of dwell up to
widespread creep conditions. The redistribution time t,.4; can be expressed as

arpef (a)

& [O_fef(a): tred] = E
e Calculate the time to achieve steady cyclic state t.,,.. This is required to account

for the effect of the early cycles. When the damage due to cyclic loading is
significant one must estimate the t.,. For the case where only primary loads are
present the equation below can be used:
cyc=1
O-ref + O-ref
& f' cyc

cyc=1 _
Oref Oref

=7
E
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where Z is the elastic follow up factor computed accordingly to Appendix 3 of
Volume 4/5, and O_:ngc =1 is the reference stress for the first cycle and oy¢f is
reference stress for steady cyclic conditions. O':gfc = can be estimated using the

Neuber rule.

e Calculate crack tip parameters. There are a variety of crack tip parameters that need to be
computed before assessing the actual crack growth rate.

Calculations of AK,ss: if cyclic plasticity is not observed for the uncracked
structure then AK, s = qoAK, where q,, is the time fraction the crack is considered

to be open and is related to the value of R. If R > 0 then gy = 1, if R < 0 then
1-0.5R
9o =%

(more detail in Volume 4/5 Appendix A3) to determine R.

. If cyclic plasticity is present than one should use AJ instead of AK

2
Calculate the value of the characteristic length R" as R’ = <c§,” > . Note that the
ref

value of R is different while moving along an elliptic crack rim. Therefore, it
should be evaluated separately for the deepest point on the crack rim and at the
surface.

Estimate the value of C* as C* = o, Féc [arpe . (a), eC]R'. Here &, is the accumulated

creep strain and &, is the creep strain rate associated with the reference stress level
afe - A strain hardening rule must be used.

. . . d .
e (alculate the increment in crack size due to creep crack growth rate (ﬁ) . Three regimes
c

may be considered: i) steady-state creep crack growth (e.g. t > t,.4), 11) non-steady state
creep crack growth (e.g. t < t,¢q), and iii) early cyclic creep crack growth (e.g. t < tyc).

Note that in order to use the following one needs to demonstrate that the non-dimensional
crack velocity satisfies the condition: 1 = dag?, f/ECT < 0.5.

L.

1l

For steady state creep, the crack growth per cycle due to the dwell time t;, can be

compute as:
da th
- — *\q
( dN)C fo A(C)de

For non-steady state creep, there are two cases: a) the case for which the total time
for the assessment t is greater than t,..4, and b) the case for t smaller than t,,,.

a. For the first scenario a simplified approach can be utilized assuming that
between incubation and redistribution time the crack will grow twice as
fast as after redistribution:

a=2A4(C"H)T t;<t<t
{ a=A(C")T t>treq

b. In this case a more rigorous treatment is required. This involves the use
of the C(t) parameter rather than the C* parameter. R5 provides an
interpolation rule to obtain C(t) from C*:



1
Ec\1-q
cy  (1+5)
c* 1
Ec\1-a _
(1 + ee) 1
where q is the exponent of the creep crack growth rate equation, .is the
accumulated creep strain at time t and &, is the elastic strain.
The creep crack growth per cycle can then be computed as
da th q
— = A(C(t)) dt
(@), = |, 4tcw)
iii.  Early creep crack growth estimate is required for times for which shakedown has

not been achieved yet. In this case the parameter C* is replaced with
cyc=1 +
L L Y
2

Cyc=1_0'ref
where € is evaluated as ¢, =7 MT It should be noted that the above
equation is insensitive to the time to shakedown t.,. but is proportional to the
accumulated creep strain &.. The creep crack growth per cycles before structural
shakedown can then be computed as

(j—;)c = fothA(é*)th

Combining cyclic crack growth due to creep and cyclic loading. The way creep and cyclic
crack growths are combined depends on the crack and plastic zone size. As mentioned
before if the characteristic crack length is greater than the cyclic plastic zone then one
should use Method I. If the crack is growing inside the cyclic plastic zone then one should
use Method II.
e Method I: In this case the total cyclic crack growth is defined as the sum of creep
and fatigue cyclic crack growths:

da _ (da) N (da)
dN  \dN/; \dN/.

