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Executive Summary

The subsection ASME NH high temperature design procedure does not admit crack-like defects
into the structural components. The US NRC identified the lack of treatment of crack growth within NH
as a limitation of the code and thus this effort was undertaken. This effort is broken into two parts. Part
1, summarized here, involved examining all high temperature creep-fatigue crack growth codes being
used today and from these, the task objective was to choose a methodology that is appropriate for
possible implementation within NH. The second part of this task, which has just started, is to develop
design rules for possible implementation within NH. This second part is a challenge since all codes
require step-by-step analysis procedures to be undertaken in order to assess the crack growth and life of
the component. Simple rules for design do not exist in any code at present. The codes examined in this
effort included R5, RCC-MR (A16), BS 7910, API 579, and ATK (and some lesser known codes).

There are several reasons that the capability for assessing cracks in high temperature nuclear
components is desirable. These include:

e Some components that are part of GEN IV reactors may have geometries that have sharp corners
—which are essentially cracks. Design of these components within the traditional ASME NH
procedure is quite challenging. It is natural to ensure adequate life design by modeling these
features as cracks within a creep-fatigue crack growth procedure.

e Workmanship flaws in welds sometimes occur and are accepted in some ASME code sections. It
can be convenient to consider these as flaws when making a design life assessment.

e Non-destructive Evaluation (NDE) and inspection methods after fabrication are limited in the
size of the crack or flaw that can be detected. It is often convenient to perform a life assessment
using a flaw of a size that represents the maximum size that can elude detection.

e Flaws that are observed using in-service detection methods often need to be addressed as plants
age. Shutdown inspection intervals can only be designed using creep and creep-fatigue crack
growth techniques.

e The use of crack growth procedures can aid in examining the seriousness of creep damage in
structural components. How cracks grow can be used to assess margins on components and lead
to further safe operation.

After examining the pros and cons of all these methods, the R5 code was chosen as the most up-
to-date and validated high temperature creep and creep fatigue code currently used in the world at
present. R5 is considered the leader because the code: (i) has well established and validated rules, (ii)
has a team of experts continually improving and updating it, (iii) has software that can be used by
designers, (iv) extensive validation in many parts with available data from BE resources as well as input
from Imperial college’s database, and (v) was specifically developed for use in nuclear plants.

R5 was specifically developed for use in gas cooled nuclear reactors which operate in the UK
and much of the experience is based on materials and temperatures which are experienced in these
reactors. If the next generation advanced reactors to be built in the US used these same materials within
the same temperature ranges as these reactors, then R5 may be appropriate for consideration of direct
implementation within ASME code NH or Section XI. However, until more verification and validation
of these creep/fatigue crack growth rules for the specific materials and temperatures to be used in the
GEN IV reactors is complete, ASME should consider delaying this implementation. With this in mind, it
is this authors opinion that R5 methods are the best available for code use today.



The focus of this work was to examine the literature for creep and creep-fatigue crack growth
procedures that are well established in codes in other countries and choose a procedure to consider
implementation into ASME NH. It is very important to recognize that all creep and creep fatigue crack
growth procedures that are part of high temperature design codes are related and very similar. This
effort made no attempt to develop a new creep-fatigue crack growth predictive methodology. Rather
examination of current procedures was the only goal. The uncertainties in the R5 crack growth methods
and recommendations for more work are summarized here also.



1.0 Introduction

ASME Standards Technology, LLC is leading efforts to conduct research in support of the
Generation IV/NGNP Materials project. A number of tasks have been completed and many efforts are
ongoing in this program. These programs are a continuation of an existing Cooperative Agreement
between ASME Standards Technology, LLC and The U.S. Department of Energy in support of the
Generation IV/NGNP programs. The scope includes development of technical basis documents
necessary to update and expand codes and standards for application in next generation reactor systems
that operate at elevated temperatures. This is a multi-year agreement. A project structure is already in
place that includes a Steering Committee, and subcontracted Task Investigators and Technical Advisors.

The GEN IV reactor concepts require structural components to operate at high temperatures in a
regime where creep damage may occur and cracks may grow. The US Nuclear Regulatory Commission
(NRC) has identified the lack of a quantitative methodology for evaluating creep and creep crack growth
as a shortcoming of the ASME Subsection NH (Class 1 Components in Elevated Temperature Service)
standard [1]. The development of elastic-plastic fracture mechanics methods and the concepts of leak-
before-break (LBB) were led by the needs of the nuclear industry. These crack assessment methods are
now well established and used routinely in PWR and BWR plant extension applications and new
designs. Quantitative creep and creep-fatigue crack growth assessment procedures are now needed for
these GEN 1V developments.

The subsection ASME NH high temperature design procedure does not admit crack-like defects
into the structural components. In fact, design codes generally consider defect free structures while
assessment codes address flaws and their treatment. Therefore, from a code design perspective, the need
for creep and creep-fatigue crack growth procedures within NH is not warranted. However, there are
several reasons that the capability for assessing cracks in high temperature nuclear components is
desirable. These include:

e Some components that are part of GEN IV reactors may have geometries that have sharp corners
—which are essentially cracks. For instance, some of the heat exchanger designs consist of
micro-process technology, which are diffusion bonded sheets with hole patterns strategically
placed so as to make thousands of small passages and features. Due to the fabrication procedure,
the features have sharp corners. Design of these components within the traditional ASME NH
procedure is quite challenging. It is natural to ensure adequate life design by modeling these
features as cracks within a creep-fatigue crack growth procedure.

e Workmanship flaws in welds sometimes occur. It can be convenient to consider these as flaws
when making a design life assessment.

e Non-destructive Evaluation (NDE) and inspection methods after fabrication are limited in the
size of the crack or flaw that can be detected. In fact, it can be said that every nuclear component
has crack like defects of some size that cannot be detected due to limitations in NDE technology.
It is often convenient to perform a life assessment using a flaw of a size that represents the
maximum size that can elude detection.

e Flaws that are observed using in-service detection methods often need to be addressed as plants
age. Shutdown inspection intervals can only be designed using creep and creep-fatigue crack
growth techniques. While NH is meant to be a design procedure rather than a service assessment
procedure, methods for crack growth analysis can be useful.



e The use of crack growth procedures can aid in examining the seriousness of creep damage in
structural components. How cracks grow can be used to determine the ultimate or limit load of a
component and margins on safety.

The focus of this work was to examine the literature for creep and creep-fatigue crack growth
procedures that are well established in codes in other countries and choose a procedure to consider
implementation into ASME NH. The currently established engineering methods for predicting creep
and creep fatigue crack growth at discontinuities and welded components was thoroughly reviewed. For
the most part, these procedures were developed in Europe and have been implemented into European
codes. It is very important to recognize that all creep and creep fatigue crack growth procedures that
are part of high temperature design codes are related and very similar. The differences, which are
pointed out later, are mainly in how to estimate the appropriate creep crack growth parameters. As such,
the choice of the procedure to implement within ASME NH is made based on applicability to nuclear
components, validation data bases, ongoing support for the methods, maturity of the procedures, options
for computer codes to apply the methods, among others.

These procedures examined in this effort include:

e British R5. The R5 standard [2], which was an extension of the low temperature crack
assessment procedure R, is the oldest and most established code procedure available.
The procedures were developed in the 1980°s in response to the need for high
temperature crack assessment of UK reactor designs which operate at higher
temperatures compared with the US PWR and BWR designs. R5 also has a crack
initiation procedure, called Time Dependent Failure Assessment Diagram (TPFAD
approach) also since crack initiation can be important for minimal fatigue conditions.

e The French RCC-MR (A-16) procedure [3]. This method, which is quite similar in
concept to the R5 method and appears to have followed the philosophy of R5 from the
beginning, has seen extensive development in the 1990’s. The main difference to R5 is
the methods used to estimate the reference stress methods used.

e API 579 approach. The API fitness for service (FFS) standard provides guidance for
conducting FFS assessments using methods specifically prepared for equipment in the
refining and petrochemical industry, although they are used in other industries as well
[4]. The specific approach for creep and creep-fatigue crack growth has recently been
implemented and a computer code has been developed for FFS assessment for both time
dependent and time independent crack growth. The methods again are similar to the
other approaches.

e BS-7910 code. The BS-7910 code, which is an advanced creep-fatigue crack growth
assessment approach [5] similar to R5 and A16 (in fact many portions come from the R5
code), provides assessment and remaining life estimation procedure that can be used at
the design stage and for in service situations.

e The German KTA method. KTA does not appear as well established as R5 or A16 as a
creep-fatigue crack growth assessment code. The 2-criterion method regards crack
initiation as the most important factor in life assessment and does not deal with the crack
growth regime [6]. The flat-bottom-hole approach (FBH) represents a crack detection
and characterization method. The approaches used in Germany follow along the lines the
R5 and A16 approaches, and are not discussed further here. It is important to note that



crack incubation time can take up to 70% of the life, especially under conditions where
fatigue is not important.

e Several other code approaches exist in other countries, many of which are summarized
and compared in [7], also are available. However, these approaches either follow R5 or
A16 or do not consider crack growth explicitly.

Damage based methods used in some industries such as the Omega Method can be quite
valuable for creep-fatigue life assessment as well. The creep-crack code procedures discussed above are
related to each other. Most currently established methods use variations of K, C* (Cy), and reference
stress, all of which will be discussed. An engineering approach based on these parameters is natural
since estimates are based on extensions of methods and solution handbooks on well-established elastic-
plastic fracture. Hence, new users of the NH crack growth code that are familiar with elastic-plastic
methods should adjust rather quickly. It is anticipated that a step-by-step procedure will be
recommended for code implementation.

2.0 Creep and Creep-Fatigue Crack Growth Fundamentals and Engineering Methods

Damage nucleation usually begins with the development of small voids. These voids begin to
grow via both diffusion mechanisms along the grain boundaries and with dislocation creep within the
grains. At high stresses as occur near a material discontinuity or crack tip, a particle/matrix de-cohesion
process with rupture could be predominant. Voids eventually link-up to produce micro-cracks and then
macro-cracks. The treatment of crack growth, which eventually leads to component failure, is the
purpose of this effort. These issues have been studied for more than 30 years and engineering methods
for predicting creep crack growth now exist. Implementation of established crack growth methods is the
purpose of this effort. However, before proceeding it is important to point out that more work is needed
to reduce the conservatism in the current engineering methods of life prediction. Moreover, it is not
clear that the current creep/fatigue crack growth procedures will perform adequately under GEN 1V
conditions and materials. While the engineering methods that have emerged to predict creep-fatigue
crack growth lives are generally accepted it is important to point out that these methods are not
appealing from a theoretical standpoint due to the assumptions made. The research needs to improve
these methods will be discussed at the end of this report. This is especially true when trying to extend
the well established R5 rules to conditions where experience and/or validation has not been made yet.

2.1 High Temperature Damage Progression and Crack Growth: Theoretical Considerations

Damage nucleation, growth, damage link-up, crack growth, and breakage are the typical
progression of failure for components that operate at high temperature. Damage nucleation begins (see
Figure 1 below) with the nucleation of a cavity at a size scale at the higher end of the nano-scale level
(~50 to 500 nm, depending on the material). Early in the process, such nucleation and growth
phenomenon is explained by diffusion of atomic flux from the cavities to the grain boundaries, along
with grain boundary sliding (to a lesser extent)'. As time proceeds, nonlinear viscous flow (creep)
occurs, and, depending on the local stress state, eventually overrides the diffusion growth process,
especially as the neighboring voids approach each other. This is fortunate since engineering creep crack

! Practical engineering methods to account for diffusion based creep damage development and crack growth are in their
infancy. Classical grain boundary cavitations’ only can be predicted properly in an engineering assessment.
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growth methods that exist today can only deal with nonlinear viscous flow type crack growth. This is also
one reason that crack nucleation is very difficult to predict, as discussed later. As voids link, micro-cracks
develop, link-up, and lead to a macro-crack.
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Figure 1. Scales of Creep Damage Development and Failure.

Depending on the operating conditions, the macro-crack can slowly grow during component
operation, or fail quickly. The growth of this crack during high temperature cyclic load conditions is
considered here.

Much of the general theoretical discussion provided above, along with limitations of current
engineering approaches, was obtained through a long grant by the authors (1990 through 2003).2 Many
summary and technical papers were developed describing this work, which focused on creep-fatigue
crack growth (both modeling and testing) under cyclic loading, weld modeling, high temperature cyclic
constitutive modeling, and development of diffusion creep models (References [8 — 32] and many
references sited therein. Deficiencies in the current engineering methods recommended here for
possible implementation into NH, along with suggestions for further development work required to
improve the present engineering creep-fatigue crack growth methods are presented at the end of this
report. Despite the limitations, we recognize that conservatisms in the current engineering methods
existing today are due to these unknowns. The methods considered are the best available today.
Unfortunately, it is has not been established that the current code based methods are conservative for
GEN IV conditions yet. Until enough data and validation is available for GEN IV conditions, current
creep fatigue crack growth rules should be used only if an experimental validation program is
undertaken.

2.2 Currently Established Engineering Methods for Creep Fatigue Crack Growth

? Department of Energy, Office of Basic Energy Sciences, DOE Grant No. DE-FG02-90ER14135 entitled, An
Investigation of the Effects of History Dependent Damage In Time Dependent Fracture Mechanics, PI, F. W. Brust.
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The engineering methods for predicting creep and creep fatigue crack growth are
essentially an extension of engineering approaches which are used to predict elastic-plastic fracture.
The methods are based on the concept that crack growth can be characterized by the strength of the
asymptotic crack tip field. Creep crack growth rates can be correlated with the stress intensity factor
(K), the C*-Integral, and the reference stress (used in R5) among other approaches. The forms of the
creep crack growth laws typically are power-law relationships between crack growth rates and these
parameters. Crack growth rates can correlate with K when creep is confined very locally to the crack
tip; with C* when the creep zone is larger during secondary creep; and with C; (or C(t)) when creep
transients occur at the crack tip (C* and C; are related); and with reference stress (which can also be
related to C*). While reference stress methods are often used to estimate creep/fatigue crack growth
parameters within the current code approaches, there is some evidence that these methods are not
accurate for all crack shapes. This is the topic of research at present. However, finite element methods
can always be used to obtain the crack growth parameters — although this may not always be practical.
Most creep crack growth procedures used in worldwide codes are related to each other.

The C*-integral is the creep analogue of the elastic-plastic J-Integral which is used extensively to
predict elastic-plastic fracture. For this reason, C*/C(t) approach is a natural parameter to use in ASME
NH code procedures. The US NRC and utilities have developed a very large data base of solutions used
to estimate the J-integral for through-wall and surface cracks in pipe, plate, vessels, and other nuclear
power plant components. Once the creep material constants in the form of power-law fits of creep data
are available, these estimation schemes can be used directly to obtain C* and provide predictions of
creep crack growth. Moreover, most commercial finite element codes permit the easy calculation of
both C* and C;, so obtaining this parameter for a creep-fatigue crack growth prediction for cases where
compiled solutions are not available is not difficult. It is our view that extension of the J-integral based
methods for incorporation into NH based on C* is natural since NRC, contractors, and utilities are well
versed in these methods and furthermore J-based solutions are also in the ASME Boiler and Pressure
Vessel code (e.g., Section X1 flaw evaluation procedures).

2.3 Creep Fatigue Crack Growth Methods for NH Code

For conditions where time-dependent deformation does not occur, fatigue crack growth rates can
be correlated with K using the Paris law, the Forman equation (including mean stress effects), and many
other fatigue laws. When creep deformation can occur at the crack tip, the fatigue crack growth rates are
strongly affected. Hold times at load increase crack growth rates. A higher mean stress will increase
crack growth rates, which can be important in and near welds or high-constraint cracks. The NH code
has conservative procedures for combining the damage caused by fatigue and creep in un-cracked
structures. For crack-growth predictions, the separation of creep and fatigue crack growth damage is
also the accepted procedure with well established engineering rules within R5 for materials where
validation results are available. We anticipate that rules of this form will serve as the basis of the new
NH rules if and when they can be accepted for GEN IV conditions. It turns out that low-frequency creep
conditions permit crack growth correlation with C*, and high-frequency fatigue correlates with AK. In
the transition regime, the current rules must be shown to be adequate for code use. However, the precise
implementation into ASME code NH or other division should be delayed until validation is made for
GEN IV materials. Alternatively, R5 rules should only be permitted for materials and conditions where
validation has been made. These conditions are mainly those experienced within the gas cooled reactors
within UK. For low cycle fatigue, where there is non-negligible plasticity at the crack tip during
reloading, the cyclic J-integral parameter may be more appropriate. Despite theoretical concerns with



Dowling AJ based low cycle fatigue crack growth predictions, it has performed reasonably well in
engineering predictions.

3.0 Fracture Mechanics Basis for Engineering Creep-Fatigue Methods

The engineering creep/fatigue crack growth methods depend on both elastic and creep fracture
mechanics parameters. These parameters are summarized in this section.

3.1 Elastic Fracture Considerations

Fracture mechanics began in the 1920°s with the famous A. E. Griffith study of glass fracture.
Griffith pondered the question as to why glass does not have the theoretical strength of the molecular
bond and concluded that ‘cracking” was the cause. George Irwin is the father of modern fracture
mechanics with his definition of the stress intensity factor needed for his famous studies of naval
fractures in the 1950’s and 1960°’s. Irwin identified three ‘modes’ of fracture which are illustrated in
Figure 2. Mode I type fracture is the opening mode defined by stresses which directly open the crack
faces in the direction of the applied load. Modes Il and 111 are shear modes with Mode 111 representing
the ‘tearing’ type analogous to ripping a sheet of paper. All three modes of fracture are possible at the
same time — however mode | type fracture often dominates. In fact, all engineering creep crack growth
methods available today require that Mode | crack growth dominates.

Irwin applied the elasticity procedures of Westergaard to write the asymptotic solution of the
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Figure 2. Elastic crack tip fields.
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crack tip stress fields as (for Mode | type fracture) as seen in Figure 2, equation 1. Equation (1) then
provides the stress field for every point (r, ) near the crack tip. The figure inserted above Equation (1)
illustrates the geometric definitions and ‘r’ represents the radial distance from the crack tip and ‘0’
represents the angular distance around the crack for the radial coordinate system centered at the crack
tip®. (0) is a known function of sine and cosine functions. K; is called the stress intensity factor (mode
one hence the designation 1) since; if one knows its value (K, units are psi-in*?, Mpa-m'?, etc.), then
one can determine if the crack will be stable or grow. If K, =K then the crack grows, where K. is
obtained from tests on fracture specimen in the laboratory. K, depends on crack size, crack shape,
material parameters, and loading conditions. Tables of K are available in all of the code methods,
including R5 and A16. Alternatively, one can always calculate K using finite element methods for the
geometry and load condition of interest. One can write similar equations for the other modes of fracture
with the same conclusion: if one knows the stress intensity factor(s), then one knows if the crack will
grow or not.

When time independent plasticity dominates near the crack tip, i.e., when the plastic zone at the
crack tip is not embedded within the elastic crack tip fields, a nonlinear parameter called the J-integral is
used to characterize fracture. As for the elastic case, J represents the strength of the asymptotic crack tip
fields for a for a power law hardening material where the crack experiences proportional loading
(replace “C*’ in equation (3) of Figure 4 by “J’). For this case, the crack grows when J = Jic, where Jic is
the measured fracture toughness. J-tearing theory applies for small amount of crack growth as well.

The commercial nuclear industry in the US (and in many other countries) bases crack growth assessment
and leak before break rules on J-Theory. In practice, especially in the nuclear industry, J-tearing theory
is applied far beyond its theoretical basis into crack growth ranges and non-proportional load ranges that
greatly violate the strict theoretical limits with success. The main reason it is accepted far beyond its
theoretical limits is that extensive fracture test data in many geometries (specimens, pipe, vessels,
elbows, etc.), and in many nuclear materials validates it use as a conservative predictive tool. This will
be discussed later as well with regard to creep/fatigue fracture methods since the currently used methods
violate the theory as well.

3.2 Fatigue Crack Growth
Fatigue of metals became a concern in the early 1950’s when the British de Havilland Comet, the

world’s first commercial jet aircraft, experienced catastrophic service failures that were identified as
metal fatigue. Structures are now designed to prevent fatigue failures throughout their expected life.
There are two general philosophies of fatigue design, stress based and fracture mechanics based design.

Stress Based Fatigue Design. The standard ASME NH procedure for the fatigue portion of life
in high temperature design is based on developing an ‘S-N’ or Goodman curve type of approach. ‘S’
represents the cyclic stress range of a structural part and ‘N’ represents the number of cyclic loads to
failure. This is combined with creep damage and interaction in NH using the well known and validated
procedures in [1].

Fracture Mechanics Based Fatigue Design. Another type of fatigue weld design philosophy is
based on fracture mechanics. Paris and colleagues in the early 1960’s observed that fatigue life can be
correlated with the stress intensity as

® Note that this equation implies that the stress near a crack tip is infinite since ‘r” is in the denominator. This is of course not
possible. Actually, plasticity near the crack tip reduces the stress to a physically realistic value but is still characterized by
the stress intensity factor.
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A&/AN = C(AK)".  (2)

Here (Aa/AN) represents the amount of crack growth, ‘Aa’ that occurs for every load cycle, ‘AN’.
The sigmoidal curve plotted in Figure 3 in log scale mode illustrates this. From a laboratory cyclic
fatigue test of a cracked specimen, one can plot the amount of crack growth per cycle versus the range of
stress intensity factor, AK. This curve may be divided into three regions. At low stress intensities,
Region A, cracking behavior is associated with a threshold value, below which the crack does not grow.
In the mid-region, Region B, the curve is essentially linear. Finally, in Region C, crack growth rates are
high and little fatigue life is expected. Most of the current applications of LEFM (linear elastic fracture
mechanics) concepts to describe crack growth behavior are associated with Region B. In this region the
slope of the log Aa/AN versus log AK curve is approximately linear and lies roughly between 10° and
10 in/cycle, depending on the material. In equation (2), C and n are constants with n usually between 3
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Figure 3 Fatigue Crack Growth Kelationship.

and 4.

In using the fracture mechanics based philosophy to fatigue design, one models fatigue crack
growth using equation (2) and failure is predicted when K = K, or when J = J. if plasticity is important.
The fracture mechanics approach to fatigue life is used in industries which use a ‘damage tolerant’
approach to life design. A damage tolerant approach recognizes the fact that cracks are present in the
structure and ensures that the crack will not grow to failure within the design life of the structures with a
safety factor applied. This method is often used for aerospace and other high fidelity design applications
where non destructive evaluation methods (such as ultrasonic methods) are used to measure and monitor
crack growth during the life of the structure.

All of the creep-fatigue crack growth methodologies are based on interaction between the creep
and cyclic crack growth. The fatigue relationship is obtained by testing at the temperature of interest. It
is seen that the fracture mechanics and NH design approaches are analogous to each other.