e Method II: In this case the total cyclic crack growth is modified by a fatigue damage

surf
c :

where (Z—;)f = CAK,.

enhancement factor dependent on the creep surface damage D
da (da) 1
dN \dN/; (1- Dsurf)z
where (Z—;)f = B’a? and Dcsurf is the sum of the creep damage fraction (di”rf) ;
. surf _ (thj £
accumulated for each cycle j, and (dc )], = fo ) dt.
It should be noted that when D YT = 1 then Z—; = oo. This should be interpreted as
the exhaustion of creep ductility inside the cyclic plastic zone and that the crack
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will propagate up to the edge of the plastic zone very quickly. In this case one
should revert to using Method I.
e Update the crack size at the end of the assessed period. This step simply involves

. : d
computing the total crack growth increment due to all the cycles: Aa, = ?’=1 (ﬁ) ‘
j

e Recalculate the rupture life with the updated crack geometry.

e Recheck the structural stability under time independent load with the updated crack
geometry.

e Perform a sensitivity analysis of the inputs.

The procedure outlined in the previous section also applies to welds and exhaustive explanations
are given in R5 Volume 4/5 Appendix 4. For a similar metal weld joint one should use the
procedure described in Volume 7 that has been summarized in this report. For dissimilar metal
weldments the biggest change to the procedure outlined above is to use different material data.
The defect is assumed to be embedded in the heat affected zone. Material properties should then
be select appropriately, following the guidance of Volume 4/5 Section A4.4.2.

4.3.4.2 Volume 6: Assessment procedures for dissimilar metal welds

Volume 6 of RS provides a simplified assessment procedure for dissimilar metal weldments
(DMW) based on experimental results and experience. The procedure applies to butt welded pipe
and tube geometries operating in the creep regimes. The procedure is supposed to be general
enough to account for a variety of material and weld geometries. However, it assumes the
availability of experimental data for the assessed geometry and material combinations. This
procedure is therefore limited to a small number of material combinations and weld design because
of the lack of data.

As a first step one is required to collect the following data for the loadings: pressure, system self-
weight, differences in coefficients of thermal expansion across the weld, through wall temperature
gradients and other system loading (e.g. cold pull, thermal expansion, temperature variation of the
whole pipe network, etc.). The structure’s self-weight and the pressure contributes to primary
stresses. Ideally other loads relax with time and can be considered as secondary. However, because
of possible high value of the elastic follow up factor they will be considered primary.

This procedure as built upon the following assumptions:

e Metallurgical features of the weld are reproducible

e Material properties across the weld are known at every location with reasonable accuracy
(if not, experiments are required to apply the procedure)

e Failure is a combination of creep and cyclic loading

e A rupture stress can be identified for the weld region of interest

e The leading failure mechanism is creep due to primary loading

e The stresses at the mean diameter of the structure calculated via elastic analysis are
reasonable

The procedure includes three types of damage accumulation mechanisms: 1) creep due to primary
stress, ii) cyclic loading, and iii) creep damage due to relaxation. For each of the above
mechanisms, a damage fraction is computed, and when their sum is equal or exceeds unity, weld
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failure is assumed. If A, B and C are the damage fractions associated with the above mechanisms,
the assessment passes if A + B + C < 1.

The first step in the procedure is to assess the loading history and resolve it into cycles. Actual
geometries resulting from inspection and actual service loading should be used. Using design
geometry and load may result in overestimating the weldment life.

A pessimistic assessment may be achieved by using the minimum recorded wall thickness of the
DMW at the ferritic interface and assuming it for the entire wall. The hoops stress used for the
assessment calculation should always be the one resulting from the minimum wall thickness.

The creep life fraction under steady condition, A, is determined as

A= Zl:—ti
= iy (0Fup Ti)

where t; is the time under loading condition i, t; is the time to rupture for a given rupture stress
. . 2_2 0.25
Oryp (defined as oy, = (%) ) at the median section temperature T;. The rupture time t; is
computed using the logarithmic relationship given in Appendix 1 of volume 4.5. Moreover, MF is
the multiaxial correction factor defined as MF = Ui + 0, + 0, and 7, 0y, 0, and o, are the von
h

Mises equivalent, hoop, radial and axial stress, respectively.