11



3.3 Creep Crack Growth

Referring to Figure 4, for a power law type creep law, a creep zone will develop at the crack tip (‘blue’
zone in Figure 4) and grow with time even under constant load. During early times, or for low loading
conditions, the creep zone may be small. For this case, the creep crack growth rates can be correlated
with the stress intensity factor of section 3.1.

For steady state creep, where the creep zone is large and dominates the deformation, the
asymptotic crack tip field can be written as the HRR field [33, 34] (Hutchinson, Rice, Rosengren) shown
in equation (3) in Figure 4. Using the crack tip coordinate system shown in the illustration at the bottom
of Figure 4, it is seen that the asymptotic stress field depends only on “r’ (the distance from the crack
tip),“n’(the power law exponent on stress for the simple power creep law), other geometric parameters,
and C*. Analogous to the discussion of the stress intensity factor, here the strength of the asymptotic
field depends only on C*. If one can calculate C*, then the crack tip severity can be determined. For
large scale creep and steady state conditions, C* can be calculated as a line integral, as seen in Equation
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4. In Equation 4, C* is evaluated as a path independent integral along a path, I, which circles the crack
tip as seen in the bottom illustration in Figure 4. Here ‘X’ is in the direction of crack growth, ‘y’ is
perpendicular to this, T; and u; are tractions and displacements (i = 1; ‘x’, i = 2; ‘y’) calculated along T,
and W is strain energy rate density, also defined in Figure 4. In practice, C* can be easily estimated or
calculated using numerical methods. In practice, C* values are tabulated for many types of geometries
for the engineering crack growth methods such as R5 and A16. Indeed, due the direct correlation
between the HRR field for elastic-plastic fracture and creep fracture, any estimation technique or
tabulation of the J-integral (used for elastic-plastic fracture) can be used directly to estimate C*. The
last 20 years have seen many estimation methods and tabulations of J for nuclear type components (pipe,
vessels, elbows, nozzles, etc.). Therefore, in practice, C* is not difficult to obtain without using
numerical methods.

For regions where non-steady creep persist, the C(t) parameter shown in Equation (5) of Figure 4
is used. This is identical to C*, except that the path, I, is calculated in the limit as the size goes to zero.
As with C* estimation, C(t) (or Cy), can be easily estimated using reference stress techniques, which are
discussed later with regard to the R5 approach.

Therefore, the creep and creep-fatigue crack growth rates are calculated using these parameters.
As with NH, interaction between fatigue and creep crack growth can be included. It is important to note
that the engineering creep crack growth predictive methods are also valid for creep laws that are general,
although the asymptotic interpretation of meaning is obscured. It is also claimed in the crack growth
procedures that the methods are also applicable to creep laws that do not experience any secondary
creep. Again for this case, the theoretical interpretation is lacking. Moreover, we are not certain that
this is generally true. As will be summarized later, more work is needed to study this phenomenon.

This is important since some new high temperature materials may not experience secondary creep for all
temperatures.

4.0 Review and Summary of Current Engineering Methods

The currently established code based engineering methods for predicting creep and creep fatigue
crack growth at discontinuities and welded components was thoroughly reviewed. All established
creep-crack code procedures are related to each other and so the choice of method is difficult. The main
difference is how crack initiation is treated. As summarized in the last section, all currently established
methods use variations of K, C* (C;), and reference stress as previously discussed to make creep and
creep/fatigue crack growth predictions. The procedures used for elastic-plastic fracture analysis are
much more established and have more clear differences in them compared with creep fracture so such a
choice would be more difficult. An engineering approach based on the above parameters is natural since
estimates are based on extensions of methods and solution handbooks on well-established elastic-plastic
fracture. Hence, new users of the NH crack growth code that are familiar with elastic-plastic methods
such as those in Section XI should adjust rather quickly. Some of the issues that were addressed in this
code implementation study include the following.

e Rules for determination of creep-fatigue crack growth interaction must be incorporated.

e The ductility exhaustion method for estimating creep crack damage for multi-axial stress
states and discontinuities other than cracks should be considered.

e Creep—fatigue crack initiation in initially defect free components and the growth of flaws by
creep and creep—fatigue mechanisms.
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e Possible shakedown effects for structural assessment and relaxation of residual stresses.

e Creep crack initiation time should be considered since, for some cracked structures, the time
to incubation can be a large portion of the crack growth life. Neglecting crack initiation is
conservative. For conditions where fatigue loading is important, neglecting crack initiation is
warranted since initiation predictive methods under combined creep/fatigue are not
considered to be always conservative.

e Multi-axial stress effects, tri-axial stress effects, and crack constraint effects (plane stress,
and between conditions).

e The treatment of the effects of crack closure during creep-fatigue growth.

e For treatment of weld residual stresses, it is noted that weld residual stresses play a major
role in some current issues of corrosion in nuclear plants. It is well known that creep cracks
can nucleate from relaxation of weld residual stresses alone.

e Incorporate rules for inclusion of plasticity effects in combination with creep under some
circumstances.

e Consider the effects of diffusion creep issues. It turns out that none of the engineering
methods account for this effect adequately. Moreover, including a diffusion creep
component is a considerable challenge for engineering assessments due to its complexity.

e Established procedures for testing and obtaining material parameters must be clear. This
includes obtaining creep constants, creep crack growth laws, fatigue laws, and interactions.

Material properties need to include: elastic properties, elastic-plastic properties, tensile creep rate
curves, and crack growth material parameters. Properties for many nuclear materials such as stainless
steels and Cr-Mo steels are available in the literature. Some material data is available for IN 617 and
230 in the literature and there is much proprietary data for these materials (especially for IN 617), some
of which may be available. Plans for incorporating material data into the creep crack growth portion of
NH will be developed and outlined.

4.1 Overview of Engineering Creep Methods

Five different methods for creep-fatigue crack growth assessment were briefly summarized in
Section 1.0, the introduction. These were R5, A16, API 579, BS 7910, and KTA. Here we provide a
little more detailed description of R5, A16, and AP1579. The KTA method is very basic, has not been
fully developed and is mainly concerned with crack initiation (although for some structures which
experience no or little fatigue, crack initiation times dominate life). BS 7910 is very similar to R5 — in
fact many parts of the standard were taken directly from R5.

R5 Approach

The R5 approach [2] was developed specifically for use in nuclear and fossil fueled power plants
in the UK by British Energy. British Energy pioneered the development of a code approach for handling
creep-fatigue crack growth in high temperature structures. Indeed, the theoretical development of the
method is summarized in the book by Webster and Ainsworth, two of the main R5 code developers [35].

The basic ingredients required for an assessment are: (i) the operating conditions; (ii) the nature
of the defects; (iii) materials data; and (iv) structural calculations to correlate materials data tests with
the behavior of complex structures. This information may be used to assess whether a defect of a given
size will grow to an unacceptable size in a given service life under a given loading history. A step-by-
step procedure (discussed in the next section) is written in a form which addresses assessments of this
type. Detailed methods for following each step are provided with further background information on
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materials data and structural calculations being included in Appendices. Worked examples illustrating
application of the procedure are given in Appendices as well. The procedure represents the current state
of the art. The status of the procedures and areas where care needs to be exercised in implementation are
also discussed. This includes a list of changes from previous issues of R5.

The procedure can readily be adapted to consider assessments of various types, perhaps for a
sensitivity analysis:

() The loadings which give a life equal to a given service life.

(b) The initial flaw size which will just grow to the maximum acceptable size in a given
service life (and hence the margin for a given flaw size).

(c) The combinations of materials properties, geometry and loadings for which crack tip
behavior has a negligible effect on lifetime.

A separate procedure in R5 also assesses whether or not a small, defined crack extension will
occur in the required service life. This is the new time dependent failure assessment diagram (TPFAD)
approach, which can be used to predict crack initiation. The procedure uses a failure assessment
diagram approach similar to that in R6, which has long been used in UK for elastic-plastic fracture.
Another procedure uses the calculation of a stress at a small distance ahead of the crack tip, the o4
approach, which is also part of A16 [3], to assess whether significant crack extension occurs in the
required service life (crack initiation). If the predicted crack growth in service is unacceptable, then the
choice is:

(i) to remove some of the uncertainties in the input data;
(i) to use an alternative assessment procedure or
(i) to take remedial measures.

One alternative assessment procedure is to rely on inspection to limit failures to statistically
acceptable numbers. The approach is only acceptable when inspection is relatively easy and when there
are large numbers of similar components which can be sampled. Another possible alternative approach
is given where the probability of failure can be determined. This relies on knowledge of the probability
distribution functions of the variable input parameters, such as creep crack growth rate and creep strain
behavior.

Two different methods of calculating creep-fatigue crack growth are given in this procedure. The
method to be applied depends on both the defect size and the type and severity of the applied loading. In
Method I, cyclic and creep crack growth rates are calculated separately and the total rate of crack
extension taken as the simple sum of the two rates. For cycles in which strict shakedown is achieved,
and significant thermal shock loading is absent, it is adequate to base the fatigue assessment on the
elastically calculated stress intensity factor range, AK. For certain cases in which the loading is more
severe and cyclic plastic deformation occurs, the value of AK needs to be modified to take account of
plasticity by means of the parameter AJ. Creep crack growth during the dwell is determined from the C”
parameter. In Method I, the defect is required to be sufficiently small to be embedded in a cyclic plastic
zone, as for example for severe thermal cycling; the structure satisfies global shakedown as defined. A
crack growth rate law is derived by combining the creep damage occurring during a dwell with a high
strain fatigue crack growth law. This avoids the complication of having to define fracture mechanics
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parameters such as AJ or C*. The high strain fatigue law can also be derived from continuous cycling
endurance data corresponding to the initiation of a crack of a specific size in the defect-free structure.
The approach assumes that creep influences the cyclic contribution to crack growth and that no explicit
calculation of creep crack growth is then required. Guidance on the choice of appropriate method for
calculating crack growth is given in this procedure. The basic deterministic procedures of R5 require an
end-of-life margin to be determined but do not otherwise contain margins or reserve factors. Confidence
in the assessment is obtained by the use of lower and upper bound materials data as appropriate and by
introducing a measure of conservatism in the analytical calculations. Additional confidence should then
be gained by assessing sensitivity of predicted life to variations of input parameters.

The R5 method is presented in a binder which details each step of a creep/fatigue life prediction.
The procedure is obtained from British Energy for an original fee and yearly updates can be obtained for
a much smaller yearly fee. A computer code can be obtained from British Energy which aids in R5
analyses. Limited material data is available in R5 so often the user must obtain their own data from tests
or obtain it from the literature.

RCC-MR (A16)

The French A16 procedure is quite similar to R5 and in fact some of the procedures were taken
directly from R5. The main difference is the way crack initiation is determined and the choice of the
reference stress. A16 has detailed and complete procedures for determining the reference stress. As
discussed later, the reference stress is a key ingredient in the estimation procedures. This procedure is
also considered state of the art. Many of the specific differences between R5 and A16 can be seen in the
recent summary work of S. Marie et al. [43], which spell out a number of stress intensity factor solutions
and reference stress procedures. With the purchase of British Energy by the French utility Electricite De
France (now called EDF Group), the merger of R5 with A16 is quite possible.

API-579 Approach

As with ASME, the API construction code does not provide rules to evaluate a component
containing a flaw or damage that results from operation or after initial commissioning. Fitness-for-
service (FFS) assessments in the petroleum industry are quantitative engineering evaluations that are
performed to demonstrate the structural integrity of an in-service component containing a flaw or
damage. API 579 was originally developed to evaluate flaws and damage associated with in-service
operation. While AP1 579 FFS procedures were not originally intended to evaluate fabrication flaws (or
‘design’ flaws), these procedures have been used for this purpose by many Owner-Users of petroleum
manufacturing and transportation products. The API fitness for service standard provides guidance for
conducting FFS assessments using methods specifically prepared for equipment in the refining and
petrochemical industry. As with many codes, three levels of assessment are possible, with higher level
assessments (level 3) being the least conservative but requiring an expert engineer. API 579 requires a
remaining life assessment to be made for the damaged component and this forms the basis for in service
inspection intervals. As with many assessment codes, APl 579 includes a step by step method with 8
steps for making a creep/fatigue crack analysis. The types of damage covered by API 579 include metal
loss, corrosion and blistering, weld misalignment, assessment of crack-like flaws, including those
operating in the creep regime of concern here.

A level 3 expert assessment permits the use of alternative FFS procedures including R-5, R-6,
BS-7910, EPRI J- and C*-integral approaches, and other methods. As with other creep-fatigue fracture
assessment codes such as R5, API 579 has appendices which provide stress intensity factor solutions and
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reference stress solutions that are necessary to perform a creep crack growth assessment. The methods
in API 579 for creep-fatigue crack growth assessment are rather newly implemented. These procedures
could be used here but the methods are more suited for equipment used in the refining and
petrochemical industries. R5 was specifically developed for use in the nuclear field.

4.2 Choice of Code Creep Crack Growth Procedure

All of the procedures were carefully examined by studying copies of the code and from a series
of references. Moreover, direct discussion with some of the developers was made. With R5, face to
face meetings with Kamran Nikbin of Imperial College in London (and some of his colleagues), as well
as e-mail discussions with R. Ainsworth of British Energy were made. In particular, Nikbin has made
direct comparison of R5 with all of the other approaches. Both have been intimately involved the
development of R5 from the beginning in the 1980’s. Discussions with C. Faidy of EDF Group
regarding A16 and E. Keim (German code) were made as well. Faidy has made it clear that since EDF
(French utility where Faidy works) has acquired British Energy, there will likely be more interaction
between R5 and A16 in the future. In essence, R5, A16, APl 579, and BS 7910 all work well and could
have been chosen. It was a difficult choice. The most appropriate code choice for possible
implementation of creep fatigue crack growth procedures into ASME NH is R5 for the reasons
discussed below.

R5 was chosen because the code: (i) has well established and validated rules, (ii) has a team of
experts continually improving and updating it, (iii) has software that can be used by designers, (iv)
extensive validation in many parts with available data from BE resources as well as input from Imperial
college’s database. Some of the reasons for the choice of R5 are listed in the following bullets.

e A recent European project meeting called HIDA (High Temperature Defect Assessment)
and also a follow on called FITNET concluded that R5 is likely to be most up to date and
state of the art code for high temperature crack growth assessment compared to any of the
other code procedures for creep crack growth assessment.

e R5 has a team of experts who are continually improving and updating the code. This will
continue into the foreseeable future.

e R5is used daily in BE plant to assess the integrity of nuclear components and it was
developed with full emphasis on nuclear applications. However, it is used worldwide in
other industries as well.

e R5 properly deals with cracked components under the creep and creep/fatigue regimes.

e R5 has methods to estimate crack nucleation (TDFAD approach).

e Has an optional software system (R-code) which can be used to run the cracked high
temperature code. This feature can make learning the code for new users simple.
Moreover, a material data base exists in the code.

e R5 has been extensively validated in many nuclear components, including piping, reactor
vessels and nozzles, steam generator components, and valves.

e Material data is available data from BE resources as well as input from Imperial College’s
database. Nikbin and Ainsworth have agreed to provide some data and more data can be
obtained for a fee.

e Adraft A16 section used the R5 methodology to do exactly the same as R5 but only limited
to the cases of interest in the French nuclear plant. It has its own database and reference
stress solutions, and could be used as well. There may be some portions of A16 that may
be appropriate to include in the NH implementation, especially limit load solutions.
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e The German code is very basic and has not really been developed. It uses a two criteria
method only relevant to crack initiation. However, for some components, initiation life
can dominate.

e BS 7910 is essentially R5.

e API 579 has just recently introduced creep crack growth. Again, it uses features within
the philosophy of R5. However, the AP1 579 procedure has material data and methods for
estimating material constants if they are not available. API 579 could be an equally good
choice for possible implementation into ASME. Moreover, since there is already a
relationship between ASME and API 579, it would be natural to implement AP1 579
procedures. However, since it follows R5 for the most part, it seems more appropriate to
use RS.

e The Japanese are interested in R5 but they follow ASME. They have some basic in house
methods which are not developed as codes as such.

Because the R5 approach (and all other approaches) are based on K, C*, (and their transient
counterpart components (C(t), C;) and reference stress methods, the assumptions underlying the methods
need further scrutiny — especially for needs in the Gen IV program. R5 limitations, issues, and need for
further information are summarized later in this report. Before R5 procedures can be implemented into
ASME NH we recommend further study and validation of the methods under Gen IV loading,
temperature, and material conditions.

4.3 US Nuclear Regulatory Commission (NRC) Interface

As discussed in the introduction, a main goal of this sub task of Task 8 is to assess the feasibility
of addressing creep/fatigue crack growth at the design stage within NH, and at the service stage (perhaps
within Section XI) as requested by NRC. As such, one task goal is to ensure that the NRC is having its
needs met. This interaction with the NRC will continue. Some of the interface activities include the
following activities.

e Ensure NRC agrees with approach.

e Estimates based on extensions of methods and solution handbooks used for well-established
elastic-plastic fracture is natural. The NRC pioneered elastic-plastic fracture methods and
implementation in the US. Since the Creep crack growth methods are related to established
elastic-plastic methods, new users should adjust rather quickly.

e Consider establishing the relationship between current flaw evaluation and Leak Before Break
(LBB) procedures for elastic-plastic fracture to creep fracture (SRP 3.6.3, NUREG’s). While
this is not a direct ASME need or requirement, it is a key important issue of concern to the NRC,
nuclear plant builders, and utilities. For an LBB assessment, which is used to eliminate
expensive plant equipment such as pipe whip restraint and jet impingement shields, well
established procedures have been developed for elastic-plastic crack growth. For creep crack
growth these procedures would be quite different. Some differences between elastic-plastic and
creep fracture mechanics LBB concerns include crack instability calculations, leak rate methods
through creep cracks, how to deal with an active degradation mechanism like creep (similar to
the current with primary water stress corrosion cracking (PWSCC) in current PWR plants),
among many other issues. Hence, while our efforts for ASME NH do not require LBB, keeping
the issues in mind during NH implementation is an important issue for NRC.
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5.0 The R5 Creep-Fatigue Crack Growth Method

The R5 procedure is an engineering approach to predict creep-fatigue crack growth in
components which operate at high temperature. Here we provide a summary of the R5 approach, the
material property needs and requirements, and a short summary of the process. An example problem is
provided in the next section. Some of the description below is part of the R5 code (presented with
permission of BE, Inc.).

5.1 The R5 Method

The procedure of R5 [2] is concerned with estimating the remaining safe life of a structure which
is subject to creep-fatigue loading and which contains a crack or a postulated crack (for design
purposes). The ASME NH code procedure does not permit a crack to be in the structural component
being designed. The question then is how can this procedure be implemented within NH even if it was
considered appropriate? This question is being addressed with the 2" part of this program entitled
‘ASME NH Code Implementation’. Essentially, there are several reasons why a creep-fatigue creep
crack growth assessment might be desirable. These include (i) some GEN IV components may have
unavoidable sharp corners (or crack like defects) from fabrication, (ii) workmanship flaws may be
assumed (iii) it may be desirable to perform a life assessment with an initial flaw size defined by the
maximum size non-detectable flaw that can persist after inspection, (iv) address in service observed
flaws, (v) determine crack growth failure mode, and (vi) determine the amount of crack growth over a
given operating period.

For the R5 approach, only Mode I loading is considered; mixed modes are not taken into
account. The procedure concentrates components which operate within the global creep shakedown
limit. The cyclic modes of crack propagation which occur during load changes and crack growth during
dwell periods due to creep mechanisms are considered. However an indication of the approach for more
extensive cyclic plastic deformation can also be accounted for. The R5 procedures were originally
developed for austenitic and ferritic steels at but they have been used in recent years for super alloy
materials. Some potential Gen IV materials include In 617 and other nickel base alloys. Experimental
and finite element validation for a range of these materials is given in the Appendices of the R5
documentation. Defects are assumed to be in homogeneous parent or weld metal or in non-
homogeneous weldments.

Crack behavior under both load-controlled and combined load- and displacement-controlled
stress systems is considered. Particular advice is given in an Appendix for the cases of displacement
control due to a constant applied displacement and for thermal loads acting alone. R5 does not address
leak-before-break procedures for pressurized components so that LBB considerations would have to be
developed separately by NRC, if desired in the future. However, LBB arguments may be constructed
using, as a basis, using the failure assessment diagram procedure in an Appendix of R5.

Before proceeding it is important to point out that GEN 1V applications are likely outside the
validation range of R5 applications. Before R5 could be used with confidence within the ASME code
framework, more validation is necessary for GEN 1V applications. Section 6 will deal with this in more
detail.

5.2 The R5 Step by Step Approach
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Here a step-by-step procedure is set out whereby a component containing a known or postulated
defect can be assessed under creep-fatigue loading. The general 13 step approach is provided in Figure
5. Both continuum damage accumulation and crack growth are addressed. The cases of insignificant
creep and insignificant fatigue are included as special cases. The procedure may be applied to a
component in the design stage, or where it has already experienced high temperature operation, as in an
operating plant where damage has been observed or is postulated. In the case of addressing an aging
nuclear component advice if given on the effect of the time at which the defect is assumed to form.
Continuum damage failure (creep rupture) of an un-cracked body may be considered as a special case by
omitting the steps covering crack growth and cyclic loading. However, ASME NH already addresses
this. The steps in the procedure are listed below with a description. Please refer to reference [2] for the
complete details of the R5 method, where many examples are provided.

STEP 1 - Establish the Expected or Actual Cause of Cracking and Characterize Initial Defect.
Establish the cause of the cracking to ensure that the procedures of this volume are applicable.
The defect type, position and size should be identified. For a creep-fatigue design crack growth
assessment, the expected crack size and location can be determined from the stress analysis where the
highest stresses occur. The size would be the limit on the NDE confidence. For defects found in service,
this process may require the advice of materials and non-destructive testing experts, particularly for the
case of defects in weldments. Suitable sensitivity studies (Step 12) should be performed to address
uncertainties. The detected defect should be characterized by a suitable bounding profile amenable to
analysis. Defects which are not of simple Mode 1 type should be resolved into Mode | orientation.

STEP 2 - Define Service Conditions for the component

Resolve the load history into cycle types suitable for analysis. This includes all design cycles or
for in service assessment, the historical operation and the assumed future service conditions. The service
life should be defined. For the case of a component which is defect-free at the start of high-temperature
operation, an estimate of the time at which the defect formed (or the crack nucleation time) can be
determined. It is conservative to neglect this time. Suitable sensitivity studies should be performed to
address uncertainty in the time of defect formation.

STEP 3 - Collect Materials Data

The material data needs to be defined and collected. The details of the material data necessary
will be discussed in the next section. Define the materials relevant to the assessed feature including, in
the case of weldments, the weld metal and heat-affected zone structures. The material properties must be
appropriate over temperature range and in the correct cyclically-conditioned state. The effects of
thermal ageing may also need to be considered for some materials — especially cast stainless steel. In
practice, the requirements are influenced by the outcome of the tests for significant creep or fatigue in
Step 6 below. Time-independent material properties are required for the stability analyses performed in
Steps 5 and 11. It should be noted in particular that fracture toughness properties are required for creep-
damaged material, if available. If not available, they must be estimated from creep undamaged material.
It is important to mention that some materials that may be used for GEN IV applications may not have
been validated for R5 assessment yet. This will need to occur before R5 can be used in NH.

STEP 4 - Perform Basic Stress Analysis

Elastic stress analyses of the un-cracked feature should be performed for the extremes of the
service cycles. In the case of cyclic loading, a shakedown assessment of the un-cracked feature should
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Step 1) Establish cause of cracking or expected cracking
o Define defect type, bounding size, incubation. Mode I required.
Step 2) Define service condifions

o Resclve loadsinto cycle blocks, desired service ife (loads,
temperatures, etc.)

Step 3) Definematerials and properties
o cyclic, creep crack growth, temperatures: collect appropnate data
Step 4) Basic stress analysis (operaing extremes)

o Shakedown assessment. If shakedown not established, inelastic
analysis necessary.

Step 5) ("heck titne independent stabihty

o Time independent fracture analysis (section X1 type) failure
predicted stop here

Step 6) Check siamificance of creep and fatigue

o Rulesare checked to determine insignificance of creep or fatigue.
Checkif creep-fatigue interaction is important

Step 7y Calculate rupture bfe based on matial defect size

o Rupture life calculated based on cracked limit load stress.
Ductility exhaustion methods may be needed

Step 8) (“alculate cxack mecubaton fune
o Conservative to ignore this
Step 9} (‘alculate cxack erowth for the deswed life tune

o Integrate creep and fatigue crack growth expressions. Note both

affect each other Changes in reference stress during crack growth
should be included.

Step 10) Recalculate rupture life for final crack size (Step 7)

o Continuum damage prediction after crack growth. Conservative to
base this final crack size.

Step 11) Tune mdep endent stabilitn check for fmal crack size

o Thisis actually performed dunng crack growth analysis in practice
Step 12) Assess sienificance of 1esults

o R5doesnotpresenbe margins ASME may require this
Step 13) Report results

o Prescnbe inspection intervals, etc.

Figure 5. Draft Step by Step Procedure (13 steps).
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then be performed. The type of shakedown assessment is quite similar to NH and could be performed
using NH procedures. It should be determined if the feature satisfies strict or global shakedown or not.
In the case that shakedown cannot be demonstrated, it is necessary to justify the use of the methods of
this volume using. For example, inelastic analysis methods, including finite element analysis, may be
required. If shakedown is demonstrated, the crack depth should be such that the compliance of the
structure is not significantly affected.

STEP 5 - Check Stability under Time-Independent Loads

The cracked component must be checked to ensure time-independent mechanisms under fault or
overload load conditions at the initial defect size does not occur. R5 suggests using R6 [36]. However,
for ASME NH purposes and the US NRC, this can be performed using Section XI procedures or a J-
Tearing assessment. If failure occurs due to time independent effects alone at this step, then the
assumptions in the analysis should be revisited and remedial design action taken. Only if sufficient
margins can be justified is it permissible to continue to Step 6 to justify future service life or the design.

STEP 6 - Check Significance of Creep and Fatigue

The checks for insignificant creep should be made using ASME NH or R5 procedures. If creep
is insignificant then the assessment becomes one of fatigue loading alone and Steps 7 and 10 below are
omitted. Conversely, if fatigue is judged to be insignificant then the assessment becomes one of steady
creep loading alone and further consideration of cyclic loading is not required. A further test determines
if creep-fatigue interaction is significant. If it is not, simplified summation rules for combining creep and
fatigue crack growth increments may be adopted (Step 9).

STEP 7 - Calculate Rupture Life based on the Initial Defect Size

The time to continuum damage failure (creep rupture) must be calculated based on the initial
crack size from Step 1. If this is less than the required service life, it may not be necessary to perform
crack growth calculations and the NH procedure alone suffices. The estimate of rupture life is based on a
calculated limit load reference stress (discussed in the appendices) and, for predominately primary
loading, the material’s creep rupture data. For damage due to cyclic relaxation and due to the relaxation
of welding residual stresses, ductility exhaustion methods are more appropriate. The particular
requirements for defects in weldments are also addressed. For the case of short defects close to stress
concentrations such as notch radii or weld toes, special considerations must be followed to ensure that
the reference stress is conservatively calculated.

STEP 8 - Calculate Crack Nucleation or Incubation Time

Typically it takes some time for a crack in a nuclear component to begin growing. For some
components, crack initiation may consume the bulk of the life and when crack growth commences,
failure occurs quickly. The crack nucleation or incubation time is the time from the start of the of high-
temperature operation to crack growth start. Depending on the cause of cracking, its location within a
weldment and the type of loading it may be possible to calculate a non-zero incubation time. It is always
conservative to ignore this period and assume that crack growth occurs on first loading. The cause of
cracking will influence the determination of an incubation time. For example, a naturally-occurring
creep defect, such as some weld defects, may not experience an incubation period prior to macroscopic
crack growth. There are several procedures for calculating crack incubation time within R5 including
TDFAD and the two criteria approach (similar to A16).
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STEP 9 - Calculate Crack Growth for the Desired Life Time

The crack size at the end of the design period of operation is calculated, following the procedures
of R5 based on K, C*, reference stress, and the appropriate estimation schemes laid out. Finite element
analysis can also be used. This is done by integrating the appropriate creep and fatigue crack growth
expressions. This incremental process is simplified in some cases, depending on the outcomes of the
significance creep and fatigue tests determined in Step 6. Changes in reference stress due to crack
growth should be included in the calculations. Integration is required because all parameters (K, C*,
C(t)) and reference stress change with time as the crack proceeds.

STEP 10 - Re-Calculate Rupture Life after Crack Growth

The time to continuum damage failure should be re-calculated taking into account the increased
crack size from Step 9. Crack growth calculations should not be performed in practice beyond an
acceptable rupture life. It is conservative to base the estimate of rupture life on the final crack size as this
neglects slower accumulation of creep damage when the crack size is smaller during growth.

STEP 11 - Check Stability under Time-Independent Loads after Crack Growth

In practice, this step is carried out in conjunction with the crack size calculations of Step 9. The
crack growth calculations of that step should not be performed beyond a crack size at which failure by
time-independent mechanisms is conceded at fault or overload load levels using the R6 procedure [36].
For ASME purposes, this assessment could be made using ASME section X1 methods.

STEP 12 - Assess Significance of Results

The uncertainties in loads, material properties, defined crack location, etc., need to be assessed.
Margins against failure are not prescribed in R5 and are left to the user to set. The sensitivity of the
results of the preceding steps to realistic variations in loads, initial flaw size and location, and material
properties should be assessed as part of a sensitivity study. The various modeling assumptions made can
also be revisited with a view to reducing conservative assumptions in the analysis if unacceptable
margins are determined. If this still fails to result in an acceptable crack growth life the options of new
design, or for service assessment, of reducing future service conditions, or repair or replacement of the
defective components should be considered. For NRC needs, this may require placing the procedure
within a probabilistic framework.

An alternative to the quantitative assessment of margins using the deterministic approach of this
section is to use probabilistic methods to directly determine failure probabilities. A procedure for doing
this is set out in one of the Appendices but requires estimates of the distributions of variable quantities.

STEP 13 - Report Results

The results of the assessment, including margins determined, and the details of the materials
properties, flaw size, loads, stress analysis calculations, etc, used in the assessment should be
comprehensively reported. This facilitates both verification of the particular assessment and repeatability
in future assessments. Each of these steps is summarized in great detail within the large volume of
material provided within R5. This includes some material data along with extensive examples of the use
of the method. A simple example calculation of the procedure is provided in the Section 6.

5.3 Comments on R5 Application for ASME

From the flow chart description and 13 step procedure described above, it must appear that there
are a number of judgments, interpretations and supporting properties data required to sort through the
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various behavioral regimes and to make an eventual design assessment. For near term HTGR
applications as described above, it is not possible to narrow down the options and simplify the
procedure. To do so would make the assessments too conservative to be used as a practical design tool
within NH. Also, the goal of Code design rules is to have requirements that can be implemented
consistently such that the design assessment will not be dependent on the individual/organization doing
the assessment. To ensure that the creep/fatigue assessment procedures are properly applied,
organizations using the procedure must ensure that the staff is properly trained. The use of the
procedure (and all other methods) requires an experienced user. Therefore, the R5 procedure may not be
ready for generally applicable design rules within NH but may be more suitable to regulatory
requirements and licensing review. This last point requires further discussion and cannot be answered at
this point.

5.4 The R5 Material Data Requirements

The material requirements for R5 crack growth analyses are summarized here in this section.
The material data testing requirements are well established in R5. In addition to the typical high
temperature properties required for an ASME NH design life assessment, the following material data is
needed.

1. Creep rate material properties and the constitutive law. The constitutive law could be a classical
law (power law) or other type of law depending on the material and temperature (including
hyperbolic laws and even tertiary laws). Validation examples are provided in the next section.

2. Creep crack growth constants are required to predict the creep crack growth portion of the
analysis. Figure 6 provides an example of the creep crack growth data that is required. As seen
in Figure 6, a compact tension specimen shown in the insert at the top is tested at temperature.
The test can be done under applied load or displacement. The crack growth is monitored, along
with the loads and displacements. From this, the crack growth rate can be plotted as a function
the C* integral, as seen in Figure 6. Since this plot is logarithmic, the relation between crack
growth rates and C* is typically a power law. It is very important to note that this data can be
estimated using a simple procedure within R5 if creep crack growth data is not available. This
estimate is based only on knowledge of the tensile creep properties and the estimates are made to
be conservative.

3. Fatigue crack growth constants are needed as spelled out in R5. This data is obtained at the
temperature of interest using one of a number of fracture specimens including the compact
tension type specimen shown in Figure 6. Again, a power law relationship between crack
growth per cycle and the change in stress intensity factor (AK) is generally obtained.

4. Creep ductility properties along with elastic and elastic-plastic fracture properties at temperature.

24



C(T) V%
0-5|- .
é 3'(0
I ‘a /'/;
6L A /t} .
107 & »
$7 N Ve
Tﬁ - /v o
= J— e A UU
E 10 /V
S #
N /
A y
10°° a
7
/
sikcasees.
4 /\gf"w-ooa?c'o'g
/
10-* 110'7 '|L\"\..|"?l 110'5 16'- 103 :OI-I
, =,
Coxn (MPamh’)

Figure 6. Example of creep crack growth data.

Many of the high temperature materials within NH are included in R5 and have been validated for
creep-fatigue crack growth using the R5 approach. Figure 7 provides a comparison of materials that are
supported within NH and those within R5. From Figure 7 it is seen that both NH and R5 support 2
1/4Cr-1Mo steels across nearly the same temperature ranges. For stainless steels, R5 has not been used
much for temperatures higher than about 650 C while NH goes to 815C. However, R5 has been used for
a larger variety of austenitic steels, including 347. BE says that R5 has been used outside this
temperature range, but only on a spot basis, and it is not possible to document the specifics here. From
the middle of Figure 7 it is seen that R5 has not been used for alloy 800H. As noted in Figure 7 though,
it has been used for some other super alloys for a steel similar to IN 617. Also, 9Cr-1Mo-V steel has not
been used, mainly since these steels are not used in any BE plants. Because of the success of R5 for
other Cr-Mo steels, there is no reason to suspect that R5 cannot perform for this steel. At the bottom of

Figure 7 some steels that have been supported by R5 are listed which are not supported within ASME
NH.
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NH: 2 14Cr-10 o steel (Grade 22 Class 1) Stress intensity values to
1100F (575C) for 300,000 h .

RS: 214 CrDoV, 1 2C DoV and 1CrM oV 1n the range 500-565C

NH: 304H stamnless steel Stress intensity values to 1500F( 815C) for
300,000h.

NH: 316H stamless steel Stress intensity values to 1500F ( 815C) for
300,000,

RS Various stamless steels and weldments (304, 316, 316H. 321, 347

weld, 316 weld) in therange 525-650C

NH: Allov SO0H Stress intensity values to 1400F ( 750C) for 300,000 h.

R3 No Alloy 800 H However, BE has used R5for super alloys up to
800C (similar to IN617)

NH: 9C1-10o-V steel (Grade 91) Stress intensity values to 1200F (650C)
for 300,000 h.

RS- No 9C1-1MNo-V steel (Grade 91)

RS (N steels in therange 360-390C

R5: P22 P91 and some P92 ferritic steels

Figure 7. Companison of materials within NH and R5 BE has used
E5successfully outside these temperature ranges also —to lower and hugher
temperatures especially 1n austenitic steels,

5.5 Summary of The R5 Material Data

Some of the material data required was summarized above. Sources for data are available in the

literature. BE (Ainsworth) and Imperial College (Nikbin) can compile this data into a coherent library
and this should be considered by ASME. The current sources for data needed for R5 assessments are:

R66 (Materials Data Handbook for R5), BE, is not available in general since some of the data is
proprietary. The data is from a number of sources. However, some of this data that is not
proprietary could be made available by BE.

BE is willing to supply some of the data that is in the public domain

Much is compiled in the R5-Code software, which can be licensed

API1 579 has a fair amount of data

Some data for materials (including IN 617) is available from the German database.

In summary, a large data base exists but much of it proprietary. Methods exist for estimating

crack growth law without the necessary data. This is convenient and provides conservative estimates of

26



the properties. Finally, Nikbin (Imperial College) and Ainsworth (BE) will compile a data base of non-
proprietary data for a fee. Material data required creep/fatigue crack growth assessments using R5 is
not available for some GEN IV materials.

6.0 R5 Validation and Example Problems

Here we provide some material that illustrates the validity of R5 along with an example which
shows how to use it. First an example problem is illustrated which shows the step-by-step procedure for
applying the method for a cracked nuclear plant component (pipe). Here we leave out some of the
details for brevity, but the full example problem can be found in Appendix A8 of [2]. Next we discuss
some validation of the methods which address some of the concerns discussed earlier.

6.1 Example problem — surface crack pipe.

Figure 8 illustrates a practical problem concerning the life estimate of a nuclear power plant
component. The pipe is made of 316 stainless steel with an inner radius of 300 mm and thickness of 100
mm. This is a thick pipe of the type often welded to and near nozzles in nuclear plants. The pipe has a
3mm deep, 360-degree crack in it. This size crack was chosen based on the limit of NDE capability at
this particular plant. As seen in Figure 8, the pipe is to operate at 600 C. The design life is 1.5 million
years with 500 equal cycles with 3000 hour dwell times. Figure 9a illustrates the elastic stresses that
result from the internal pressure loading of 16 Mpa. It is seen that hoop and radial stresses vary from the
pipe ID to OD while the axial stresses are constant at 20.57 Mpa. The pipe experiences a thermal
gradient at temperature which produces tensile stresses on the pipe ID and compression at the OD
(Figure 9b). The stresses in the pipe are initially zero and are zero at shutdown (which is the minimum
of the load cycle). Therefore, the cause of cracking during service (creep-fatigue), geometries, and load
have been defined constituting completion of steps 1 and 2 of Figure 5.

The material properties are shown in Figure 10. At the top of Figure 10, the creep material law
is listed. This law represents a combination of primary and secondary creep. The primary creep law is
an exponential time hardening law while the secondary law is a classical Norton type creep law. All
material parameters are shown in Figure 10 as well. In addition, the fatigue crack growth law is shown
at the bottom of Figure 10, with the material constants listed for 316SS at 600C. Note that the
‘effective’ stress intensity factor range (AKes) is used. This accounts for a concept called crack closure
in fracture mechanics based fatigue crack growth. Essentially, the crack will not grow when it is closed
and methods for calculating the effective value of K are shown in R5. Finally, the bottom of Figure 10
lists the creep crack growth law used, also with material constants. These represent the materials
required in step 3.
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Axis-svinmetric surface crack pipe
—  Amnsworth book example [35]- also part of RS example case in Appendix
— 31655 pipe: K;=300mm, t = 100mm
—  Destred Life: 1.5:210% hours: 500 equal cycles with 2000 hour dwells at §00C

—  ag=3mm : Based on maximum size flaw eluding detection

- (

Figure 8. K5 example problem — surface crack pipe.
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Step 4 involves determining whether the structure is operating within the strict shakedown or
global shakedown limit. The procedures used to assess shakedown are performed without consideration
of fracture mechanics, and details are omitted here (see Appendix A8 of [2]). The R5 shakedown
procedure is similar to the ASME NH procedure, and is not summarized here (see [2]) for details. For
this pipe structure, strict shakedown conditions are satisfied. The shakedown analysis is used to
determine the re-distributed stresses caused by creep that are actually used for the crack growth analysis.
The loads are low and the crack is small so the component easily passes the time independent fracture
check in step 5. We are now ready to predict life using the fracture methods discussed earlier.

The parameters necessary for the crack growth and life prediction are the stress intensity factor,
K, and C* (and the transient C(t)). C* is calculated using the reference stress and the stress intensity
factor also. The stress intensity factors for this cracked pipe case can be determined from fracture
mechanics handbooks. For complicated geometries, or for cases where K is not available, it can be
easily determined from finite element methods. For an axis-symmetric crack in a pipe, K is:

E={F a +Fa Wm

o { K T Eé,
E T yror

Where Fn, and Fy, are functions of a/t (crack depth over thickness), and o, and oy, represent the
membrane and bending, stresses, respectively. Since the crack depth changes with time, K changes
throughout the crack growth phase of the analysis. The value of C* is calculated using the equation
above where ot is the reference stress and '5':} Is the creep strain rate calculated at the reference stress
value. Since the crack depth constantly changes, the reference stress and stress intensity factor
constantly change throughout the analysis. As such, both the creep and fatigue portions of crack growth
must be integrated (or summed) throughout the time life of the component. The reference stress is a
simple well established function crack depth, thickness, pipe size, and yield stress for a pipe containing
an axis-symmetric crack, and is listed in the R5 code. For this case, at the initial crack depth, the initial
reference stress is 80.1 Mpa and at shakedown, it is 57.6 Mpa. The reference stress values within R5 are
being improved at present. It is always possible to perform finite element analyses to obtain K and C*
(C(t)) but it is more convenient to use reference stress estimates if they can lead to conservative
estimates. Conservative estimates of these parameters using the reference stress approach are not
always guaranteed. This is the subject of improvements being implemented into R5 at present and is
discussed in the next section.

The creep response for the constitutive law shown in Figure 10 is shown for two constant levels
of stress (100 and 150 Mpa) in Figure 11. For the 3000 hour dwell times, it is seen that primary creep is
expected to play an important rule. Hence, using the equations and material parameters in Figure 10
with the stresses defined earlier.

Crack Growth Calculation. The total crack growth per cycle is obtained by summing the cyclic and

creep contributions. The crack extension over the design life of 1.5 million hours is calculated
iteratively using a computer program. The main features of the procedure are as follows.
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1. Calculate the creep crack growth for the dwell period in the first cycle. The creep crack growth
and strain rates are assumed constant over short time periods (a Newton scheme can also be
used, but it is not necessary). The new crack depth and accumulated creep strain are then
updated and new values of reference stress and creep strain rate are obtained using the creep law
in Figure 10. The value of C* can then be obtained with K evaluated for the new crack depth,
leading to a new value of crack growth rate.

2. Calculate the cyclic crack growth for the first cycle and increment the crack depth by this
amount.

3. Repeat these calculations for subsequent cycles. This can automatically be performed with the
R-code, although for this example, a simple FORTRAN code can be written.

The crack growth versus time is shown in Figure 12, which is taken from [2] (Figure A4.14 with
permission of R5 authors). It is seen that this component is designed to handle the required lifetime in
this example.

6.2 Theoretical Issues and Concerns with Engineering Creep Crack Growth Methods.

The state of the art engineering creep and creep-fatigue crack growth predictive methodologies
are based on characterizing the crack growth rates using parameters (K, C*, C(t)) that measure, in
theory, the strength of the asymptotic crack tip fields, as discussed in section 3. There are a number of
theoretical concerns regarding this approach. Perhaps the main concern is that the asymptotic crack tip
fields can only be developed for simple creep constitutive laws (such as power law types). Moreover,
the methods formally break down once crack growth occurs, non-proportional stressing occurs, and
cyclic loads are experienced when a creep crack grows in service.

For a creep/fatigue crack growth predictive methodology to be valid, the measured values of the
parameters (here C*, C(t)) must be related to crack growth events. Experiments on fracture specimen
are performed by measuring far field parameters (load, load point displacement (or crack opening
displacement), and crack size). These parameters are then properly integrated to obtain the crack
characterizing parameters. A fundamental question that must be answered in any fracture mechanics
based approach is whether these far field measurements can properly characterize the near crack field
events. Traditionally, with fracture mechanics, this characterization is made because the asymptotic
crack tip fields, which characterize growth, can be related to far field measurements. For instance, with
elastic-plastic fracture, far field events can be related to near crack tip field fracture events through the
use of a path independent integral (J-integral). For creep crack growth, this relationship is only strictly
valid for full scale creep for a stationary crack and for simplistic constitutive laws. When crack growth
occurs, or more importantly, when both crack growth and cyclic loading occur, the asymptotic
interpretation of the crack tip events to far field measurements, breaks down. In fact, for cyclic loading
of a stationary crack, the asymptotic crack tip fields depend strongly on the form of the constitutive law
being used and these fields can change for each cycle of loading [15] and Appendix A! This makes
establishing the link between near field crack events, which drive crack growth and fracture, and far
field events (where measurements are made to characterize material properties) quite challenging.
Today, despite the fact that engineering creep/fatigue crack growth procedures based on R5 type
methods have been used with success for years, controversy over the general nature of the methods
persists. Indeed, while R5 has been established and validated for materials and operating conditions
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within BE plants, it is not certain whether these methods will carry over in a straight forward fashion to
GEN IV conditions. Hence, even if R5 approaches were implemented within NH, validation under GEN
IV conditions is necessary. This issue is discussed further in the next section.

More theoretically sound creep and creep-fatigue crack growth parameters have been proposed
which are based on energy considerations. Atluri [37, 38] summarized quite general crack parameters
for all types of nonlinear materials, including creep, which is based on energetic principles. Brust and
Nakagaki [8, 9, and 39] more recently summarized some of these parameters and discuss applications of
the use of these parameters. These parameters represent ‘the energy deposited into a finite sized crack
tip region (and crack growth wake region) per crack growth increment’ [39]. Moreover, there remains
controversy over the appropriate general nature of these energetic parameters. Even so, these methods
are not amenable to simple engineering application approaches at present since calculation of the
energetic crack parameters requires the use of numerical methods and fine meshes. Hence, since
asymptotic approaches break down under cyclic creep crack growth conditions and energetic approaches
are either not practical or controversial, the engineering methods of R5 need to be established with
validated field experience when being used under conditions outside their range of validity. More
details of these theoretical issues are discussed in Appendix A.