The used fraction B for time independent fatigue life is computed via Miner’s rule:

J
oy M
1 Ny (2%))

where N; is the number of applied cycles with an equivalent strain range Ag; and Ny is the number
of allowable cycles before failure happens given Ag;. The equivalent strain range Ag; can be
determined either by applying a fatigue reduction strength factor (FSFR) to the parent metal or by
computing it as the separate contribution of different strain ranges:

AE] S Agel + Agpl + AEVO[ + AET

where Ag,;, Agy,;, Ag,,; are the elastic, plastic, volumetric strain ranges as per Volume 2/3 (see

relevant section) and A€y is thermal strain range. The term A€y is a function of the mismatch in
the coefficients of thermal expansion between the parent and the weld material and the temperature
range:

Ag; = 1.5AaAT
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The number of cycles to failure Ny is obtained by using the appropriate curves (parent material if
FSFR or cross weld specimen if using the computed Ag;).

The used creep life fraction under transient condition C is evaluated as:
K
aATk
c= )M
k=1 Tk
where a is coefficient of thermal expansion for the local material inside the weld, AT}, is the
temperature jump between two different operating condition, which are temperature variation

between the beginning of a cycle and start of dwell or the end of cycle and the beginning of a new
one (see Figure AS.1 in Volume 6). If no data are available &¢is set to be 5%.

4.34.3 Volume 7: Behavior of similar weldments: Guidance for steady creep
loading of ferritic pipework components

The aim of this procedure is to assess the life of a welded ferritic pipeline subject to steady creep
loading conditions. This procedure is referenced several times in R5 Volume 4/5 and is fully
compatible with it. This procedure has been developed for welds with parent and welded material
0.5CrMoV and 2CrMoV, respectively. However, it can be used for all instances in which the parent
and welded material have similar composition, creep crack growth is driven by C* or C(t) and
appropriate material data regarding the welded zone are available.

In this procedure a weld is considered to be composed of different microstructures while moving
across the weld. For each microstructure relevant material properties need to be available.

This procedure is applicable when loads and temperatures vary slowly in time. In general, it is
assumed that creep rather than fatigue is the major contributor to failure. Variation in stress and
temperature are accounted for by integrating continuum creep and fatigue crack growth rates.
Furthermore, the procedure accounts for both primary and secondary loads. This procedure only
applies to Mode I crack growth.

Creep crack growth and damage are computed as functions of the operating time t. The crack size
at the beginning of the assessment is denoted as a,. Incubation may be included in the evaluation
if necessary. It is conservative to assume a zero incubation time.

Several weldment material properties at different location across the weld are required to perform
this assessment. Required material properties for each area can be summarize as follows:

e Creep rupture

e Creep deformation

e Creep rupture ductility

e Creep crack growth rate

e Fracture toughness

e Yield and ultimate tensile stress

e Elastic constants (Young’s modulus and Poisson’s ratio)

e Incubation time as function of the critical crack opening displacement 6; or C*.
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In general, use of lower bound material properties would lead to an overly conservative life
estimate. Experience suggests that the use of average material properties is acceptable and it would
still produce conservative results. Safety factors are not used in the assessment. Instead, an
enhanced service life t, = 1.25t; is assume, where t; is the future planned service operation time.
This is justified in RS as a prevention against abrupt failure due to sudden changes in material
properties. This approach is deemed to provide a qualitative margin against cliff effects.

The procedure itself requires the following steps, some of which can be bypassed depending on
the conditions:

Obtain data regarding the pipe system, the component and the investigated welded section
Define the operating time to date as t, and the planned future service life as t;. The
assessment is performed on the time range between t = 0 and t;, where t; = t; + ;.
Determine the loads and temperature variations for all times t such that 0 < t < t;. Again,
loads and temperatures should not be inferred from design data but should be taken from
operating conditions.