The engineering creep-fatigue methods used in all codes today, including R5, are used outside
their range of validity. Despite this, the methods have shown to provide reasonable predictions of creep-
fatigue life, albeit conservative — perhaps sometimes too conservative. Here we provide some
discussion of the estimation of these parameters when used for creep constitutive laws and used under
conditions outside the theoretical range of validity. Most of this summary comes from the R5 manual
[2], Ainsworth’s book [35], and a recent paper by Kim et al [40]. It is this author’s belief that continued
development of more fundamentally sound creep-fatigue life predictive methods must continue while we
continue to use the engineering approaches in R5.

6.3 Validation and Creep Constitutive Laws.

Essentially, the theory behind the R5 engineering method (and all other methods) is summarized
in the book by Webster and Ainsworth [35] and it is based on earlier asymptotic solutions for creep
emanating from an initially elastic field (or plastic HRR field) within a creeping zone (both primary,
secondary, and combined primary and secondary creep). Herman Riedel, in his classic treatise in 1987
[41], summarizes all of this. Riedel bases his work on earlier work when he was working with Rice,
Bassani and colleagues work, etc (see [44 — 55]. So a firm theoretical foundation based on the
asymptotic interpretation of crack tip fields does exist and it is clear.

In practice though, these conditions are violated - often severely. The creep response very near
the crack tip (high stresses) cannot be represented by power laws. Once the crack grows beyond a small
amount, the asymptotic interpretation becomes unclear, and we can go on and on. As Hoffelner [56]
points out, the linear life fraction rules used in NH today have no real basis. However, from an
applications standpoint all these simplified rules and laws do a very good job for design provided you
build in the necessary safety margins. The same can be said for R5. Nothing would ever be built if we
kept waiting for the perfect theory. There are no perfect theories in the fracture field. The
conservatisms built into the methods were done so with these issues in mind. They were then validated
with mock-ups, and service experience over the years. As such, we must start with the R5 approach, see
how well it performs for GEN IV conditions, and improve on these methods or develop new methods as
required. We must keep in mind, that in practice, J-Tearing theory for elastic-plastic fracture is used far
beyond its theoretical validity routinely - with success and it can guarantee conservative results.
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The original theoretical development of the RS method required the constitutive theory to be of
the power law type (Norton secondary creep, power primary creep). The classical treatise by Riedel
[41] summarizes the theory and limitations. R5 was originally developed to be applicable for materials
which are characterized by a more general creep law. Consider three different creep laws, as illustrated

Norton Power Law (Stress in Mpa, time in hours)

g = Ag" A=10""n=5
Theta Projection (Stress; Mpa, time; hours, T; Kelvin)
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Figure 13. Creep laws tested.

in Figure 13. The material constants are also presented there. The creep laws are quite different from
each other. The Norton law is the classic law wherein many of the creep theories were developed from.
The theta projection law is more of a secondary-tertiary creep law. The theta projection model constants
in Figure 13 were developed for Cr-Mo-V steel at 565 C [42]. The RCC-MR law is a combination of
primary and secondary creep. The RCC-MR material constants shown in Figure 13 are for 316 stainless
steel at 565C [3]. The response of the three material models can be seen in Figure 14 where the vastly
different response of the material laws can be easily seen.

As mentioned earlier, because the original theory for R5 (and all other engineering creep fracture
laws) was based on power law creep laws, there is a question as to how accurate the estimation of the C*
and C(t) parameters are within R5. Here this is addressed by showing comparison of the estimates of
these parameters with finite element calculations. Such validation comparisons are provided in the R5
manual as well as reference [35]. Here we show some more recent validation examples developed in
[40]. In [40] a number of different fracture specimens were considered for validation cases including
center crack tension plate, compact tension specimen, single edge notch, and axially cracked cylinder.
In addition, and of direct relevance to nuclear components, both circumferentially through wall cracked
and surface cracked pipe were considered. Many of the estimation scheme methods for C(t) compared
quite well with the finite element predictions, although some were overly conservative. Here we briefly
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summarize the through-wall crack pipe validation case of [40]. Figure 15 shows the comparison of C(t)
estimated using the procedure of R5 (called RSM or ‘reference stress method’) with finite element
predictions for RCC-MR and the theta projection laws. It is seen that using the reference stress method
to estimate C(t) over the time history is actually non-conservative in that it under predicts. An enhanced
reference stress method (ERSM) proposed in [40] is seen in Figure 15 to provide better estimates of C(t)
throughout the time domain.

Reference stress methods to estimate creep fracture parameters (C*, C(t)) were developed to
simplify the calculation procedure. This can avoid the need for finite element calculations. In general,
the RSM estimation methods are meant to be conservative in the sense that they overestimate the actual
value of the parameter. Webster and Ainsworth [35] and the R5 manual [2] provide many examples
where the estimate of C(t) using reference stress methods are quite accurate and conservative. Figure 15
illustrates a counter example where the current reference stress methods may not be conservative.

One of the main differences between the R5 and A16 are the methods used to estimate reference
stress. Reference [43] summarizes some of the new reference stress solutions developed for A16.
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Wasmer, Nikbin, and Webster [57] also show some examples where reference stress methods may not
always be conservative in calculating creep fracture parameters. The R5 code is currently re-evaluating
the RSM methods and improved formulae will be appearing in the code soon. However, it is always
good to perform finite element calculations for some spot cases to verify the accuracy of RSM methods
during an R5 assessment. In fact, if doubt exists, finite element solutions are recommended for
calculating the creep/fatigue fracture parameters in order to ensure accuracy. Likewise, Samuelson et al
[60] show examples of application of R5 to creep crack growth in welds and conclude that ...
determination of creep crack growth rates in welds based on the C* value only may result in uncertain
estimates”. The weld mismatch effect can lead to uncertainties in R5 predictions. Therefore, while R5
is certainly the best code procedure available for creep/fatigue crack growth predictions, there is more
validation work necessary, even for materials that are qualified for R5 assessment.
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Figure 15 Companson of C(t) estimates to FEM predictions
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7.0 Discussion of GEN IV and R5

7.1 R5 as a Possible ASME NH Rule Set

The R5 creep/fatigue life cycle crack growth prediction code represents the state-of-the-art
procedure for assessing the life of cracked components operating in the creep regime. The method has a
theoretical foundation which is based on rather simple constitutive laws and in practice, these
assumptions are violated. This is not uncommon in the fracture mechanics field. J-tearing theory,
which is used for predicting elastic-plastic fracture, likewise has a theoretical basis that is routinely
violated in practice and is used far beyond its basis, with success. The success is possible by obtaining
confidence in the procedures through validation with mock-up tests and service experience. Likewise,
the success with R5 is based on a similar series of mock-up validations and service experience — mainly
for the materials and operating conditions within British Energy HTGC reactors.

As such, the R5 procedure is a semi-empirical procedure (as is ASME NH) that needs qualification
for materials and operating conditions that will be experienced in GEN IV. Certainly, the stainless steels
and Cr-Mo steels are qualified for creep/fatigue crack growth assessment for a range of operating
conditions in R5. We cannot recommend implementation of R5 procedures outside this range until
further qualification for GEN IV materials is made. R5 is an assessment procedure rather than a design
procedure in its present form. An assessment procedure attempts to accurately predict crack growth
response while a design procedure involves built-in safety factors and conservatism. This is the case
with all creep/fatigue crack growth procedures. Hence, if R5 were implemented to the high temperature
design procedure of NH in the future, safety factors would have to be introduced.

Certainly there is ample data in the literature which supports the use of R5 outside the range of
qualification. References [58-60] illustrate the use of this approach for nickel base alloys. The Petten
database provide material constants for alloy 617 and 800H, and the method has been used to assess
creep/fatigue lives in these materials. However, the method must be fully qualified for these materials
and others that may be used in GEN IV applications — including ferritic vessel materials that may
operate near the negligible creep range. For the near term, the gas outlet temperature for GEN IV has
been reduced to 750 — 800C which means that alloy 617 may not be required for hot gas exposed
structures. In addition to which, the only potential code boundary exposed to the hot gas will be the
primary to secondary hot gas heat transfer interface. And, even there, the safety consequences of minor
leakage across the interface may not be consequential. On the other hand, the reactor pressure vessel
(and crossover duct in some concepts) will normally operate at nominally 350C, either below the
conventional creep threshold or in the “twilight zone” between the creep regime and the negligible creep
regime. For the near term, the material(s) of choice are SA533/508. These components can also
potentially see quite limited off normal conditions roughly within the scope of Code Case 499, i. e. 800
— 1000F. From that perspective, R5 procedure may have to be qualified for vessel materials as well.

Finally, the issue of crack initiation must be dealt with. There is ample recent work examining
crack initiation under creep/fatigue conditions. References [61, 62] discuss recent efforts on accurately
predicting initiation under creep conditions. The recent thesis by Davies [63] (out of Imperial college,
advised by Nikbin) summarizes the recent work relevant to R5 future implementations. For some
structures and operating conditions, crack initiation may dominate life. However, the predictive
methods are not robust enough and fully qualified to be used under creep/fatigue conditions. While
conservative, Ainsworth, the main author of R5 over the years, recommends neglecting this phase for R5
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since it will be conservative. However, it may be too conservative for use as a design criteria within
NH.

7.2 Theoretical Issues with R5 Needing Resolution

Sections 1, 2, and 3, briefly summarized some of the theoretical concerns with the C* based
engineering methods for creep/fatigue crack growth prediction. While possibly controversial, Appendix
A summarizes these concerns in detail through the use of experimental, analytical, and numerical
studies. For these reasons, despite the fact that R5 is the best available code procedure in use today for
creep/fatigue crack growth life prediction, it must be qualified for GEN IV applications since the
application use will be outside the window of R5 qualification.

7.3 Concluding Remarks on the R5 Approach

Fracture mechanics methods have proven a valuable practical tool to predict life of structures
which develop cracks. The aerospace industry has adopted a ‘damage tolerant” design approach which
permits the presence of cracks. The structures are maintained by specifying sufficient inspection
intervals so that a crack will not grow to a critical length between inspection intervals. Despite the fact
that ASME does not permit cracks, they will be present and a procedure for assessing them is important
to have. Some of the statements below must be kept in mind as we consider R5 for possible
implementation into NH in the future.

1. A commitment to a fracture mechanics approach for components operating at high temperatures
can only be on the basis of existing parameters (K, J, C*, C(t), TDFAD, 2-criteria concepts).

2. Each of these concepts has clear limitations which we have to live with. Bear in mind that also
for the currently used linear life fraction rule in NH, no real physical justification exists and that we
are using static stress-strain curves for materials undergoing cyclic softening etc. Moreover, elastic-
plastic fracture mechanics methods are used routinely far beyond their theoretical validity with
success since the methods are suitably “qualified’ from test data.

3. There are some doubts about the existence of a secondary creep stage for nickel-based alloys,
which may find their way into GEN IV structures. It may be acceptable to “interpret” a secondary
creep phase into the creep curves. Investigations [56-59] on nickel base alloys demonstrated that
different sample geometries (CT, SENT, SENB, DENT) gave very comparable results based on C*.

4. The use of a reference stress for determination of C* (and C(t)) might bear some uncertainties as
discussed earlier. Finite element calculations would be better and should be used for critical
applications.

5. When crack extension up to 0.5 mm is considered as crack initiation then it may be sufficient to
consider only this phase (TDFAD or 2-criteria) for some components. This may be too conservative
for design purposes. Moreover, neglecting the crack initiation phase will always be conservative.

6. Creep-fatigue is certainly an ambitious field which still needs improvement and clarification.

However, this is not only true for the fracture mechanics approach but is also true for the current
design approach in NH.
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7. Negligible creep should probably also re-visited with respect to crack growth (K-controlled crack
growth may be applicable for some materials and service conditions).

8. A clear definition of the requirements for a fracture mechanics treatment of safety issues in an
HTGR has to be agreed upon within NH (or Section X1 if these procedures belong there). Should
fracture mechanics be used for design, for safety considerations, or to set NDE and maintenance
schedules?

In conclusion, in future HTGRs the influence of stress raisers like notches, production flaws,
welding defects, developing cracks etc. should be considered for safety and/or NDE purpose, a fracture
mechanics concept (for creep, fatigue and creep-fatigue) is needed. It is certainly a valid approach to
use the methods, procedures and data developed within the R5 for that purpose, certainly as a starting
point until the procedures are qualified for GEN IV conditions. Either the complete R5 procedure or
only parts of it should be used depends on the demands and NRC’s requirements and concerns.

8.0 Summary, Conclusion and Suggestions for Additional Work.

8.1 Summary

The subsection ASME NH high temperature design procedure does not admit crack-like defects
into the structural components. The US NRC identified the lack of treatment of crack growth within NH
as a limitation of the code and thus this effort was undertaken. This effort is broken into two parts. Part
1, summarized here, involved examining all high temperature creep-fatigue crack growth codes being
used today and from these, choose a methodology that is appropriate for possible implementation within
NH. The second part of this task is to develop design rules for possible implementation within NH.
This second part is a challenge since all codes require step-by-step analysis procedures to be undertaken
in order to assess the crack growth and life of the component. Simple rules for design do not exist in
any code at present. The codes examined in this effort included R5, RCC-MR (A16), BS 7910, API
579, and ATK (and some less known codes).

After examining the pros and cons of all these methods, the R5 code was chosen for
consideration. R5 was chosen because the code: (i) has well established and validated rules, (ii) has a
team of experts continually improving and updating it, (iii) has software that can be used by designers,
(iv) extensive validation in many parts with available data from BE resources as well as input from
Imperial college’s database, and (v) was specifically developed for use in nuclear plants. Further
reasons for the choice of R5 are listed in Section 4.2.

There are several reasons that the capability for assessing cracks in high temperature nuclear
components is desirable. These include:

e Some components that are part of GEN IV reactors may have geometries that have sharp corners
—which are essentially cracks. Design of these components within the traditional ASME NH
procedure is quite challenging. It is natural to ensure adequate life design by modeling these
features as cracks within a creep-fatigue crack growth procedure. Figure 16 illustrates some
types of components that may be part of GEN 1V that fall into this category.

e Workmanship flaws in welds sometimes occur. It can be convenient to consider these as flaws
when making a design life assessment.
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e Non-destructive Evaluation (NDE) and inspection methods after fabrication are limited in the
size of the crack or flaw that can be detected. It is often convenient to perform a life assessment
using a flaw of a size that represents the maximum size that can elude detection.

e Flaws that are observed using in-service detection methods often need to be addressed as plants
age. Shutdown inspection intervals can only be designed using creep and creep-fatigue crack
growth techniques.

e The use of crack growth procedures can aid in examining the seriousness of creep damage in
structural components. How cracks grow can be used to assess margins on components and lead
to further safe operation.

The focus of this work was to examine the literature for creep and creep-fatigue crack growth
procedures that are well established in codes in other countries and choose a procedure to consider

; W: . Wicro-channel Technology

2% —  GENIV Heat Exchangers

passages | ° Current Design Challenging
—  Sharp Features
—  High Temperature

= o= st Creep/Fatigue (850C)

. —  Current Design Based on
1 ING17 L O g P g B 34
: Advanced

-~ L T g g g -
: 950C Global/Intermediate/Local
? Creep/Fatigue  Nmmilm S W Analysis Combined with

ASME NH

— Design Using NH
Challenging due to sharp
features

Figure 16. Example of possible GEN IV type heat exchangers. These
tlustrations are from “Heat Exchangers for the Next Generation of Nuclear
Reactors” by Li, Le Prerres |, and Dewson, I, Heatric Dinision of Meggitt (UK)
Ltd., Proceedings of ICAFPP 06, Reno, NV US4 June 4-3, 2006, Paper 6105,

implementation into ASME NH. It is very important to recognize that all creep and creep fatigue crack
growth procedures that are part of high temperature design codes are related and very similar. This
effort made no attempt to develop a new creep-fatigue crack growth predictive methodology. Rather,
examination of current procedures was the only goal.
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8.2 R5 Usage
Some details of R5 acquisition, training, and use are listed here.

0 R5 can be obtained for $1700 for 1-year and $300 for future yearly renewal. This
includes support. The methods are also well established to the point where one can learn
the procedures from open literature publication such as in [35].

o Material libraries are available in the code.

0 Methods exist for estimating crack growth laws from only knowing tensile properties if
data is not available.

e Much data is available in the open literature.

o BE willing to supply some of the data that is in the public domain (might charge for
compilation)

0 Much is compiled in the R5-Code software, which can be licensed.

o0 Nikbin also has data — he will charge a fee to compile it. This may be worth
consideration by DOE/ASME since this represents a small investment to obtain a large
database.

0 API 579 has some data that can be used.

8.3 Uncertainties in R5 and All Creep-Fatigue Crack Growth Methods

Creep-fatigue crack growth methods for design are now well established in Europe. In fact,
many European countries require organizations to consider creep crack growth as part of the design
process. While the methods in R5 are now well established and have been used on a daily basis for
more than 15 years now, there remain a number of modeling uncertainties which must be kept in mind
when using the methods. These include the following, which also are true for every method examined
in this report.

e Crack Nucleation. The methods for predicting the onset of crack growth from an assumed or
existing flaw are not considered to be fully robust by this author. One can always neglect this
process and the assessment will be conservative.

e Material Properties for the R5 often have inherent statistical scatter. While this is also the case
for current NH material properties, this results in additional sources of uncertainty.

0 The creep constitutive relationship for high temperature crack life assessment can be
complicated, especially for new very high temperature materials. While R5 claims to be
useful for all material laws, this remains to be seen in general.

0 The creep crack growth relationship is obtained by plotting the creep crack growth
parameter (C(t), C*) on log-log paper to obtain a power law relationship. There is often
scatter in these results so a lower bound curve is often taken. Moreover, it is not certain
that a power law relationship will persist for new materials.

0 The fatigue crack growth relationship is likewise fraught with the similar uncertainties
discussed for creep crack growth.

0 The creep-fatigue crack growth interaction equations are also subject to material
variability and uncertainty.

0 The performance of the methods for very high temperature performance and for new
materials will need to be established.

e There are also uncertainties that persist within the modeling and estimation assumptions used.

0 The estimation of the reference stress which is required to estimate the parameters for an
engineering assessment of crack growth are difficult to determine for complicated
cracked components. This can lead to overly conservative estimates of life. While finite

41



element analysis is always possible, this can make the crack life assessment time
consuming.

0 The constraint at the growing crack tip can be difficult to determine. Moreover, the
constraint can change as the crack grows. Figure 17 illustrates the elastic-plastic fracture
toughness for different types of crack geometries and loadings. This same type of effect
can affect the creep crack growth relationship and is a source of uncertainty.

o Estimates of C(t) for complicated constitutive relationships using equations such as those
shown in Figure 15 can be overly conservative.

8.4 Recommendations Regarding Additional R&D Needs and Testing Requirements
Some additional research and development needs for creep and creep-fatigue crack growth
modeling are listed in the following bullets.

e Material data tests required for new materials (e.g. IN617) and operating conditions for GEN IV.

e Reference Stress Approach Needs More Validation for complicated geometries. These include
more work for:

0 High constraint crack geometries.

o0 Complex Crack Geometries (e.g. nozzles, advanced heat exchangers, etc.).

o0 Materials without secondary creep regime (or minimal regime). The methods appear to
have difficulties for materials that do not attain a secondary creep regime. The estimation
schemes (such as the equation in Figure 15) apparently require this despite claims made
by the R5 developers. More work is clearly needed here.

o Validity for transient creep conditions needs more work. The current estimation schemes
are too conservative for cases where extensive transient creep crack growth occurs.

o Validity for advanced constitutive laws required — R5 developed to work for materials
which exhibit complex creep response. However, we have not seen extensive validation
and generality for new material and higher temperature operation.

o0 Assumptions tend to result in extensive conservatism — Should re-evaluate these.

0 Others areas of research needs will be developer during the part 11 effort.

e Finite element methods should be used for situations where the accuracy of reference stress
method is in doubt.

e Enhancement and further development of theory is necessary for new materials and higher
temperature cyclic application. As discussed in Sections 2, 7, and Appendix A, the theory
underlying R5 (and all other methods) is quite old and is fraught with issues that need to be
studied more thoroughly. This can lead to a more fundamentally sound theory which can
enhance the method, reduce conservatism, remove some uncertainties, and lead to more
confidence in life predictions.

e Engineering methods to predict diffusion creep are needed.

R5 should be qualified for materials and operating conditions of GEN IV before implementation into
NH. In the meantime, R5 procedures (for Cr-Mo and stainless steels) where qualification within R5 has
been made, can be recommended.
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Part Il Draft Rules

1.0 Introduction

The subsection ASME NH high temperature design procedure does not admit crack-like defects
into the structural components. The US NRC identified the lack of treatment of crack growth within NH
as a limitation of the code and thus this effort was undertaken. This effort is broken into two parts. The
Part 1 final report, summarized in [1], involved examining all high temperature creep-fatigue crack
growth codes being used today and from these, the task objective was to choose a methodology that is
appropriate for possible implementation within NH. The second part of this task, which is summarized
here, is to develop design rules for possible implementation within NH. This second part is a challenge
since all codes require step-by-step analysis procedures to be undertaken in order to assess the crack
growth and life of the component. Simple rules for design do not exist in any code at present. The codes
examined in this effort included R5, RCC-MR (A16), BS 7910, API 579, and ATK (and some lesser
known codes).

After examining the pros and cons of all these methods, the R5 code was chosen as the most up-to-
date and validated high temperature creep and creep fatigue code currently used in the world at present.
R5 is considered the leader because the code: (i) has well established and validated rules, (ii) has a team
of experts continually improving and updating it, (iii) has software that can be used by designers, (iv)
extensive validation in many parts with available data from BE resources as well as input from Imperial
college’s database, and (v) was specifically developed for use in nuclear plants.

R5 was specifically developed for use in gas cooled nuclear reactors which operate in the UK and
much of the experience is based on materials and temperatures which are experienced in these reactors. If
the next generation advanced reactors to be built in the US used these same materials within the same
temperature ranges as these reactors, then R5 may be appropriate for consideration of direct
implementation within ASME code NH or Section XI. However, until more verification and validation of
these creep/fatigue crack growth rules for the specific materials and temperatures to be used in the GEN
IV reactors is complete, ASME should consider delaying this implementation. With this in mind, it is this
authors opinion that R5 methods are the best available for code use today.

The focus of this work was to examine the literature for creep and creep-fatigue crack growth
procedures that are well established in codes in other countries and choose a procedure to consider
implementation into ASME NH. It is very important to recognize that all creep and creep fatigue crack
growth procedures that are part of high temperature design codes are related and very similar. This effort
made no attempt to develop a new creep-fatigue crack growth predictive methodology. Rather
examination of current procedures was the only goal. The uncertainties in the R5 crack growth methods
and recommendations for more work are summarized here also.

Finally, it is important to recognize that R5 was developed as an ‘assessment’ procedure. A high
temperature assessment procedure is used to assess or determine the effect of cracks on safety and
performance of high temperature components. As such, it is not really used for design.



Part Il Draft Rules

2.0 Overview of Task 8, Part |

ASME Standards Technology, LLC is leading efforts to conduct research in support of the
Generation IV/NGNP Materials project. A number of tasks have been completed and many efforts are
ongoing in this program. These programs are a continuation of an existing Cooperative Agreement
between ASME Standards Technology, LLC and The U.S. Department of Energy in support of the
Generation IV/NGNP programs. The scope includes development of technical basis documents necessary
to update and expand codes and standards for application in next generation reactor systems that operate
at elevated temperatures. This is a multi-year agreement. A project structure is already in place that
includes a Steering Committee, and subcontracted Task Investigators and Technical Advisors.

The GEN IV reactor concepts require structural components to operate at high temperatures in a
regime where creep damage may occur and cracks may grow. The US Nuclear Regulatory Commission
(NRC) has identified the lack of a quantitative methodology for evaluating creep and creep crack growth
as a shortcoming of the ASME Subsection NH (Class 1 Components in Elevated Temperature Service)
standard [2]. The development of elastic-plastic fracture mechanics methods and the concepts of leak-
before-break (LBB) were led by the needs of the nuclear industry. These crack assessment methods are
now well established and used routinely in PWR and BWR plant extension applications and new designs.
Quantitative creep and creep-fatigue crack growth assessment procedures are now needed for these GEN
IV developments.

The subsection ASME NH high temperature design procedure does not admit crack-like defects
into the structural components. In fact, design codes generally consider defect free structures while
assessment codes address flaws and their treatment. Therefore, from a code design perspective, the need
for creep and creep-fatigue crack growth procedures within NH is not warranted. However, there are
several reasons that the capability for assessing cracks in high temperature nuclear components is
desirable. These include:

e Some components that are part of GEN IV reactors may have geometries that have sharp corners —
which are essentially cracks. For instance, some of the heat exchanger designs consist of micro-
process technology, which are diffusion bonded sheets with hole patterns strategically placed so as
to make thousands of small passages and features. Due to the fabrication procedure, the features
have sharp corners. Design of these components within the traditional ASME NH procedure is
quite challenging. It is natural to ensure adequate life design by modeling these features as cracks
within a creep-fatigue crack growth procedure.

e Workmanship flaws in welds sometimes occur. It can be convenient to consider these as flaws
when making a design life assessment.

e Non-destructive Evaluation (NDE) and inspection methods after fabrication are limited in the size
of the crack or flaw that can be detected. In fact, it can be said that every nuclear component has
crack like defects of some size that cannot be detected due to limitations in NDE technology. It is
often convenient to perform a life assessment using a flaw of a size that represents the maximum
size that can elude detection.

e Flaws that are observed using in-service detection methods often need to be addressed as plants
age. Shutdown inspection intervals can only be designed using creep and creep-fatigue crack
growth techniques. While NH is meant to be a design procedure rather than a service assessment
procedure, methods for crack growth analysis can be useful.

e The use of crack growth procedures can aid in examining the seriousness of creep damage in
structural components. How cracks grow can be used to determine the ultimate or limit load of a
component and margins on safety.

The focus of this work was to examine the literature for creep and creep-fatigue crack growth
procedures that are well established in codes in other countries and choose a procedure to consider
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implementation into ASME NH. The currently established engineering methods for predicting creep and
creep fatigue crack growth at discontinuities and welded components was thoroughly reviewed. For the
most part, these procedures were developed in Europe and have been implemented into European codes.
It is very important to recognize that all creep and creep fatigue crack growth procedures that are part of
high temperature design codes are related and very similar. The differences, which are pointed out later,
are mainly in how to estimate the appropriate creep crack growth parameters. As such, the choice of the
procedure to implement within ASME NH is made based on applicability to nuclear components,
validation data bases, ongoing support for the methods, maturity of the procedures, options for computer
codes to apply the methods, among others.

These procedures examined in this effort include:

British R5. The R5 standard [3], which was an extension of the low temperature crack
assessment procedure R, is the oldest and most established code procedure available. The
procedures were developed in the 1980’s in response to the need for high temperature
crack assessment of UK reactor designs which operate at higher temperatures compared
with the US PWR and BWR designs. R5 also has a crack initiation procedure, called Time
Dependent Failure Assessment Diagram (TPFAD approach) also since crack initiation can
be important for minimal fatigue conditions.

The French RCC-MR (A-16) procedure [4]. This method, which is quite similar in
concept to the R5 method and appears to have followed the philosophy of R5 from the
beginning, has seen extensive development in the 1990’s. The main difference to R5 is the
methods used to estimate the reference stress methods used.

API 579 approach. The API fitness for service (FFS) standard provides guidance for
conducting FFS assessments using methods specifically prepared for equipment in the
refining and petrochemical industry, although they are used in other industries as well [5].
The specific approach for creep and creep-fatigue crack growth has recently been
implemented and a computer code has been developed for FFS assessment for both time
dependent and time independent crack growth. The methods again are similar to the other
approaches.

BS-7910 code. The BS-7910 code, which is an advanced creep-fatigue crack growth
assessment approach [6] similar to R5 and A16 (in fact many portions come from the R5
code), provides assessment and remaining life estimation procedure that can be used at the
design stage and for in service situations.

The German KTA method. KTA does not appear as well established as R5 or A16 as a
creep-fatigue crack growth assessment code. The 2-criterion method regards crack
initiation as the most important factor in life assessment and does not deal with the crack
growth regime [7]. The flat-bottom-hole approach (FBH) represents a crack detection and
characterization method. The approaches used in Germany follow along the lines the R5
and A16 approaches, and are not discussed further here. It is important to note that crack
incubation time can take up to 70% of the life, especially under conditions where fatigue is
not important.

Several other code approaches exist in other countries, many of which are summarized and
compared in [8], also are available. However, these approaches either follow R5 or A16 or
do not consider crack growth explicitly.

Damage based methods used in some industries such as the Omega Method can be quite valuable
for creep-fatigue life assessment as well. The creep-crack code procedures discussed above are related to
each other. Most currently established methods use variations of K, C* (C;), and reference stress, all of
which will be discussed. An engineering approach based on these parameters is natural since estimates
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are based on extensions of methods and solution handbooks on well-established elastic-plastic fracture.
Hence, new users of the NH crack growth code that are familiar with elastic-plastic methods should adjust
rather quickly. It is anticipated that a step-by-step procedure will be recommended for code
implementation.

3.0 NH Creep-Fatigue Crack Growth Recommendations

Creep fatigue crack growth methods are complicated to use and require a fair amount of training
for a user to make an assessment. An extensive attempt was made to develop code rules that are simple to
use that would be useful within Section 111, NH. However, because the methods are complicated, the
development of simple rules would make the creep crack growth analysis procedure so conservative that it
may not be useful for design. Moreover, there is some controversy within the design and research
communities as to the general nature of such approaches. These concerns were clearly pointed out within
the Part | report (reference [1]). As such, a decision was made to require the full R5 type approach as a
starting point. Moreover, it is not certain that this assessment procedure belongs within NH. Rather,
section X1 may be a better home.

The R5 code is detailed and does not permit a simple assessment approach. This is also true for
API 579, which essentially follows the R5 procedure with some merger of the Omega approach estimate
material properties. As such, after much thought and consultation with R5 developers, it has been decided
that a simple NH code procedure is not warranted.

The R5 procedure is an engineering approach to predict creep-fatigue crack growth in components
which operate at high temperature. Here we provide a summary of the R5 approach, the material property
needs and requirements, and a short summary of the process. An example problem is provided in the next
section. Some of the description below is part of the R5 code (presented with permission of BE, Inc.).

3.1 The R5 Method

The procedure of R5 [3] is concerned with estimating the remaining safe life of a structure which
is subject to creep-fatigue loading and which contains a crack or a postulated crack (for design purposes).
The ASME NH code procedure does not permit a crack to be in the structural component being designed.
The question then is how can this procedure be implemented within NH even if it was considered
appropriate? This question is being addressed with the 2" part of this program entitled ‘ASME NH Code
Implementation’. Essentially, there are several reasons why a creep-fatigue creep crack growth
assessment might be desirable. These include (i) some GEN IV components may have unavoidable sharp
corners (or crack like defects) from fabrication, (ii) workmanship flaws may be assumed (iii) it may be
desirable to perform a life assessment with an initial flaw size defined by the maximum size non-
detectable flaw that can persist after inspection, (iv) address in service observed flaws, (v) determine
crack growth failure mode, and (vi) determine the amount of crack growth over a given operating period.

For the R5 approach, only Mode | loading is considered; mixed modes are not taken into account.
The procedure concentrates components which operate within the global creep shakedown limit. The
cyclic modes of crack propagation which occur during load changes and crack growth during dwell
periods due to creep mechanisms are considered. However an indication of the approach for more
extensive cyclic plastic deformation can also be accounted for. The R5 procedures were originally
developed for austenitic and ferritic steels at but they have been used in recent years for super alloy
materials. Some potential Gen IV materials include In 617 and other nickel base alloys. Experimental and
finite element validation for a range of these materials is given in the Appendices of the R5
documentation. Defects are assumed to be in homogeneous parent or weld metal or in non-homogeneous
weldments.
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Crack behavior under both load-controlled and combined load- and displacement-controlled stress
systems is considered. Particular advice is given in an Appendix for the cases of displacement control due
to a constant applied displacement and for thermal loads acting alone. R5 does not address leak-before-
break procedures for pressurized components so that LBB considerations would have to be developed
separately by NRC, if desired in the future. However, LBB arguments may be constructed using, as a
basis, using the failure assessment diagram procedure in an Appendix of R5.

Before proceeding it is important to point out that GEN 1V applications are likely outside the
validation range of R5 applications. Before R5 could be used with confidence within the ASME code
framework, more validation is necessary for GEN 1V applications. Section 6 will deal with this in more
detail.

3.2 The ASME Draft Rules Recommendations: Step by Step Approach

Here a step-by-step procedure is set out whereby a component containing a known or postulated
defect can be assessed under creep-fatigue loading. The general 13 step approach is provided in Figure 1.
Both continuum damage accumulation and crack growth are addressed. The cases of insignificant creep
and insignificant fatigue are included as special cases. The procedure may be applied to a component in
the design stage, or where it has already experienced high temperature operation, as in an operating plant
where damage has been observed or is postulated. In the case of addressing an aging nuclear component
advice if given on the effect of the time at which the defect is assumed to form. Continuum damage
failure (creep rupture) of an un-cracked body may be considered as a special case by omitting the steps
covering crack growth and cyclic loading. However, ASME NH already addresses this. The steps in the
procedure are listed below with a description. Please refer to reference [3] for the complete details of the
R5 method, where many examples are provided. These rules are also similar to those for creep crack
growth in API 579 [5], which are described within a 19 step framework and incorporate some concepts of
the Omega method and different estimates of material parameters (compared to R5) if data is not
available.

Before summarizing the creep-fatigue crack growth evaluation steps, note that there are a number
of appendices which can aid the user in the assessment. Appendix | summarize the basic equations to use
for the assessment. Appendix A lists uniaxial material data needed for the assessment for a number of
different materials. Appendix B and C summarizes statistical uniaxial creep and creep rupture test data,
respectively. Appendix D provides test formula for creep test specimen analysis (if the user plans to
develop their own crack growth data). And Appendix E lists creep crack growth data for a number of
different materials. Hence, some material data for analysis is provided here. More data is provided in
references summarized in the appendices and reference [3]. We emphasize that new data for different
materials operating under different conditions will be needed for GEN IV applications.

STEP 1 - Establish the Expected or Actual Cause of Cracking and Characterize Initial Defect.
Establish the cause of the cracking to ensure that the procedures of this volume are applicable.
The defect type, position and size should be identified. For a creep-fatigue design crack growth
assessment, the expected crack size and location can be determined from the stress analysis where the
highest stresses occur. The size would be the limit on the NDE confidence. For defects found in service,
this process may require the advice of materials and non-destructive testing experts, particularly for the
case of defects in weldments. Suitable sensitivity studies (Step 12) should be performed to address
uncertainties. The detected defect should be characterized by a suitable bounding profile amenable to
analysis. Defects which are not of simple Mode | type should be resolved into Mode | orientation.

STEP 2 - Define Service Conditions for the component

Resolve the load history into cycle types suitable for analysis. This includes all design cycles or
for in service assessment, the historical operation and the assumed future service conditions. The service
life should be defined. For the case of a component which is defect-free at the start of high-temperature
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operation, an estimate of the time at which the defect formed (or the crack nucleation time) can be
determined. It is conservative to neglect this time. Suitable sensitivity studies should be performed to
address uncertainty in the time of defect formation.

STEP 3 - Collect Materials Data

The material data needs to be defined and collected. The details of the material data necessary
will be discussed in the next section. Define the materials relevant to the assessed feature including, in
the case of weldments, the weld metal and heat-affected zone structures. The material properties must be
appropriate over temperature range and in the correct cyclically-conditioned state. The effects of thermal
ageing may also need to be considered for some materials — especially cast stainless steel. In practice, the
requirements are influenced by the outcome of the tests for significant creep or fatigue in Step 6 below.
Time-independent material properties are required for the stability analyses performed in Steps 5 and 11.
It should be noted in particular that fracture toughness properties are required for creep-damaged material,
if available. If not available, they must be estimated from creep undamaged material. It is important to
mention that some materials that may be used for GEN 1V applications may not have been validated for
R5 assessment yet. This will need to occur before R5 can be used in NH. Appendices A to E provide
material data for some materials at some temperatures.

STEP 4 - Perform Basic Stress Analysis

Elastic stress analyses of the un-cracked feature should be performed for the extremes of the
service cycles. In the case of cyclic loading, a shakedown assessment of the un-cracked feature should
then be performed. The type of shakedown assessment is quite similar to NH and could be performed
using NH procedures. It should be determined if the feature satisfies strict or global shakedown or not.
In the case that shakedown cannot be demonstrated, it is necessary to justify the use of the methods of this
volume using. For example, inelastic analysis methods, including finite element analysis, may be
required. If shakedown is demonstrated, the crack depth should be such that the compliance of the
structure is not significantly affected.

STEP 5 - Check Stability under Time-Independent Loads

The cracked component must be checked to ensure time-independent mechanisms under fault or
overload load conditions at the initial defect size does not occur. R5 suggests using R6 [36]. However,
for ASME NH purposes and the US NRC, this can be performed using Section XI procedures or a J-
Tearing assessment. If failure occurs due to time independent effects alone at this step, then the
assumptions in the analysis should be revisited and remedial design action taken. Only if sufficient
margins can be justified is it permissible to continue to Step 6 to justify future service life or the design.
J-resistance curve data for this assessment must be obtained elsewhere. Alternatively, the crack
assessment procedure in Section XI, based on limit load with Z-factor correction may be used.

STEP 6 - Check Significance of Creep and Fatigue

The checks for insignificant creep should be made using ASME NH or R5 procedures. If creep is
insignificant then the assessment becomes one of fatigue loading alone and Steps 7 and 10 below are
omitted. Conversely, if fatigue is judged to be insignificant then the assessment becomes one of steady
creep loading alone and further consideration of cyclic loading is not required. A further test determines if
creep-fatigue interaction is significant. If it is not, simplified summation rules for combining creep and
fatigue crack growth increments may be adopted (Step 9).

STEP 7 - Calculate Rupture Life based on the Initial Defect Size
The time to continuum damage failure (creep rupture) must be calculated based on the initial crack
size from Step 1. If this is less than the required service life, it may not be necessary to perform crack
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growth calculations and the NH procedure alone suffices. The estimate of rupture life is based on a
calculated limit load reference stress (discussed in the appendices) and, for predominately primary
loading, the material’s creep rupture data. For damage due to cyclic relaxation and due to the relaxation of
welding residual stresses, ductility exhaustion methods are more appropriate. The particular requirements
for defects in weldments are also addressed. For the case of short defects close to stress concentrations
such as notch radii or weld toes, special considerations must be followed to ensure that the reference
stress is conservatively calculated.

STEP 8 - Calculate Crack Nucleation or Incubation Time

Typically it takes some time for a crack in a nuclear component to begin growing. For some
components, crack initiation may consume the bulk of the life and when crack growth commences, failure
occurs quickly. The crack nucleation or incubation time is the time from the start of the of high-
temperature operation to crack growth start. Depending on the cause of cracking, its location within a
weldment and the type of loading it may be possible to calculate a non-zero incubation time. It is always
conservative to ignore this period and assume that crack growth occurs on first loading. The cause of
cracking will influence the determination of an incubation time. For example, a naturally-occurring creep
defect, such as some weld defects, may not experience an incubation period prior to macroscopic crack
growth. There are several procedures for calculating crack incubation time within R5 including TDFAD
and the two criteria approach (similar to A16).

STEP 9 - Calculate Crack Growth for the Desired Life Time

The crack size at the end of the design period of operation is calculated, following the procedures
of R5 based on K, C*, reference stress, and the appropriate estimation schemes laid out. Finite element
analysis can also be used. This is done by integrating the appropriate creep and fatigue crack growth
expressions. This incremental process is simplified in some cases, depending on the outcomes of the
significance creep and fatigue tests determined in Step 6. Changes in reference stress due to crack growth
should be included in the calculations. Integration is required because all parameters (K, C*, C(t)) and
reference stress change with time as the crack proceeds. Required material data may be found in
Appendices A, B, C, and E.

STEP 10 - Re-Calculate Rupture Life after Crack Growth

The time to continuum damage failure should be re-calculated taking into account the increased
crack size from Step 9. Crack growth calculations should not be performed in practice beyond an
acceptable rupture life. It is conservative to base the estimate of rupture life on the final crack size as this
neglects slower accumulation of creep damage when the crack size is smaller during growth.

STEP 11 - Check Stability under Time-Independent Loads after Crack Growth

In practice, this step is carried out in conjunction with the crack size calculations of Step 9. The
crack growth calculations of that step should not be performed beyond a crack size at which failure by
time-independent mechanisms is conceded at fault or overload load levels. For ASME purposes, this
assessment could be made using ASME section XI methods.

STEP 12 - Assess Significance of Results

The uncertainties in loads, material properties, defined crack location, etc., need to be assessed.
Margins against failure are not prescribed in R5 and are left to the user to set. The sensitivity of the results
of the preceding steps to realistic variations in loads, initial flaw size and location, and material properties
should be assessed as part of a sensitivity study. The various modeling assumptions made can also be
revisited with a view to reducing conservative assumptions in the analysis if unacceptable margins are
determined. If this still fails to result in an acceptable crack growth life the options of new design, or for
service assessment, of reducing future service conditions, or repair or replacement of the defective
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components should be considered. For NRC needs, this may require placing the procedure within a
probabilistic framework.

An alternative to the quantitative assessment of margins using the deterministic approach of this
section is to use probabilistic methods to directly determine failure probabilities. A procedure for doing
this is set out in one of the Appendices but requires estimates of the distributions of variable quantities.

STEP 13 - Report Results

The results of the assessment, including margins determined, and the details of the materials
properties, flaw size, loads, stress analysis calculations, etc, used in the assessment should be
comprehensively reported. This facilitates both verification of the particular assessment and repeatability
in future assessments. Each of these steps is summarized in great detail within the large volume of
material provided within R5. This includes some material data along with extensive examples of the use
of the method. A simple example calculation of the procedure is provided in the Section 6 of the Part |
report (reference [1]).

3.3 Comments on R5 Application for ASME

From the flow chart description and 13 step procedure described above, it must appear that there
are a number of judgments, interpretations and supporting properties data required to sort through the
various behavioral regimes and to make an eventual design assessment. For near term HTGR applications
as described above, it is not possible to narrow down the options and simplify the procedure. To do so
would make the assessments too conservative to be used as a practical design tool within NH. Also, the
goal of Code design rules is to have requirements that can be implemented consistently such that the
design assessment will not be dependent on the individual/organization doing the assessment. To ensure
that the creep/fatigue assessment procedures are properly applied, organizations using the procedure must
ensure that the staff is properly trained. The use of the procedure (and all other methods) requires an
experienced user. Therefore, the R5 procedure may not be ready for generally applicable design rules
within NH but may be more suitable to regulatory requirements and licensing review. This last point
requires further discussion and cannot be answered at this point.

3.4 The R5 Material Data Requirements

The material requirements for R5 crack growth analyses were summarized reference [1]. The
material data testing requirements are well established. In addition to the typical high temperature
properties required for an ASME NH design life assessment, the following material data is needed.

1. Creep rate material properties and the constitutive law. The constitutive law could be a classical
law (power law) or other type of law depending on the material and temperature (including
hyperbolic laws and even tertiary laws). Appendices A and B provide data for some materials.

2. Creep crack growth constants are required to predict the creep crack growth portion of the analysis
(Appendix E). It is very important to note that this data can be estimated using a simple
procedure within R5 if creep crack growth data is not available. This estimate is based only on
knowledge of the tensile creep properties and the estimates are made to be conservative. These
simple estimates were discussed in [1] and are also summarized in Appendix I.

3. Fatigue crack growth constants are needed as spelled out in R5. This data is obtained at the
temperature of interest using one of a number of fracture specimens including the compact tension
type specimen. Again, a power law relationship between crack growth per cycle and the change in
stress intensity factor (AK) is generally obtained.

4. Creep ductility properties along with elastic and elastic-plastic fracture properties at temperature.

Many of the high temperature materials within NH are included in R5 and have been validated for
creep-fatigue crack growth using the R5 approach. Figure 2 provides a comparison of materials that are
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supported within NH and those within R5. From Figure 2 it is seen that both NH and R5 support 2 1/4Cr-
1Mo steels across nearly the same temperature ranges. For stainless steels, R5 has not been used much
for temperatures higher than about 650 C while NH goes to 815C. However, R5 has been used for a
larger variety of austenitic steels, including 347. BE says that R5 has been used outside this temperature
range, but only on a spot basis, and it is not possible to document the specifics here. From the middle of
Figure 7 it is seen that R5 has not been used for alloy 800H. As noted in Figure 7 though, it has been used
for some other super alloys for a steel similar to IN 617. Also, 9Cr-1Mo-V steel has not been used,
mainly since these steels are not used in any BE plants. Because of the success of R5 for other Cr-Mo
steels, there is no reason to suspect that R5 cannot perform for this steel. At the bottom of Figure 2 some
steels that have been supported by R5 are listed which are not supported within ASME NH.

3.5 Summary of The Material Data

Some of the material data required is summarized in the appendices. Sources for data are
available in the literature. BE (Ainsworth) and Imperial College (Nikbin) can compile this data into a
coherent library and this should be considered by ASME. The current sources for data needed for R5
assessments are:

In summary, a large data base exists but much of it proprietary. Methods exist for estimating
crack growth law without the necessary data. This is convenient and provides conservative estimates of
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the properties. Material data required creep/fatigue crack growth assessments using R5 is not available
for some GEN IV materials.