Compute the elastic stress for the uncracked feature (e.g. stress classification line in a
component) assuming homogenous parent material properties. The resulting stress field
shall be linearized and categorized.

If any feature contains a defect, it should be identified and sized. The value a, is the size
of a defect at time t,. Here, incubation time can be used to determine when, in time, the
defect reaches the initial size. Again, if the time at which the crack is started is unknown it
is safe to assume the incubation time t; = 0.

Compute the reference stress oy, and if a crack is present, compute the primary and
secondary stress intensity factor K, and K, respectively. The reference stress is determined

from the elastic solution for the uncracked body as d,..; = (P%) gy, where P is the primary
stress, P, is the collapse load determined according to R6, and g, is the yield proof stress
of the material. For instances in which a defect is present the reference stress must be
multiplied by a factor k (e.g. 0y¢f = k0yef,0) ranging from 0.7 to 1.4, depending on the
situation. The stress intensity factor K, and K are determined separately from the elastic
solution of the uncracked body using handbook solutions, and summed together to obtain
the total stress intensity factor K = Kp(a) + K;(s). See R5 Volume 7 Appendix 3 for more
details.

Compute the initial rupture life t¢p , and the continuum damage D, for the time ¢, using
the crack size ay. The rupture life t¢p, is computed using appropriate rupture life curves

tr(aref, Tref) for the given conditions. The continuum damage is a life fraction and is

: o d : : :

computed by integrating d. = — % between two times intervals. This must be done
tr(o'refvTref)

for each type of microstructure in the feature. Then for conservatism the shortest rupture

life and its associate continuum damage should be selected. Check if t¢p , is greater than

planned service life t;. If this is not the case the analysis should be refined or remedial
action taken.
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e Check time independent collapse using the procedure outlined in R6 using the crack size
ag, lower bound fracture toughness and tensile material properties. If a crack is not present
this assessment reduces to comparing the reference stress with the flow stress. The flow
stress is defined as the average between the yielding and rupture stress.

If the analyzed feature is uncracked, one skips the following steps and proceed to perform a

sensitivity analysis of the input, otherwise the following additional steps are required.

e Assess the incubation time t; (optional). It is conservative to assume t; = 0.

e Calculate the creep crack growth rate and crack sizes up to a time t, > t, + 1.25¢;. Creep
crack growth is estimated as in Volume 4/5 but using the enhanced reference stress
mentioned above and its associated strain fields. This step involves computing the crack
growth rate a as a function of C* or C(t) and making sure that the non-dimensional crack
velocity satisfies the condition 4 < 0.5. If the feature fails before time t, then the analysis
should be refined or service life t; should be reduced.

¢ Calculate the continuum damage D¢, up to time t,. If De > 1 or D¢, > 1then the
assessment fails. One can reduce the planned service life or refine the analysis. If D¢, <1
then one can proceed to the last step of the assessment.

e Recompute time independent collapse using the procedure outlined in R6 using the crack
size a,, lower bound fracture toughness and tensile material properties. Also using R6
establish the limiting crack size a; at time t;. Check that the limiting crack size a; is greater
than the crack size a,. If this is the case then the feature is suitable for continued service
up to time t;. Again, a sensitivity analysis should be performed to gain confidence in the
assessment.

4.3.5 API-579/FFS-1

FFS-1 provides a procedure to evaluate a component operating in the creep range with a crack-
like flaw using the results from a stress analysis.

This assessment utilizes stresses, strains, operating time and temperatures at each point across the
wall thickness. When an inelastic analysis is performed, it shall include a material model
accounting for creep. The creep material model should be sensitive to stress, temperature and time.
If at a location stress state beyond yield is computed, the material model must also include
plasticity. For this analysis the mean material fracture toughness and the minimum yield and tensile
strengths shall be used.