4.0 NH Theoretical Concerns and Issues for GEN IV

The critical issue with creep crack growth is the creeping solid in the creep plastic zone. Fracture
toughness and also pure fatigue crack growth are mainly dominated by plastic effects (dislocation
movement). Within the creep plastic zone the whole time dependent creep mechanisms (from power law
break-down to pure diffusion creep) can happen. The exponents in a power law-type approach change
from 1 (diffusion) to 50 and higher (power law break-down) in a small volume element. Formation of a
creep crack which can propagate follows micro-structural laws rather than continuum mechanics.
therefore, incubation period or crack initiation phase are important. The situation is comparable with
fatigue crack growth close to the threshold value where it is well accepted today that micro-structurally
short cracks can grow well below the threshold because a continuum approach is not the appropriate
description. These micro-structural aspects need to be considered for future concepts. Micro-structural
effects are also extremely important in case of creep-fatigue interactions. All of these concerns are
ignored with the current methods for predicting creep and creep-fatigue crack growth in real structures.
Please keep this in mind while reading the rest of this section.

The state of the art engineering creep and creep-fatigue crack growth predictive methodologies are
based on characterizing the crack growth rates using parameters (K, C*, C(t)) that measure, in theory, the
strength of the asymptotic crack tip fields, as discussed in reference [1]. There are a number of theoretical
concerns regarding this approach. Perhaps the main concern is that the asymptotic crack tip fields can
only be developed for simple creep constitutive laws (such as power law types). Moreover, the methods
formally break down once crack growth occurs, non-proportional stressing occurs, and cyclic loads are
experienced when a creep crack grows in service.

For a creep/fatigue crack growth predictive methodology to be valid, the measured values of the
parameters (here C*, C(t)) must be related to crack growth events. Experiments on fracture specimen are
performed by measuring far field parameters (load, load point displacement (or crack opening
displacement), and crack size). These parameters are then properly integrated to obtain the crack
characterizing parameters. A fundamental question that must be answered in any fracture mechanics
based approach is whether these far field measurements can properly characterize the near crack field
events. Traditionally, with fracture mechanics, this characterization is made because the asymptotic crack
tip fields, which characterize growth, can be related to far field measurements. For instance, with elastic-
plastic fracture, far field events can be related to near crack tip field fracture events through the use of a
path independent integral (J-integral). For creep crack growth, this relationship is only strictly valid for
full scale creep for a stationary crack and for simplistic constitutive laws. When crack growth occurs, or
more importantly, when both crack growth and cyclic loading occur, the asymptotic interpretation of the
crack tip events to far field measurements, breaks down. In fact, for cyclic loading of a stationary crack,
the asymptotic crack tip fields depend strongly on the form of the constitutive law being used and these
fields can change for each cycle of loading [7]. This makes establishing the link between near field crack
events, which drive crack growth and fracture, and far field events (where measurements are made to
characterize material properties) quite challenging. Today, despite the fact that engineering creep/fatigue
crack growth procedures based on R5 type methods have been used with success for years, controversy
over the general nature of the methods persists. Indeed, while R5 has been established and validated for
materials and operating conditions within BE plants, it is not certain whether these methods will carry
over in a straight forward fashion to GEN IV conditions. Hence, even if R5 approaches were
implemented within NH, validation under GEN IV conditions is necessary. This issue is discussed further
in reference [1].

The engineering creep-fatigue methods used in all codes today, including R5, are used outside
their range of validity. Despite this, the methods have shown to provide reasonable predictions of creep-
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fatigue life, albeit conservative — perhaps sometimes too conservative. Most of this summary comes from
the R5 manual [3], Ainsworth’s book [8]. It is this author’s belief that continued development of more
fundamentally sound creep-fatigue life predictive methods must continue while we continue to use the
engineering approaches in R5.

Essentially, the theory behind the R5 engineering method (and all other methods) is summarized in
the book by Webster and Ainsworth [8] and it is based on earlier asymptotic solutions for creep emanating
from an initially elastic field (or plastic HRR field) within a creeping zone (both primary, secondary, and
combined primary and secondary creep). Herman Riedel, in his classic treatise in 1987 [9], summarizes
all of this. Riedel bases his work on earlier work when he was working with Rice, Bassani and colleagues
work, etc (see [10 — 14]. So a firm theoretical foundation based on the asymptotic interpretation of crack
tip fields does exist and it is clear.

In practice though, these conditions are violated - often severely. The creep response very near the
crack tip (high stresses) cannot be represented by power laws. Once the crack grows beyond a small
amount, the asymptotic interpretation becomes unclear, and we can go on and on. As Hoffelner points
out, the linear life fraction rules used in NH today have no real basis. However, from an applications
standpoint all these simplified rules and laws do a very good job for design provided you build in the
necessary safety margins. The same can be said for R5. Nothing would ever be built if we kept waiting
for the perfect theory. There are no perfect theories in the fracture field. The conservatisms built into the
methods were done so with these issues in mind. They were then validated with mock-ups, and service
experience over the years. As such, we must start with the R5 approach, see how well it performs for
GEN IV conditions, and improve on these methods or develop new methods as required. We must keep
in mind, that in practice, J-Tearing theory for elastic-plastic fracture is used far beyond its theoretical
validity routinely - with success and it can guarantee conservative results.

5.0 Discussion of GEN IV and R5

The R5 creep/fatigue life cycle crack growth prediction code represents the state-of-the-art procedure
for assessing the life of cracked components operating in the creep regime. The method has a theoretical
foundation which is based on rather simple constitutive laws and in practice, these assumptions are
violated. This is not uncommon in the fracture mechanics field. J-tearing theory, which is used for
predicting elastic-plastic fracture, likewise has a theoretical basis that is routinely violated in practice and
is used far beyond its basis, with success. The success is possible by obtaining confidence in the
procedures through validation with mock-up tests and service experience. Likewise, the success with R5
is based on a similar series of mock-up validations and service experience — mainly for the materials and
operating conditions within British Energy HTGC reactors.

As such, the R5 procedure is a semi-empirical procedure (as is ASME NH) that needs qualification for
materials and operating conditions that will be experienced in GEN IV. Certainly, the stainless steels and
Cr-Mo steels are qualified for creep/fatigue crack growth assessment for a range of operating conditions
in R5. We cannot recommend implementation of R5 procedures outside this range until further
qualification for GEN IV materials is made. R5 is an assessment procedure rather than a design
procedure in its present form. An assessment procedure attempts to accurately predict crack growth
response while a design procedure involves built-in safety factors and conservatism. This is the case with
all creep/fatigue crack growth procedures. Hence, if R5 were implemented to the high temperature design
procedure of NH in the future, safety factors would have to be introduced.

Fracture mechanics methods have proven a valuable practical tool to predict life of structures
which develop cracks. The aerospace industry has adopted a ‘damage tolerant’ design approach which
permits the presence of cracks. The structures are maintained by specifying sufficient inspection intervals
so that a crack will not grow to a critical length between inspection intervals. Despite the fact that ASME
does not permit cracks, they will be present and a procedure for assessing them is important to have.
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Some of the statements below must be kept in mind as we consider R5 for possible implementation into
NH in the future.

In conclusion, in future HTGRs the influence of stress raisers like notches, production flaws,
welding defects, developing cracks etc. should be considered for safety and/or NDE purpose, a fracture
mechanics concept (for creep, fatigue and creep-fatigue) is needed. It is certainly a valid approach to use
the methods, procedures and data developed within the R5 for that purpose, certainly as a starting point
until the procedures are qualified for GEN IV conditions. Either the complete R5 procedure or only parts
of it should be used depends on the demands and NRC’s requirements and concerns.

6.0 Summary, Conclusion and Suggestions for Additional Work.

The subsection ASME NH high temperature design procedure does not admit crack-like defects
into the structural components. The US NRC identified the lack of treatment of crack growth within NH
as a limitation of the code and thus this effort was undertaken. This effort is broken into two parts. Part
1, summarized here, involved examining all high temperature creep-fatigue crack growth codes being
used today and from these, choose a methodology that is appropriate for possible implementation within
NH. The second part of this task is to develop design rules for possible implementation within NH. This
second part is a challenge since all codes require step-by-step analysis procedures to be undertaken in
order to assess the crack growth and life of the component. Simple rules for design do not exist in any
code at present. The codes examined in this effort included R5, RCC-MR (A16), BS 7910, API 579, and
ATK (and some less known codes).

After examining the pros and cons of all these methods, the R5 code was chosen for consideration.
R5 was chosen because the code: (i) has well established and validated rules, (ii) has a team of experts
continually improving and updating it, (iii) has software that can be used by designers, (iv) extensive
validation in many parts with available data from BE resources as well as input from Imperial college’s
database, and (v) was specifically developed for use in nuclear plants. Further reasons for the choice of
R5 are listed in [1].

There are several reasons that the capability for assessing cracks in high temperature nuclear
components is desirable. These include:

e Some components that are part of GEN IV reactors may have geometries that have sharp corners —
which are essentially cracks. Design of these components within the traditional ASME NH
procedure is quite challenging. It is natural to ensure adequate life design by modeling these
features as cracks within a creep-fatigue crack growth procedure. Figure 16 illustrates some types
of components that may be part of GEN 1V that fall into this category.

e Workmanship flaws in welds sometimes occur. It can be convenient to consider these as flaws
when making a design life assessment.

e Non-destructive Evaluation (NDE) and inspection methods after fabrication are limited in the size
of the crack or flaw that can be detected. It is often convenient to perform a life assessment using
a flaw of a size that represents the maximum size that can elude detection.

e Flaws that are observed using in-service detection methods often need to be addressed as plants
age. Shutdown inspection intervals can only be designed using creep and creep-fatigue crack
growth techniques.

e The use of crack growth procedures can aid in examining the seriousness of creep damage in
structural components. How cracks grow can be used to assess margins on components and lead
to further safe operation.
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The focus of this work was to examine the literature for creep and creep-fatigue crack growth
procedures that are well established in codes in other countries and choose a procedure to consider
implementation into ASME NH. It is very important to recognize that all creep and creep fatigue crack
growth procedures that are part of high temperature design codes are related and very similar. This effort
made no attempt to develop a new creep-fatigue crack growth predictive methodology. Rather,
examination of current procedures was the only goal.

The overwhelming majority of data was gained with ferritic/bainitic, ferritic/martensitic and
austenitic (basically 316) steels. Nickel-base super alloys are covered insufficiently with R5 and other
creep crack growth approaches. The restricted slip in fcc metals together with M23C6 carbides along
grain boundaries acting as preferred points for void nucleation my change the creep, and creep-fatigue
crack growth significantly. Such questions need to be addressed in the future when an application to 617,
230, Hast X(R), 800H etc. would be seriously considered. Even a simple da/dt-K approach can correlate
creep crack growth data for such alloys in some cases. Creep-fatigue crack growth procedures for super
alloys needs to be verified and developed.

The critical issue with creep crack growth is the creeping solid in the creep plastic zone. Fracture
toughness and also pure fatigue crack growth are mainly dominated by plastic effects (dislocation
movement). Within the creep plastic zone the whole time dependent creep mechanisms (from power law
break-down to pure diffusion creep) can happen. The exponents in a power law-type approach change
from 1 (diffusion) to 50 and higher (power law break-down) in a small volume element. Formation of a
creep crack which can propagate follows micro-structural laws rather than continuum mechanics.
therefore, incubation period or crack initiation phase are important. The situation is comparable with
fatigue crack growth close to the threshold value where it is well accepted today that micro-structurally
short cracks can grow well below the threshold because a continuum approach is not the appropriate
description. These micro-structural aspects need to be considered for future concepts. Micro-structural
effects are also extremely important in case of creep-fatigue interactions. All of these concerns are
ignored with the current methods for predicting creep and creep-fatigue crack growth in real structures.
Such effects need to be considered in future efforts.

Subcritical crack growth considerations (fatigue, creep, environment and interactions) should be
used for condition assessments, safety assessments, definition of NDE intervals or definition of locations
needing specific design or NDE attention. Definition of allowable stresses or loads based on crack growth
in terms of a design code would not be an attractive approach for design. Flaw-tolerant design always
needs definitions of initial flaw sizes and geometries. This would make the design dependent on available
NDE methodology.

Based on the fact that a the quality of ultrasonic information from coarse grained austenite
(including nickel-base) is much worse than that from fine grained ferritic steels it is fair to say that the
establishment of material independent design rules would be either not possible or extremely
conservative. Adding uncertainties of flaw detection and flaw sizing together with procedural
uncertainties concerning materials, fracture mechanics parameters and concepts would lead to a very
vaguely defined design space.

In conclusion: We strongly support fracture mechanics considerations for safety assessments of
components and in this sense guess that this report is an excellent starting point for further work.
However, this work should in my view be directed rather toward condition assessments within Section XI.
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Appendix |

GUIDELINES FOR DEVELOPMENT OF ASME BASED REMAINING LIFE DEFECT
ASSESSMENT PROCEDURE

Introduction

This document is aimed at analysis methods for remaining life assessment of components, containing
cracks, at elevated temperatures. Thus the methods are not generally used to produce the initial design
criteria except in the case of analyzing the behavior of postulated defects to produce a defect tolerant
design. The methods are also relevant for designing components, which cannot be inspected during their
operational life. The report presents guidelines for assessing the structural design, relevant failure criteria
under creep and fatigue and the significance of defects in components. The procedures will need to
contain methodology for dealing with failure by net section rupture, incremental crack growth or some
combination of both processes. The influence of creep and fatigue and the onset of brittle or ductile
fracture in determining tolerable defect size need to be considered.

Information should be included for specifying loading conditions under normal and abnormal
operating conditions and methods suggested for characterizing defects. The calculations will make use of
limit analysis methods and fracture mechanics concepts. Several levels of complexity need to be discussed
depending on the criticality of the problem and the materials properties data available. Approximations
should be presented for dealing with cracked components when only some data are available. In essence
various means of analysis and detailed advice should be available to the user in the document to deal with
the problem irrespective of the amount of data available. The level of safety factors used will need to be
determined from available data and its extent of scatter.

The inclusion of probabilistic methods to indicate confidence limits in design and life assessment is
also recommended. Where this is not possible sensitivity analyses should be performed. In some cases,
due to setting levels of safety factors, new tests may need to be performed to validate the decisions.
Finally the document should refer wherever possible to the source of the information or data it has used in
order to further assist the user in reaching a design criterion or in making a life assessment decision.

General requirements for a procedure

The defect assessment procedure may be applied to components containing planar defects, including
cracking or lack of fusion. It may be applied, subject to restrictions, to defects, which are actually
discovered during pre-service or in-service inspection (where possible). The objective is to decide
whether the defect is innocuous and will never affect the integrity of the structure, whether remedial
action can be deferred until sometime in the future or whether repairs are needed immediately. The
procedure may also be applied at the design stage, subject to the same restrictions, to hypothetical defects,
in order to set inspection sensitivity or to check that a proposed component is tolerant to defects.

The procedure should be applicable to defects, which are caused by time-dependent environmental
phenomena where the degraded material property is available and can be used in performing the life
assessment analysis set out.

Cracks in welds are a further complication in the analysis step and need special treatment. In most
cases the measurement of residual stresses is not a practical solution and factors on stress level may need
to be considered. In addition properties of the heat affected zone and the weld metal usually differ from
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those of the parent material and the local residual stress may need to be taken into account. However the
interactions between these regions are not always clear or well documented. Therefore tests may be
needed to deal with weld properties for the relevant components.

The Document should suggest safety factors where the design of the component is the objective.
Factors of safety need to be adjusted to suit the circumstances of the case under investigation. A number
of points need to be considered in choosing factors of safety. These are
The level of safety that is attributed to the structure
The availability and the amount and the extent of scatter of relevant data
The consideration of unexpected loads during operation in the structure
Factors due to residual stresses that may exist due to welding and loading processes.

The ability or otherwise of being able to perform NDT after fabrication and in-service

inspection

e The degradation of the material and the available material properties for the degraded
material

e Advice and statistical data on expected failure rates and safety factors to be available to the
user

However the code should not suggest a factor of safety, which could be applied to life predictions due
to crack initiation, growth and final failure. The decision about this must be left to the discretion of the
assessor or from expert advice given in the document. The value chosen will depend on the degree of
pessimism introduced into the input data and on the results of sensitivity analyses. The introduction of
sensitivity analysis and probabilistic methods in the assessment procedure will to some measure assist the
user in determining remaining lifetimes in the operating structures.

Cracking behavior at high temperatures

Under high temperature operating conditions creep or fatigue could be the primary mechanism in
initiating and growing a crack in components. Crack propagation can continue until structural failure takes
place at some stage. Local plastic damage or creep damage may build up ahead of the crack over a time
period due to thermal or cyclic loading. Alternatively the net section may fail through a short-term
phenomenon - plastic collapse if the material is ductile or fast fracture if the material is brittle. VVarious
conditions such as knowing the crack opening displacement at initiation and using the right definition of
the collapse loads need to be calculated.

In addition following the initial loading of the component, the crack may blunt and, in these
circumstances, there will be an incubation period before a further short crack forms and propagation
initiates. Where such blunting does not occur, crack propagation may be assumed to start immediately on
loading. The crack grows, in all cases, by a fracture mechanics controlled mechanism. Where new plant is
under consideration, it may be possible to benefit from the incubation period, starting the crack growth
calculations at the end of this period. Various conditions such as knowing the crack opening displacement
at initiation and using the right definition of the creep strain versus time at the relevant stress and
temperature need to be met in order that the incubation period is calculated.

When a defect has been discovered after the component has been in service, the conservative
assumption should be made that the crack initiated earlier in life, unless there is strong evidence to the
contrary. In this case it is also current practice to discount time to crack initiation where fatigue is the
mode of failure.

Application of procedure
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The Procedure is implemented in a series of well-defined steps, which should be shown as a flow
chart. The chart (see for example Fig.1) and the detailed descriptions of the individual steps could refer to
e A component before it enters service, containing a postulated defect or one found during
inspection.
e To a defect, which has been discovered after a component has been in service for a period
of time?

These choices are noted in the text of the chart, as appropriate. An important point in the flow chart is
the variations and choices available to the user in accordance with their level of expertise and the level of
information available on the component under consideration. Furthermore the chart and the document
should show the importance of the need for sensitivity and/or probabilistic analyses in performing the
assessment task.

Initial investigations to establish cause of cracking

Prior to performing calculations, an initial investigation should be carried out to identify the most
likely cause of cracking. For postulated defect sizes, the minimum crack size should be established to
taken into account the NDT limits relevant to the structure. This may include a combination of non-
destructive testing, visual examination and metallurgical examination, as appropriate. Also, if possible, a
dimensional check should be carried out on the component to establish if there has been any significant
distortion during fabrication and in the case of remaining life assessment during its operational life.

Significant plasticity away from the crack tip, particularly if accompanied by distortion of the
component, is often an indication that there has been local overloading due to primary or secondary
stresses, or some form of over-stressing and that the material is nearing the end of its safe working life.
Any crack propagation and failure calculations which are carried out must take into account the properties
(both static and fatigue) of the material in its damaged state.

Leaving aside overheating in the fabrication and operational stage, over-stressing and environmental
effects, crack growth in the structure is most likely to be associated with a pre-existing defect which has
not been detected by pre-service inspection or with a crack which has been initiated by some form of
fatigue loading. The document should give guidance for both cases. Pre-existing defects often occur in
welds and certain precautions should be described in the defect characterization section before applying
the assessment procedure.

Definition of previous plant history and future operational requirements

The service loads, possible presence of residual stresses and service temperatures for the component
should be established for each operating condition. The previous history of the plant can usually be
obtained from operating records. At the design stage it should be stipulated that these records should be
kept. Where service stresses and service temperatures depend on plant output, the previous history should
be broken down into a series of blocks, during which the stress and temperature are sensibly constant.

In addition to tabulating the total time at each of the steady operating conditions, any events likely to
contribute to fatigue damage must also be taken into account. Where vibration or thermal fluctuations
occur during periods of nominally constant load operation, an estimate of the frequency and magnitude of
the fluctuations is required. Where transient thermal or mechanical loads occur at start up or shut down or
with change with plant output, the number of load cycles and their magnitude must be established.

Establishment of relevant stress

The relevant stresses to be used in the assessment should be those, which would exist in the local
region of the defect if the body were un-cracked. They should not include stress intensification effects due
to the defect itself, as the Assessment Procedure naturally takes these into account.
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It is sometimes necessary to separate the stresses into different categories. This can follow the
principles of the ASME Boiler and Pressure Vessel Code, Section I11, NB 3000 and of Appendix A of BS
5500:1991, R6, A16 and BS7910. However special care is needed in dealing with the secondary and peak
stresses. All stresses which are induced by internal pressure and external loads must be categorized as
Primary. In the case of peak stresses, it is necessary to distinguish between those, which are due to
internal pressure and external load, and those, which are brought about by secondary stresses resulting
from thermal loading or residual stresses in welds.

In carrying out the stress categorization, it is important to take into account any elastic follow up
effect due to the spring action of adjacent parts of the structure. Unless it can be demonstrated to the
contrary, long range thermal and residual stresses must be categorized as Primary.

The definitions of stress category, which could be used in the document, are thus:

P - Primary stress, which includes all stresses arising from internal pressure and external loads and
which includes some stresses classified as Secondary by ASME Section 111 and Appendix A of BS
5500:1991. The primary stress category also includes long-range thermal and residual stresses, unless
there is conclusive evidence to the contrary.

Q - Secondary stress, arising from thermal loading and residual stresses due to manufacturing
processes, including welding.

F - Peak stresses, usually associated with local stress raising features.

Thus the stress intensity factor K," is calculated using the stresses, which are categorized as P. The
portion of the F stresses which are induced by internal pressure and external loads are added to the P
stresses if the crack tip is situated in the F stress region.

The stress intensity factor K,\®*? is calculated using the sum of the P and the Q stresses. The F
stresses arising from all causes are added if the crack tip is situated in the F stress region.

These should be presented and categorized in a linearized format and referred to in figures similar to
BS 7910. It should be noted that many of the difficulties inherent in stress categorization and in
simplification and linearization can be avoided, for more complex structures if a detailed finite element
analysis is performed to calculate the stresses in the vicinity of the defect. However this is not feasible for
every situation. Stress intensity factors can be evaluated using a weight function method or by using a
post processor program. There are handbooks available that contain solutions for some structures and R6
contains a number of practical solutions, for example. Two calculations will generally be required. In the
first, used to evaluate K,° the component is subjected only to those loads, which contribute to plastic
collapse, including, where necessary, long-range thermal and residual stresses. In the second calculation,
to evaluate K,\**< the calculation is carried out for the total loading to which the structure is subjected,
i.e. internal pressure and external loads plus both long range and localized thermal and residual stresses.

It is important to tabulate the relevant loading, stress intensity factors and reference stresses for the
important components, which are of most concern. This task will need a comprehensive literature search
and FE numerical analysis in order to be complete.