With material data and histogram identified, the following steps need to be performed:
e Determine the damage ahead of the crack tip before the crack is nucleated D,,.. There are
two options depending if the structure is subject to steady or cyclic operations:
o Steady operations: Procedure 1 describes creep-rupture life section to compute the

creep damage as
Mp

Dy = Z ch
m=1

o Cyclic operations: the fatigue damage before cracking need to be added to the creep
damage:
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n
Doe= ), "Det ),y

m=1 m=1
where M, is total number of cycle before the onset of cracking, n is number of
applied cycles, N is number of allowable cycles for the given conditions and m is
the cycle type.
Compute the damage ahead of the crack tip for the period of time it was verified that the
crack was not present °D,.: this involves characterizing the crack dimensions from
inspection and categorizing it according to Annex 9C (Annex 9C is handbook for reference
stress distribution given a crack and a component geometry.) Determine the crack
characteristic dimensions a, and c,. The crack damage °D,. is still computed using
Procedure 1 but with a modified reference stress from Annex 9C. This reference stress

accounts for stress concentration due to the crack. The damage is computed as
Mpc

0Dac = Z ch
m=1

Initialize the crack size and time such that =la = a,,
index to keep track of the crack size through time.
Starting from cycle m = M, identify the cycle time ™t and divide the cycle into a number

=1t = ¢y, =t = 0, where i is an

of periods I. Assign at ‘t the time corresponding to the end of each period. Note that the
higher the number of periods, the better is the accuracy of the solution. Also determine the
temperature ‘T for each period selected from the histogram. A sensitivity analysis is
recommended. For each period i:

o Compute the stresses iai ; through the wall thickness and recomputed the reference

stress '0y..¢ according to Annex 9C.

o Check the margin against plastic collapse of the component and that for the
identified crack geometry and operating conditions for the point lies in safe zone of
the failure assessment diagram (FAD). If any of the above criteria is not satisfied
then the life of the component is limited by them and the procedure stops. If both
criteria are satisfied then one moves to the next step.

o Compute the damage ahead of the crack as

. . ( lt_i—lt)
0 "D =" 1Dac R —
. L(lC
where ‘L, is the rupture time for the given loading history after crack initiation.
Compute the value as:

‘Lae = 8; if one uses the Omega Project Data at the reference stress S; =
co**m

loglo( iaref)a or

i 1000 LMP(™S . .
‘Loc =logqo[ "L] = # — Cyyp if one uses the Larson-Miller
Trefa"‘ T
parameter.

o Check that the creep damage ahead of the crack is acceptable: This means simply
checking that D, + ‘Dg, < D3V,
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o Compute the new reference strain rate ‘¢, using the Omega Project model (Eq.
10.14 in FFS-1) for the reference stress S; = loglo( iaref).

o Compute the Mode I stress intensity factor for both the characteristic crack lengths,
K?°( 'a, 'c) and K?( 'a, ‘c) using Annex 9B (FFS1 Annex 9B is a handbook of
stress intensity factor given a crack and a component geometry).

o Compute the crack driving forces C2°( ‘a, 'c) and C2( ‘a, ‘c). The evaluation of
¢?°( 'a, 'c)and C2( ‘a, ‘c) involves computing a relaxation time t,¢;qx and a C*
value for both characteristic crack lengths. Beside all the equations, the relaxation
time uses a factor of 0.91.

o Compute the crack growth rate for the time period 't as:

‘da ‘de

- = = H, (Ct%( a, c)) = = H, (C,?( a, c))
where H. and pu are the coefficient and the exponent for the creep crack growth
model. The value of H and u depends on whether the MPC Omega Project or
Larson-Miller’s parameter formulation is used.

o Determine the integration time step At as a function of the maximum crack growth

rate:
At = Cintgte
‘da ‘dc
MaxX\ =g ~dt

where Cinrg = 0.005 for explicit time integration and t. is the component thickness
adjusted for metal loss and future corrosion allowance.
o Update the crack dimensions and time as:
i 'da i dc i i
a= ‘at+——dt ‘c= ‘c+——dt ‘t= ‘t+At
dt dt

o Ifthe current time 't < ™t then one repeats all the calculations for the next time i.
Otherwise, proceed to the next step

e [Ifcyclic loading is present the crack size must be updated:

B +mda P +mdc
a= ‘a N c= N

i
where
Mda Eqm
o = Hr (mAKggf E, b)a
ﬂ — Hf (mAKgff Eaizb),
mAKeff - CIO(mKI max KI mm)
mAKeff - qO( KI max KI mm)

KI,min_

The parameter q is a function of the stress intensity factor ratio R=5;

I, max

e ForR>0thengy, =1

e For R < 0 then qq =1 O:R




e [f cycle m is the last cycle in the histogram the procedure continues to the next step;
otherwise, one needs to analyze the next cycle beginning again by dividing the cycle in [
substeps.

e [f for all the analyzed locations and sub steps i the results lay within the safe region of the
failure assessment diagram then guarding against plastic collapse is guaranteed and the
damage in front of the crack tip is acceptable. Therefore, the component is suitable for
continued operations. The component remaining life can be assessed by including
additional operating cycles.

In this procedure the presence of a weld is considered by reducing the allowable accumulated
inelastic strain (see Table 6) or by setting a lower bound for the strain range adjustment factor A .
Furthermore, the presence of a weld is also accounted for by utilizing specific handbook solutions
for the reference stress 'c,.r (Annex 9B) and for the stress intensity factors K, 7% and K (Annex
9C.)

44 Recommendations

4.4.1 Developing a high temperature flaw assessment method

Currently, there is no widely accepted and understood methodology for assessing flaw growth for
high temperature cyclic load. ASME Section XI does not include high temperature flaw evaluation
criteria, though work is in progress through the Working Group on High Temperature Flaw
Evaluation, where the RS approach is being adopted. This means that if a flaw is discovered in an
operating high temperature plant, at a weld or otherwise, there is no accepted methodology for
determining how plant operations must be altered to ensure a safe amount of flaw growth. Such a
flaw assessment method will likely be required before plants can be licensed.

The methodology presented in API 579/ASME FFS-1 could be adopted for use in Section XI
and/or used by regulators. This method is essentially the method developed for R5. The challenge
here would be obtaining the required crack growth data and ensuring the data meets nuclear quality
assurance requirements. Creep-crack growth data on any material is not commonly available from
the open literature and so a test program may be required. Developing a consensus evaluation
method that can be adopted by regulators, including minimum data requirements, may help reactor
vendors understand and plan for the required testing.
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4.4.2 Awaiting a consensus on Type IV cracking and austenitic reheat cracking

Currently, there does not seem to be a consensus on if Type IV cracking in ferritic-martensitic
steels is a problem with current post-weld heat treatment procedures, a problem that requires
design modifications (likely, in the ASME context to the stress rupture factors), or a fabrication
problem caused by improper post weld heat treatment. A similar situation exists for stress
relaxation cracking in austenitic alloys. A determination on if changes to design codes and
construction practices is required will need to wait for additional experimental data and high
temperature field experience with these materials. This consensus on ferritic-martensitic steels
will likely need to emerge from the fossil energy or petrochemical industries or their representative
trade associations as the U.S. currently has no operating high temperature nuclear plants.
Transferring information from the non-nuclear to the nuclear industry could be done through the
ASME, but will be complicated by the different design rules used by the two groups.

Similarly, information on reheat/stress relaxation cracking in austenitic steels could be gathered
from non-nuclear industries in the U.S. or from foreign high temperature reactor programs. The
UK Advanced Gas Reactor fleet is a promising source of information on 316H stainless steel, as
those reactors have extensive operating experience with that material in the creep regime.
However, at the time of this report there does not seem to be a publicly available summary of the
AGR experience with 316H. Developing a mechanism for information sharing with the UK (and
other foreign reactor programs) is a critical future issue to be resolved.

4.4.3 Assessing assumed flaw design at high temperatures

Lightwater reactor designers conventionally evaluate their designs against some library of assumed
flaws. That is, they are required to assume the existence of a flaw with some set geometry (or a
library of such flaws) and demonstrate that if such a flaw exists it will not grow unstably under the
component operating conditions. This check ensures that a flaw will be detected before it could
lead to rapid failure of the component.