Numerous creep crack growth studies that have been performed have shown that the results of a
nonlinear analysis must be used otherwise the stress state in time will be greatly over-estimated. For
example, when looking a crack-like flaws near a nozzle, if the stresses at the junction are computed
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elastically, peak values will be reached, and subsequent linearization and classification will result in high
stress intensity factors and associated C* values. Hence the use of the elastic driving force will give
results that are too conservative. In many cases, reference stress formulations based on limit load
solutions, such as those in a compendium in R6, adequately describe the non-linear effects. In other cases,
an elastic-plastic-creep assessment is suggested.

Therefore in general, calculating C* using linear elastic stress analysis, especially at shell junctions, is
a bad model, and applying a probabilistic approach to a model like this will not correct the deficiency.
With the rapid increase in computing power and improved software that can be run on parallel processing
inelastic analysis is less difficult. An alternative to reference stress techniques is to compute C* from the
stress and strain results of an inelastic analysis of the un-cracked body. This will accurately account for
stress relaxation/redistribution. A more rigorous analysis where the crack is introduced directly into the
FEA analysis is also possible. However available software, such as in ABAQUS, to calculate C* directly
in 3-D cases, needs to be verified for accuracy.

Characterizing defects

Defects are generally of irregular shape. The maximum depth and maximum length are used in this
instance. The method to determine the size and to circumscribe the shape, such as a rectangle or ellipse, is
available in BS 7910 and could be implemented in the procedure. The relevant section also provides the
method for characterizing and assessing the interaction of multiple defects. For multiple cracks, which are
at close proximity, weaker material property in the intermediate ligaments may need to be considered. For
the case of ligament failure re-characterization may be necessary. The procedure should refer to figures
detailing the methods for characterizing defects.

An elliptical defect, inscribed within a rectangle, is often used for the purpose of calculation. In
BS7910, the length is defined as 21 and the depth as 2a. It should be noted that the depth of a semi-
elliptical surface breaking defect is taken as a.

Where there is doubt about the accuracy of the size of defect established by the inspection procedure,
it may be necessary to assume a larger defect for the purpose of assessment in order to ensure a safe
assessment. It is the intention of this document that upper bound sizes for defects should always be used.
Where the plane of the defect is not aligned with a plane of principal stress further consideration is
needed. The code places rigid restrictions in such cases and suggests that specialist advice should be
sought.

Establishment of material properties

The basic materials data required for the assessment comprise the following, which must be in the
relevant range of stresses and temperatures taking into account the material condition (e.g. new or
damaged due to service condition)

e Yield stress/0.2% proof stress

Creep strain versus time curves
Stress versus time to rupture curves
Ultimate tensile stress
Fatigue threshold
Fatigue S-N curve data
Fatigue crack propagation rates
Creep crack initiation and propagation data
Fracture toughness properties
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Allowance needs to be made for any deterioration (if any), which may occur during service, due to
ageing and environmental effects. Allowance should also be made for any reduction in fracture toughness
and any increase in creep and fatigue crack propagation rates, which may occur in material, which has
suffered significant bulk creep damage.

It is preferable to use data, which are derived from the material actually used in the component. Often
these are not available. The code should provide the information on the more commonly used materials.
It is important to undertake a sensitivity analysis, when using the data of the parent material, to allow for
the possible presence of poorer material in the component. In making a preliminary assessment, "worst
case" material data can be used in the analysis; for example, upper bound data for fatigue crack growth
rate and lower bound data for fracture toughness and tensile properties. However, care needs to be taken
to guard against excessive pessimism. When the "worst case" assumption does not provide satisfactory
margins, a more thorough investigation may need to be carried out.

Fracture Toughness

The code suggests that data should preferably be obtained on the materials actually used in the
component. Where these are not available, the lower and upper bound values as appropriate should be
provided for a range of temperatures in a table. They can never be too comprehensive and it may be
necessary to look for the relevant material data from outside databases. It is necessary to check that these
data are applicable to the heat treatment and manufacturing procedure used for the component. A check
should also be made regarding any allowances for ageing of the material, and for the presence of welds.

Procedures for checking the fatigue component

Before proceeding further, it is necessary to check whether fatigue loading can be neglected.
Otherwise, the assessment must be modified according to the requirements of code. The methods of BS
7910 could be used to evaluate fatigue crack propagation. The value of DK, the stress intensity factor
range, may be evaluated from the relevant stress intensity equations or by using validated expressions for
the component or where unavailable using finite elements. P and Q stresses must be included in the
evaluation of K. F stresses must be included if the crack tip is located in the F stress region.

Performing defect assessment
The principal steps in the defect assessment that are recommended are as follows:

e Determine margin against fast fracture, assuming an initial defect size or a measured defect
dimension, using various levels of the Failure Assessment Diagram (FAD), by the elastic
plastic method proposed in R6, FITNET and BS7910

e Evaluate fatigue threshold and crack propagation rates and estimate amount of crack
growth at intervals during the future life of a component

e Determine creep rupture life of component, using initial defect dimensions

e Evaluate crack propagation rates and estimate amount of crack growth at intervals during
the future life of a component

e Check that steady creep conditions apply at the crack tip; if not, revise crack growth
estimates

e Determine crack dimensions at the end of each interval

e Repeat calculation of margin against fast fracture, by the elastic-plastic methods proposed
in R6, FITNET and BS7910, using the new crack dimensions at the end of each interval

e If end of life margin against fast fracture is satisfactory, no remedial action is needed

e If end of life margin against fast fracture is unsatisfactory, the intermediate calculations
can be used to establish the time at which this margin ceases to be acceptable and to define
when remedial action is necessary
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The method of performing the calculations should be given in detail in the code and a summary will
be given here. It should be noted that it is often possible to demonstrate that the component has adequate
future life by making conservative assumptions about stress level, temperatures and material properties.
Where such calculations do not give satisfactory margins, a more thorough investigation should be
performed.

Fatigue Crack Propagation Rates
The fatigue crack propagation rate is defined by the equation

(da/dN); = C(AK)™ (1)

where (da/dN) is the crack extension per cycle due to fatigue (mm/Cycle) and AK is the range of
stress intensity factor arising from the cyclic loading. A mean, upper bound and lower bound to crack
propagation data for the relevant steels used in the component should be obtainable in the procedure.
There is information available in the literature for many cases however for a specific temperature range
and specific steels of interest additional tests may be needed.

Further data should be available in appendices and in some cases References given in the code. It
should be noted that the rate of growth in the depth a of the crack may differ from the rate of growth in
the length | of the crack. This arises because of a possible difference in AK in the two positions. Therefore
this should also be considered. Where R-ratios are negative, allowance for crack closure may be made by
using an effective stress intensity factor range in eqn (1) as set out in R5.

Concepts of High Temperature Fracture Mechanics

The arguments for high temperature fracture mechanics essentially follow those of non-linear elastic
fracture mechanics for room temperature applications. For creeping situations where elasticity dominates
the stress intensity factor may be sufficient to predict crack growth. However as creep is a non-linear time
dependent mechanism even in situations where small-scale creep may exist linear elasticity may not be
the answer. J estimation procedures have been used in developing methods for estimating the fracture
mechanics parameter C*.

Numerical method to calculate J

Although the numerical methods to analyze the J integral are becoming easier to apply, owing to
improvements in computer performance and software, including pre/post-processing systems, simplified
methods are still desired for engineering. Because the problem is non linear, it is generally difficult to
obtain the J integral by analytical methods. Analytical solutions for only very simple cases are available,
for example a 2-D crack in an infinite plate with power law plasticity. Therefore, solutions for J integrals
for various geometries and material properties have to rely on numerical calculations. The simplified
methods are usually, themselves, based on previous numerical solutions. One engineering approach for
calculating the J integral is based on the GE / EPRI method. In this method, the elastic-plastic material
property is expressed by a Ramberg-Osgood type of formula as;

¢ L A=l
Ee= 0o+ e_:f| Lol | o
h Jﬂ
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where E is Young’s modulus, o, 6o and n are material constants. The first term expresses the elastic
component, and the second term is the plastic component. As the simplest combination of an elastic part
and a plastic part, the J integral is calculated by summation of the elastic Je and the plastic Jy integrals.

J= “’reh' + Jp:’
3)

The Jg is the same as the energy release rate G and can be calculated from the stress intensity factor K.
The plastic part of Jy is given by;

yntl
T |
JP*'- = 0y &g © iy P

0

(4)

where gy= oo/E and c is characteristic length, usually taken as the uncracked ligament length. The P
and Py are an applied load and characterizing load, respectively. h; is a non dimensional function of
geometryand n and has been tabulated for specific values of Py . Any P, value can be used, but to give
relatively constant h; values against the material constant n, usually the P is taken as plastic collapse load
or limit load.

This method (called the GE/EPRI) is applicable to simple geometries like a fracture mechanics test
specimens of pipe components. However, if a fracture mechanics estimate for other geometry is required,
numerical calculations are required using fully plastic material properties to make new h; tables. Some
further calculations have been made to extend the h; tables, especially for 3 dimensional surface cracks
that are realistic defects in actual components.

Crack Driving Force Parameter in Creep
A simplified expression for stress dependence of creep is given by a power law equation which is
often called the Norton’s creep law and is comparable to the power law hardening material giving;

e=Ac"
(5)
and by analogy for a creeping material

g=Ca’

£ [ o}
o —=| |

& \ay)

(6)

where A, N, C, n, gg and o are material constants. Egn. 6 is used to characterize the steady state

(secondary) creep stage where the hardening by dislocation interaction is balanced by recovery
processes. The typical value for n is between 3 and 10 for most metals. When N=n for creep and
plasticity the assumption is that the state of stress is characterized in the same manner for the two
conditions. The stress fields characterized by K in elasticity will be modified to the stress field
characterized by the J integral in plasticity in the region around the crack tip. In the case of large scale
creep where stress and strain rate determine the crack tip field the C* parameter is analogous to J. The C*
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integral has been widely accepted as the fracture mechanics parameter for this purpose. The definition of
the C* integral is obtained by substituting strain rate and displacement rate for strain and displacement in
the J integral leading to

c* = [ dy -1, 16, yas]

T

(7)
where W* is strain energy density rate,
W, = [o,dé
° (8)
(4i,=du; / dt) where is displacement rate. The other notations are the same as in the J

integral definition. As the J integral characterizes the stress and strain state, the C* integral also
characterizes the stress and strain rate around a crack. Due to the analogy between non-linear elasticity
and non-linear creep, the stress and strain rate in materials following Norton’s creep law by equation (6)
are given as;

.
o.=0|— | & @.n
R ‘E.'!'j{l‘é'.-J;L l )
9)
( O I-- n+l)
£ :édi | E.(8.m)
\Io,er)

Therefore the stress and strain rate fields of non-linear viscous materials are also HRR type fields with
G, (8.m1) Z.(6.n):d as before. Using eqns. (5, 6), the ratio of strain rate or displacement rate
for a steady creep condition, and strain or displacement in a fully plastic analysis is C/ A. Hence by
substitution, the relationship, at steady state, between C* and J is obtained as follows.

&

C ==5J

(" [}

(11)

Equation (11) suggests that only a J calculation for fully plastic behavior is required to calculate the
C* integral for steady state creep conditions.

GE/EPRI method applied to Creep

In the case of a power law material, there exists the simple relationship in eqn.(11) between J and
steady state C* as mentioned above. Therefore, the GE/EPRI method introduced as an engineering
approach for calculating the J integral, is also applicable for calculating C*. When power law plasticity is
used, the plastic J integral can be expressed using a non-dimensional factor h; and material constants.
When the creep exponent is the same as the plastic exponent n, the C* integral can be obtained using
strain rate instead of strain as follows;

— -
L*=0,&,chy

n“u|*~u

(12)
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where h; is common between the C* and J integrals. This method is useful for engineering
applications of the C* integral because it does not require a non-linear stress and strain analysis. However
the same limitation exists, as for the J integral, and it is necessary to have the non-dimensional factor h1

for a specific geometry and material constant n.

Reference stress method for J and C*
Another engineering approach to calculate the J integral has been proposed using reference stress

procedures. The reference stress has been also utilized for estimating the non-linear fracture mechanics
parameters. The reference stress is defined by,

LC (13)

where P is the applied load, and PLc is the plastic collapse load of the cracked body made of elastic

perfect plastic material with yield stress o,. This reference stress concept has been extended to non-linear
fracture mechanics estimations. The reference stress method was originally developed for un-cracked
bodies. Its extension to estimate J and C* for cracked structures was verified by comparison with the

GE/EPRI technigue mentioned earlier. A stress oy is defined by

Substituting egns. (14) and (15), equation (4) becomes;

J=g & ch
(16)

If an appropriate Py is chosen instead of Po for eqn. (14), then h1 values become approximately
independent of the material constant n.

b

Tl = Ii‘:II_I (17)

where the second subscripts n and 1 show the values of the power law exponent. For elasticn =1
condition, the J integral is related to stress intensity factor K, so that eqns. (15) and (16) give;

1
= = o
o & CH

L L)

" 18)
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where E” = E for plane stress , E” = E/(1- v2) for plane strain. Since &, is also related to o, for the
elastic case by;

r Fi (19)

the following relationship is obtained.

= ch %

cCH, =0, -E{.T_-Er

— I-q-: T I

=7 for plane stress

= {;:_— for plane stramn

7 (20)
Using this relation in eqgn. (16) gives;
_L- 2

J=po e >|
L .

gi=1 for plane stress

g={1-17)=0.75 for plane strain (21, 22))

To obtain the relations above, an appropriate Py value must be chosen. It has been concluded that the
plastic collapse load P.c is a good approximation of Py for examining the dependence of h; values on n
for several geometries. Substituting P\c for Py, the stress o, becomes o, then the J integral is calculated
using the reference stress as;

. { K |
J = O, E | >

(23)

where g IS the uniaxial strain corresponding to the reference stress oy. It should be noted that, as

the reference stress estimation is an approximate solution, the effect of  is relatively small compared to
other factors and often ignored.

There are advantages of the reference stress method over the original GE/EPRI method. Power law
fitting of actual plastic behavior is not necessary since is not easy to fit a power law equation to an actual
stress and strain curve on wide range of plastic behavior. The GE/EPRI eqn. (4) has a strong dependency
on the plastic exponent n and hence the J integral. The reference stress method can use actual stress and
strain relationships. Also the reference stress method does not require the h; values that are specific to
individual geometries and material properties and need to be derived using numerical methods whereas
the reference stress method only needs plastic collapse loads of the specific geometries. Collapse loads
solutions are available for a number of geometries and loading in the literature. Consequently, the
reference stress method is easier to employ for flaw assessments in general structures.

Following the arguments linking plasticity and creep a reference stress method for C* calculation is
also easily obtained by analogy with that for the J integral introduced earlier. The only difference is the
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strain g is replaced by the reference strain rate at a reference stress orr. The C* formulation using the
reference stress method becomes

(24)

The p and K have the same definitions as previously. This method is particularly useful in industrial
applications where information may only be available for material rupture properties. This method is
identified in various codes of practice as an appropriate way to evaluate C*. This method has been
validated and verified for a number of components as discussed later.

The accuracy of this method is dependent on the consistency with which the reference stress is
calculated for different cracked components. A compendium of limit load and reference stress solutions
over a range of crack lengths has been developed within R6 using numerical, experimental and limit
analysis methods to accurately identify the appropriate reference stresses for relevant components.

Transient Creep

A fracture mechanics parameter C; for describing the transient creep stage has been proposed by
Saxena. However, another parameter C(t) characterizes the stress and strain rate fields around a crack tip
for the transient creep condition and is therefore another possible parameter for describing the transient
creep stage. The C; parameter was introduced based on energy concepts but in practice is calculated from
the expansion rate of a creep zone or from displacement rate measurements. For the steady state
condition, C* has both its characterizing role and its energy interpretation. During transient creep C; is
given by the energy expression,

. _ladu
bl — d
@
but an approximate expression for Ct at short times is
=1
C = 1_I‘_-'.| |C*
L]
(26)

A method for estimating C;is identified in ASTM E1457 as the method of evaluating cracking rate as
a material property in laboratory specimens in the transient region. However it has not been extended any
further to relate it to creep crack growth in creep ductile components in any comprehensive way as
compared to the reference stress method which has been developed for estimating C(t). As generally C(t)
> Cit is conservative to use C(t) rather than Ctto estimate creep crack growth during the transient regime.

Primary effects can be taken into account by employing the appropriate material property for the
primary and the secondary region. This is used in reference stress method to estimate creep cracking
where primary creep is a first order effect. This may become relevant under low frequency cyclic loading
when the primary effects occurring at the start of each cycle or at the start of the first cycle might affect
creep crack initiation and growth.
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Creep Crack Propagation Rate
Creep crack propagation data, defining material property, are derived in accordance with ASTM
E1457 high temperature testing standard. Crack growth rate is thus defined as

a. =AiCk
(27)

Where crack propagation data are not available for the material used in the component, estimates can
be obtained, for a number of materials in procedures giving approximate bounds to egn. (27). Both mean
and upper bound data are presented in the procedures. Use of the upper bound data introduces
conservatism into the estimates of remaining life. It should be noted that, for components more than about
100mm thick, crack propagation rates may be higher due to crack tip constraint effects and specialist
advice should be sought about the appropriate values to be used.

For materials not covered by the procedure, two methods are available to estimate crack propagation
rates, although the results may not be upper bound.

Where the creep rupture ductility of the material is known, a guide to crack propagation rates can be
obtained by taking g as 0.85 and deriving A from the equation (27) in m/h

A=0.003/s8

(28)

where ¢; is the creep rupture ductility of the material in a uniaxial test at o (Note that the fractional
strain is used, not the percentage strain). Creep rupture ductility’s for certain steels are given in
References quoted in the code. Where the creep rupture ductility is not known, a guide to propagation
rates can be obtained from the equation

a. = 0.005[ (K277 (G rr-tapp ) I
(29)

where K? is the elastically calculated stress intensity factor at maximum depth for a crack
characterized by the dimensions a and l. orer is the reference stress; and trger) is the time to rupture at the
reference stress. A similar calculation should be made for growth in the I direction using K.

Creep/Fatigue interaction

From the literature and extensive work carried out in this field it has been concluded that a linear
summation of the time dependent creep and the time independent fatigue portions of crack growth
adequately describe the high temperature failure under most cyclic loading. R5 identifies the special cases
where this does not apply. The crack growth per cycle of creep-fatigue loading is estimated by summing
the crack propagation due to creep and due to fatigue calculated independently.

The crack growth rate due to creep is calculated, as in eqn. 27. The crack extension due to creep in a
single fatigue cycle, (da/dN) , is thus

(da/di), = ——o

(30)
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The crack growth per cycle due to fatigue is calculated from Eqn. 1. The predictions made using these
equations may be over conservative where the stresses at one end of the cycle are compressive. Thus total
crack growth per cycle, (da/dN), is given by

(da/dN) = (da/dN)¢ + (da/dN)f
(31)

This linear summation combines creep and creep/fatigue components. If failure by excessive crack
growth is indicated within the required service life, or if the sensitivity analysis gives unacceptable results,
then remedial action is required, such as repair of the component or removal of the defect.

Alternatively, a change in service parameters (load, temperature, desired service life) may be made
and the assessment procedure repeated either to demonstrate acceptance or to estimate at what time repair
will be necessary. Finally, it may be possible to obtain data on the material actually used in the component
to remove pessimism in the assessment resulting from the use of bounding data. The sensitivity analysis is
particularly useful for indicating which material properties may significantly influence the assessment.
For example, if remedial action is required because the desired service life exceeds the rupture life
calculated, there is no point in generating creep crack growth in an attempt to improve the assessment.

Incubation period

The Incubation period is an important period for development of damage ahead of the macro crack.
There are a number of criteria for defining initiation. Invariably the level of accuracy in measuring a small
amount of crack growth from a planar crack could be set as an engineering initiation period. There are
four approaches that could be considered for evaluating initiation times. It should be noted that where
fatigue is present most codes suggest that there should be no account taken for an initiation time. The four
methods that have been proposed are as follows;

COD Method: Where data are not available for the material used in the component, the incubation
period can be estimated from the egn (32). The incubation time is calculated using

0,83
[

£
JJ'ﬁ,FIR': 1 'g;i"j

tr=0.0025 ——5=

(&2) |

(32)
Where experimental data are available and the crack opening displacement at initiation of creep crack

growth, J, is known, then provided that the creep strain versus time curve for the material, at the relevant
stress and temperature, can be represented by an equation of the form

g =D g
(33)

Then tican be obtained from the equation
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where R = (K, / oref)2. Where incubation time data are available from test specimens, the incubation
time for the component can be obtained from the following equations, provided that both specimen and
component are in the secondary stage of creep

- R

I, "'.I i ¥
1 r.’:dm; i _ ‘ '[: inec
1 |
%
(s |

S L soee 4 S C comp.!

(35)
where subscript comp refers to the component and spec refers to specimen.

Sigma op approach: The principle is based on calculating damage accumulation by creep and fatigue
in a cracked structure and this method is an extension of the same methodology for un-cracked structures
with the exception that a specific stress op is defined at a specific distance from the crack tip. The method
is to determine strain ranges Ag, the stress ¢ (accounting for elastic + plastic strains +creep strains) at a
distance D, which is material dependent and usually taken as 50 um, from the crack tip. Fatigue damage
is determined by calculating strain ranges for all cycles in the life N. Number of cycles to failure at each
strain range is determined from fatigue endurance data.

Finally all ratios of the numbers of cycles experienced at each strain range over the maximum number
of cycles at that strain range are summed. Calculation of the creep damage is the same as for fatigue but
damage calculation includes elastic, plastic, and creep strains. Creep damage is determined for all cycles
and rupture time used up is determined from the fraction as the sum over all ratios of numbers of cycles. If
the fatigue and creep fraction points lie within a specified fatigue-creep interaction diagram no initiation
occurs. If initiation did occur then the initiation time is determined through an iterative procedure. The
last point at the intersection boundary to initiation determines the timed cycles to initiation. A detailed
approach is set out in R5 and has recently been the subject of an independent peer review in the UK.

Two criteria approach: This method is only relevant to creep initiation and does not consider fatigue.
Initiation is given if the point lies in the specific two criteria diagram, which depends on material or at
least material group properties. It compares ligament damage R , against crack tip damage Rk where

&

R.=—and R_ =——

K R
I = (36)

and where oy, is the nominal stress in the far-field of a pre-cracked component (fully redistributed
stresses), P,.. is the creep rupture strength of a smooth tensile specimen (function of time, e.g. taken at 10*
h), K is elastic K-value at the crack tip of the component and K, is K-value at creep crack initiation
experimentally determined as a function of time, (e.g. taken at 104h). If fatigue is present then initiation
time is taken as zero. A detailed approach is set out in the FITNET creep section.