The RCC-MRXx code applies this concept to high temperatures by requiring the designer to evaluate
an assumed flaw. The other high temperature codes do not adopt this approach. The common
justification is that at high temperatures it is extremely unlikely that a flaw would grow unstably
and so regular plant inspection would identify flaws before they could cause rapid failure of the
component. Therefore, a properly integrated design and in-service inspection method mitigates
the risk associated with such flaws. Accepting this approach, flaw evaluation is an aspect of
fitness-for-service approaches, rather than a safety-critical high temperature design issue as regular
inspection should identify any cracks in operating high temperature plants before they can rapidly
grow to fail a component.

However, there is the possibility that a flaw could grow stably but relatively quickly to the critical
size in between plant inspection periods. This is only likely in components that are highly stressed
or see a large number of operating cycles in a short period of time.

An evaluation of prototypical components for various reactor systems could be made to assess the
possibility of such rapid, but stable, crack growth under creep-fatigue loading. It seems unlikely
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that rapid crack growth configurations will be found in cases not considering environmental
effects. However, such a study would need to wait for the establishment of a flaw assessment
procedure (4.4.1).

An exception to this assessment are situations where the environment affects material ductility or
if environmentally-assisted crack growth mechanisms are present. A prime example would be
irradiation embrittlement, which can lower the ductility of the material to the point where rapid
cracking becomes possible even at high temperatures. Likely it is this concern that prompts RCC-
MRx and (especially) the ISDC to include flaw-tolerant design approaches based on assumed
flaws.

Flaw tolerant design methods will require fracture toughness data on embrittled material, but with
the availability such data the implementation will be fundamentally similar to the techniques used
in light water reactors. A monitoring program could be adopted, if necessary, to measure the
toughness of material exposed to the reactor operating conditions.

This report did not cover environmentally-assisted cracking in detail, in part because there is little
available data on potential cracking mechanisms for potential advanced reactor coolants.
Inspection, surveillance, and, in the last resort, adequate fitness-for-service procedures can
mitigate concerns with environmentally-assisted cracking in future reactors.
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5 Conclusions

This report surveyed existing methods of creep-fatigue design and fitness-for-service assessment
to identify gaps that could prevent the regulator from assessing future high temperature nuclear
plant designs. Specific recommendations are addressed at the end of each of the prior sections.

Overall, the area of most concern is the interaction of creep-fatigue damage mechanisms with
corrosive coolants and irradiation damage. The RCC-MRx code developed criteria for accounting
for irradiation damage in the design of high temperature nuclear components, but it is unclear if
the required data exists for the alloys expected for use in future U.S. plants. None of the current
design or fitness-for-service methods provide rules accounting for the interaction of corrosion
mechanisms with creep-fatigue damage. Environmentally-assisted cracking could be a concern
for some plant concepts. In the near term, reactor designers are likely to either conservatively
bound such effects, possibly by providing a corrosion allowance, or attempt to minimize corrosion
in the coolant systems through the use of coolant chemistry control.

A suitable in-situ surveillance program could mitigate concerns associated with environmentally-
assisted degradation methods and could even be applied to weldments through the use of welded
monitoring specimens. One concept, discussed above, would use passively loaded specimens to
impose creep-fatigue loading on a small test section of material. Specimen design, acceptance
criteria, and monitoring strategies will all need to be developed to create a monitoring program
suitable for high temperature reactors.

Such a surveillance program would be carried out in tandem with a structural monitoring and
inspection program. Inspection rules for high temperature reactors exist in the current Section XI
of the ASME Code. The combination of a detailed inspection program in concert with in-situ
monitoring of material properties and, potentially, canary surveillance specimens, can mitigate
concerns with environmentally-assisted creep-fatigue flaw initiation and growth. In the last resort,
adequate high temperature fitness-for-service must be developed to assess the severity of flaws
that are discovered during routine monitoring. The development of in-service monitoring
programs of this type are a viable near-term solution to addressing environmental effects in future
high temperature reactors.
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