Transient method: This method also uses creep fracture mechanics principles to determine the time
taken for creep damage to accumulate at the crack tip starting from first initial elastic loading. Essentially
the steady state creep crack growth rate can be correlated satisfactorily in terms of C* by the relation in
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Eqgn. 27. Bounds on initiation times tjcan be obtained by representing cracking rate by its initial value
and its steady state value. The initial cracking rate can be approximated to the steady state rate in by

a, =a./(n+1)
i ) (37)

The value of n for most engineering materials is usually in the range 5-10, which suggest that o a is
approximately an order of magnitude less than its steady state value. Thus for steady state conditions a
lower bound incubation period of

t; = Aa/DC*
(38)
is indicated or using the approximate Eqgn. 28
Aacg,
e = 2 —0m
- (39)

Tentatively if the incubation period is calculated from the initial transient cracking rate a, determined
from Eqn. 37 the approximate upper-bound tjy to the initiation time becomes

(n+1)Aa E*

.r."r'

il v w0 BS
3¢ (40)

In eqns. (38-40) the incubation period is proportional to Aa. The limit of reliable crack detection is at
best £100 um (which is the level set for standard CT testing in ASTM E1457-98) and can sometimes be
as large as 0.5 mm. In reality the engineering initiation time should be set as the level of accuracy of the
NDE method.

Special considerations for welds

Many of the defects found in high temperature steam generating plant are associated with weldments.
These defects may arise during fabrication, post-weld heat treatment or in service. Furthermore, since
weldments contain wide metallurgical and mechanical property variations, the defects are often located in
non-homogeneous material, which has a significant effect on crack growth.

Defects in austenitic and ferritic weldments, including Type IV cracking can be assessed using the
methods described in this document. However, dissimilar metal weldments, where cracking occurs at the
interface between the austenitic weld metal and ferritic parent metal, need special consideration.
Specialist advice is contained in R5 for assessing such weldments.

The properties of the weld metal and the heat affected zone are usually considerably different from
those of the parent material, in terms of creep strength, crack propagation rate and fracture toughness. It is
important to identify the part of the weld in which the crack is situated and then to use properties
appropriate to that location.
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Residual stresses in the vicinity of a weld can have a significant influence on crack propagation and
failure and must be considered in the assessment. Localized residual stresses are classified Q. Long range
residual stresses, arising for example from lack of fit during fabrication, must be classified as P. Typical
residual stress distributions in some commonly used types of weld are provided in R6 and BS7910. For
other configurations, in the absence of data to the contrary, it should be assumed that a tensile membrane
stress of yield point magnitude is present.

Where it can be confirmed that the component has been subjected to a post weld heat treatment, which
reduces the residual stresses to a negligible level, they can be ignored in the assessment. It may also be
possible to take credit for a reduction in residual stress when a component has been in service for a
sufficiently long period at a sufficiently high temperature. R5 provides methods for assessing this stress
relaxation.

PERFORMING THE DEFECT ASSESSMENT

Once all aspects of input are satisfied, the procedure should be implemented in a series of well-defined
steps, which should be shown as a flow chart. For example, the chart in Figure 3 represents a detailed
description of the individual steps, which could refer to a component before it enters service, containing
either a postulated defect or one discovered during inspection or to a defect, which has been discovered
after a component, has been in service for a period of time.

These choices are noted in the text of the chart, as appropriate. Important points in the flow chart are
the variations and choices available to the user in accordance with their level of expertise and the level of
information available on the component under consideration. Furthermore the chart and the document
should show the importance of the need for sensitivity analyses in performing the assessment task.

The principal steps in the defect assessment that are recommended are as follows:

e Determine margin against fast fracture, assuming an initial defect size or a measured defect
dimension, using various levels of the Failure Assessment Diagram (FAD), by the elastic-plastic
method proposed for example in R6, FITNET or BS7910.

e Evaluate fatigue threshold and crack propagation rates and estimate amount of crack growth at
intervals during the future life of a component

e Determine creep rupture life of component, using initial defect dimensions

e Evaluate crack initiation and propagation rates and estimate amount of crack growth at intervals
during the future life of a component.

e Check that steady creep conditions apply at the crack tip; if not, revise crack growth estimates

e Determine crack dimensions at the end of each interval

e Repeat calculation of margin against fast fracture, by the elastic-plastic methods proposed in R6 or
BS7910, using the new crack dimensions at the end of each interval.

e If end of life margin against fast fracture is satisfactory, no remedial action is needed.

e If end of life margin against fast fracture is unsatisfactory, the intermediate calculations can be
used to establish the time at which this margin ceases to be acceptable and to define when
remedial action is necessary.

The method of performing the calculations should be given in detail in the code and a summary will
be given here. It should be noted that it is often possible to demonstrate that the component has adequate
future life by making conservative assumptions about stress level, temperatures and material properties.
Where such calculations do not give satisfactory margins, a more thorough investigation should be
performed.

Remedial Action
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If failure by excessive crack growth is indicated within the required service life, or if the sensitivity
analysis gives unacceptable results, then remedial action is required, such as repair of the component or
removal of the defect.

Alternatively, a change in service parameters (load, temperature, desired service life) may be made
and the assessment procedure repeated either to demonstrate acceptance or to estimate at what time repair
will be necessary. Finally, it may be possible to obtain data on the material actually used in the component
to remove pessimism in the assessment resulting from the use of bounding data. The sensitivity analysis is
particularly useful for indicating which material properties may significantly influence the assessment.

For example, if remedial action is required because the desired service life exceeds the rupture life
calculated, there is no point in generating creep crack growth in an attempt to improve the assessment.

Sensitivity Analysis and Life assessment using probabilistic methods

Assuming the final defect size gives an acceptable end-of-life safety margin, a sensitivity analysis
should be recommended. This analysis is not considered in detail in this document, but reference may be
made to BS7910, R6 and R5, which describes the principles. The sensitivity analysis should consider the
effects of different assumptions (e.g. stress levels, material properties and defect size). The UK codes
stress the fact that a sensitivity analysis is an important factor in the life assessment procedure since only
then should the user finds confidence in the calculations that he has performed.

Given the importance that the codes attach to sensitivity analyses the use of probabilistic method is the
natural next step in the development of the procedures. This aspect of defect assessment is relatively new
and has been set out in some derail in the FITNET creep document and in R5. Essentially data are
statistically filled to find its relevant distribution. In variably where there is insufficient set of dada to
consider a log-normal distribution is assumed. Then the calculations are performed many times over with
randomly generated material properties data (within the constraints set by the expert, the data distribution
and the model). The output will then need to be analyzed with different confidence levels according to the
design levels set for the component.

Recent Developments in Creep Fracture Assessment Methods

Treatment of Combined Mechanical and Secondary Loading

Recently, it has been demonstrated that practical creep defect assessments may be extended to cases
involving combined loading, creep crack growth, stress relaxation and complex creep laws. The methods
involve evaluation of C(t) by reference stress methods allowing for relaxation of the secondary stresses
either by creep, crack growth or a combination of both. Validation of these extended methods has been
obtained by comparisons with finite element analyses. Some of these extended methods were incorporated
into the creep part of the FITNET procedure and are shortly to be included more comprehensively in the
R5 document.

Elastic Follow-up

For combined loading, relaxation of the secondary stresses may be associated with elastic follow-up.
Finite element analyses have been performed for a number of component geometries (mostly cylinders),
crack sizes and loading types to evaluate the elastic follow-up factor as a function of these parameters.
The rate of relaxation has also been determined in terms of a corresponding redistribution time that can be
related to reference stress methods (time for creep strain at the reference stress to equal the elastic-plastic
strain at the reference stress). This will lead to improved advice on simplified estimation of elastic follow-

up.

Use of non-standard test specimens
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A recently completed European project (CRETE) examined the use of non-standard specimens (i.e.
not deeply cracked bend) for obtaining creep crack growth data. Relevant factors to determine C* from
experimental load-line and mouth opening displacement rates were evaluated and used to develop a
testing procedure that is more flexible than current testing standards.

Within the FITNET project, there was work on development of probabilistic methods for assessing
creep rupture and crack growth in cracked components. There is also developing advice in R5 as such
methods are used in applications. An important aspect is that the different material properties are not
independent (for example, creep crack growth rates are known to be approximately inversely proportional
to material ductility) so that the effects of correlations between input parameters needs to be treated.
Approaches to treat such correlations have been developed within Failure Assessment Diagram methods
for creep crack growth assessment.
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Part I11: COMPENDIUM OF RELEVANT DATA OF ENGINEERING STEELS FOR USE IN
FRACTURE MECHANICS BASES LIFE ASSESSMENT PROCEDURES

THIS SECTION IS FOR ASME USE ONLY

Summary

In this part reference is made for the need to have valid test data for use in life assessment codes. Where
there are little or no data available the codes do in some cases contain generic material data and models to
predict behavior in order that the user can obtain approximate assessment. However it would be
preferable and is recommended that for a detailed assessment material data for the specific batch should
be available. The Appendices A-D contain a range of data for low alloy, ferritic and austenitic steels that
are available in the open literature. A more detailed analysis would be needed to identify the optimum
data and information for each material.

Need for validated Test Data

Manufacturer’s recommendations and their past experience have usually been the basis for the design
of vital engine components such as turbine blades, vanes and discs and in critical engineering components
such as gas or steam pipes, pressure vessels and in weldments which might contain pre-existing defects.
In recent times however crack growth initiation and failure analyses have become more acceptable as an
independent design and remaining life assessment methodology. The development of high temperature
fracture mechanics concepts, through which the time dependent effects of creep could be modeled, uses
experimental uniaxial and crack growth data from simple laboratory tests specimens in order to predict
failure times under operating conditions. Furthermore the improvement in non-destructive inspections and
testing methods (NDT) has allowed smaller and smaller defects to be detected and the need for more
reliable methods for predicting crack initiation/incubation periods and steady crack growth rates.

Figure 2 shows a schematic of the overall relationship between testing and component assessment
showing the circular link between developing test methods and applying it to life assessment which in
turn feeds information back into improving testing methods. The main objective of developing testing
procedures is to improve the reliability of design and life assessment codes, which use material basis data
for their calculations. In developing a testing standard methodology for laboratory specimens a first step
was taken to improve life prediction procedures of components. However life extension calculations of
components requires a validated fracture mechanics model for crack initiation and growth as well as
detailed knowledge of component non-linear time dependent stress analysis, past service records and
postulated future operations together with ‘appropriate’ mechanical properties. It therefore seemed
appropriate to develop a testing method for components and integrate it with life assessment codes for
creep and creep/fatigue of components.

Relevance of Testing Methods to Life Assessment Codes

Components in the power generation and petro-chemical industry operating at high temperatures are
almost invariably submitted to static and/or combined cycle loading. They may fail by net section rupture,
crack growth or a combination of both. The development of codes in different countries has moved in
similar directions and in many cases the methodology has been borrowed from a previously available
code in another country. The early approaches to high temperature life assessment used methodologies
that were based on defect-free assessment codes. For example ASME Code Case N-47 and the French
RCC-MR, which have many similarities, are based on lifetime assessment of un-cracked structures. The
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materials properties data that are used for these codes is usually uniaxial properties and S-N curves for
fatigue.

More recent methods make life assessments based on the presence of defects in the component. The
codes dealing with defects vary in the extent of the range of failure behaviour they cover. Essentially
fracture mechanics solutions dealing with creep and creep/fatigue interaction in initiation and growth of
defects are covered. In terms of creep crack growth all propose similar approaches but can use different
formulae which are likely to affect the predictive solutions. In such codes material properties, dealing with
crack growth data that are needed are more complex compared to uniaxial data both in terms of testing
methods and derivation.

. Development
of Material 1. Mechanical tests:
Estimation 2. Materials: Different steels
of Mechanical 3. Creep/Ductile
properties ¥ Ductile/Brittle
st EIerT1ents 4. Parentand Weldments
T Lab specimens 5. strength, fatigue/Creep
. 6. Morphology, Fracture
v surface
Feature 7. The effect of multi-axiality
Modelli Component — 8. Analysis, of CCl. CCG
ng Tefts 9. Validation of models with
results of experiments
Full Component 10. Dissemination of results
TesFing 11. Implementation in Testing
v CoP
— - 12. Application to CoP for Life
Prediction of Assessment
remaining life
Based on CCl |—
and CCG

Figure 2: Schematic of the objectives in high temperature testing procedures.

Relation between laboratory tests and Component Assessment Codes

Generally defect assessment problems can be divided into two regions. Firstly the initiation region
whose limit can be determined either from micro-mechanical models or from NDT limits and secondly
the steady crack growth region which can be described using the fracture mechanics parameters such as K,
reference stress ¢ and C*. The more recent defect assessment procedures mentioned in Part | are based
on experimental and analytical models to assess crack initiation and growth and to determine the
remaining useful life of such components. These codes base their analysis on tests taken from laboratory
specimens, which are invariably derived from small specimens at short test times. Therefore there is little
direct verification of the predicted results with very long-term component tests or behaviour. This is an
important point since size and geometry differences impose various degrees of constraint, which affects
crack growth and initiation. Furthermore the development of residual stresses during fabrication and
loading history which may be non-existent in small laboratory testing will need to be considered for
components.
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In addition it is clear from these assessment methods that the correct evaluation of the relevant
fracture mechanics parameters, for which the lifetime prediction times are dependent upon, are extremely
important.

The codes attempt to deal comprehensively with assessment and remaining life estimation procedures
that can be used at the design stage and for in service situations. The Codes’ approach allows the expert to
make decisions based on predictions made using the methodology in relation to the operating
circumstances of the component. The concept implies that the codes need to show they are both reliable
and understandable over a range of material and loading conditions that may not have been previously
examined or validated by the code developer. This is particularly important as new higher strength steels,
which have little or no long-term material properties database, are developed or used by the power
industry.

Further factors involved in the joint development of assessment codes and material data

Figure 2 highlights the importance of research in the improvement and extension of industrial codes. The
trend in the development of the codes suggests that, in addition to verification of data between laboratory
tests and component tests the following factors need to be considered

1. The available material property data for the analysis can be insufficient or crude and since they are
usually taken from either historical data, results from different batches of material or tested in
different laboratories with insufficient number of tests specimens they are likely to contain a large
scatter.

2. The scatter and sensitivity in creep properties inherently produce a large variation in the
calculations. Upper and lower bounds are therefore introduced which can give widely different life
prediction results.

3. Improvements in the evaluation of the relevant parameters such as K, limit load concepts,
reference stress s and C*. Use of 3D non-linear FE methods would help in this task.

4. The uses of short-term small laboratory data for use in long-term component life predictions
further increases the possibilities of a wrong prediction. The relationship between short and long
term behavior needs to be quantified.

5. Difficulty in ascertaining the level of crack tip constraint and multiaxiality effects in the
component could reduce the accuracy of crack growth predictions Use of 3D FE modeling would
assist in this task.

6. Unknowns in modeling the actual loading history, component system stresses and additional
unknowns such as little or no knowledge of past service history, residual stresses also act as
sources of error in predictions.

7. Non-destructive examination methods (NDE) of measuring defects in components, during
operation and/or shutdown and insufficient crack measurement data during operation, are likely to
add to errors involved in life-time assessment.

8. Probabilistic assessment of data and the predictions are required to deal with the material
properties sensitivity to the models, test data scatter and unknowns in the parameters and
predictive models.

Furthermore similarities of the approaches in the various codes do not necessarily imply that calculations
by the different methods will give the same predictions. It may be possible that under certain controlled
and validated circumstance the predictions can be optimized. It is clear that a critical comparison is only
possible when the same method is used on another material and condition or the same test cases are
examined by the different codes.

Validation of the methods in R5
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Validation of the methods in R5 has been addressed in a number of different ways. These are briefly
summarised below.

Validation of C* calculations by comparisons with experiments on test specimens

For test specimens, values of C* during a test are obtained from the measured load-line (or mouth
opening) displacement rate and the measured crack length. These values have been compared with
reference stress estimates of C* for a number of cases. Some of these results are set out in detail in R5 for
5 cases, as summarised in Tables 1,2.

Table 1-2: Summary of materials, geometries and dimensions for the validation tests

C Specimen type Notes
ase
1 CT Thickness 12.5 and 25 mm
2 CT Thickness 5-100mm:; width 40-200 mm
3 CT Thickness 5-50mm:; width 40-100mm
4 CT Various sizes
5 CT and DENT Various sizes
C Material Temperature
ase
1 C-Mn weld 360 and 390°C
2 ¥ CrMoV (N&T) 565°C
3 % CrMoV (Coarse grain 565°C
bainite)
4 1 CrMoV Various within the creep range
5 Type 316 stainless steel 600°C

To apply the reference stress method, instantaneous creep strain rates are required as a function of
stress and accumulated creep strain. The materials considered include those for which the creep
deformation data are adequately described by a steady state law and those requiring a more complete
description of the primary stage.

Detailed results are given in R5. In summary, the examples of validation given above show that for a
wide range of steels, plane stress reference stress estimates of C in CT specimens are conservative
compared with experimental values.

Finite element validation of C* estimates obtained using reference stress techniques.

R5 presents comparisons of estimates of the C” and C(t) parameters, obtained using reference stress
techniques, with numerical solutions from detailed finite element analyses. The creep rates are described
by a simple power law. The results demonstrate that the simplified reference stress methods result in good
or conservative estimates of the crack tip parameter C(t) for a range of geometries (compact tension,
single edge notch, centre cracked plate, externally circumferentially cracked cylinder) and loading types
(pure mechanical, pure thermal, combined mechanical/thermal and displacement controlled loadings) for
linear elastic/secondary creep behaviour.

Finite element analyses reported in the literature have also demonstrated accuracy for a range of creep
laws for primary loading cases. More recently, finite element results to be reported shortly confirm the
accuracy of the reference stress method for complex creep laws for complex loading (combined primary
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loads and welding residual stress) involving stress relaxation. It has also been shown that an accurate
estimate of an equivalent power-law exponent (n) is not needed to obtain an accurate estimate of the creep
characterising parameter.

Features Tests
The R5 procedures have been applied to a number of features or component tests to demonstrate that they
provide a conservative assessment of the observed creep or creep-fatigue crack growth. The results of
some of these studies are summarised here.

The first example is a cyclically loaded wide plate of Type 316L(N) stainless steel with a semi-elliptical
starter defect (a=7.9mm, c=43.6mm) tested at 650°C. The assessment was performed using best estimate,
cast specific data throughout so that it should be expected that doing this will not necessarily produce a
conservative answer, but should give a fairly accurate representation of the real, experimentally measured
crack growth. The prediction in the through thickness direction was accurate and fell slightly on the
conservative side. Predictions of crack growth along the surface were not so well predicted but use of
bounding data, which are recommended for assessment purposes, gave conservative results for both the
through thickness and surface crack growth directions.

Crack growth assessments have been carried out on a number of fatigue, creep and creep-fatigue crack
growth tests in Type 347 weld material and Type 316H steel compact tension specimens at 650°C under
displacement and load controlled creep, fatigue and creep-fatigue loading (with dwell periods of 24 and
192 hours). The predicted crack growth has been compared to that obtained experimentally. Based on the
recommended fatigue and creep crack growth material data, conservative predictions of crack growth
have been obtained.

Tests have been performed on a number of CMV vessels as summarised in the table 3 below. Some
of these have extended to very long testing times (>50,000h). The failure mechanism (rupture or crack
growth has been correctly identified and predicted using the R5 methods.

Table 4 below summarises austenitic features tests to which the crack growth procedures in R5 have
been applied. Again, the procedures have been shown to be applicable and conservative.
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Table 3:Summary of CMV vessel tests to which the crack growth procedures in R5 have been applied

TEST CMV VESSEL TEST CONDITIONS
DESCRIPTION MATER STARTE TEM LOADIN DURATI DATA FORMAT
IAL R CRACK(S) | P.(C) G ON
(h)
MEL Vessel 0.5CrMo Various 565 p =625 1.6kh Creep strain
FM1 V parent circ. MPa (total Strain gauges
R; =115mm notches. failure at site Notch CMOD
t=60mm of deepest fully Crack size
circ. notch) DCPD
Ultrasonics
Post test exam.
MEL Vessel 0.5CrMo Various 565 p=35 46kh Creep strain
FM2 V parent defects spark MPa (steam Creep pips
R; = 115mm 2.25Crl | machined in leak) Strain gauges
t=60mm Mo welds circ. welds Crack size
(AW & SR) (HAZ & Type Ultrasonics
IV zones). Post test exam.
MEL Vessel 0.5CrMo Various 565 p=35 54kh Creep strain
FM2A V parent defects spark MPa (steam Creep pips
Rj = 115mm 2.25Crl | machined in leak) Strain gauges
t=60mm Mo welds circ. welds Crack size
(AW & SR) (HAZ & Type Ultrasonics
IV zones). Post test exam.

Table 4: Summary austenitic features tests to which the crack growth procedures in R5 have been applied

TEST AUSTENITIC VESSEL AND FEATURES TEST CONDITIONS
DESCRIPTION MATER STARTE TE LOADIN DURATI DATA FORMAT
IAL R CRACK(S) MP.(C) | G ON
(h)
BRITE 2147 316L(N) Various 510 p=63 11.5kh Creep strain
Vessel 2 parent defects spark -620 MPa (stopped — Creep pips
Ri=75mm and machined in increase in Strain gauges
t = 40mm welds (AW & | centre line of hoop strain at Crack size
SR) circ. welds SR weld but Ultrasonics
NDT did not
reveal any
cracking)
Superheater 316H Reheat 550 p=188 8.8 kh Creep strain
Header parent crack MPa +17 Strain gauges
R; = 152.4mm and weld Max depth thermal shocks Crack size
T = 63.5mm (AW) ~20mm Nozzle (stopped) Ultrasonics
r; =51.6mm end load = 15.4 Post test exam.
t=62.7mm Ex- kN
(tapered) service
Thermal
Shocks (510-
330C in 1h)
every 500 h
Superheater 316H Reheat 550 p=18.8 20 kh Creep strain
Header parent crack MPa (planned) Strain gauges
Pressure Only and weld Crack size
Ri = 152.4mm (AW) Ultrasonics
T = 63.5mm Post test exam.
ri =51.6mm Ex-
t=62.7mm service

(tapered)
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Full scale tube 347 Tmin=20 T =650 6 khrs Crack size
feature test. Casting EDM in 50 cycles:-transient approx. e acpc
347 centre of weld 120 hr creep dwell e destructive
Weld 10 elastic cycles (50 x 120 examination
321 hrs)
Tube
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APPENDIX A

¢ European Collaborative Round Robin Uniaxial Data - Analyses and

Results

In this appendix information and data from the following EU projects that could be relevant to R5
analysis are presented. The projects are as follows

e Project HIDA (High-Temperature Defect Assessment), 1996-2000

e HIDA applicability G1IRD-CT-2002-00730 Probabilistic and Sensitivity of Crack Assessment in
High Temperature Plant and Applicability of HIDA Procedure 2002-2005

e LICON (Life Conditioning methods in advanced steels), (1998-2002)

e CRETE’ (Creep crack growth standardisation in Industrial specimens), CRETE (2000-2003)

e International collaborative programme; Versailles Agreement for Advanced Materials and Standards
(VAMAS) Technical Working Area (TW25, TWA31) covering Creep/fatigue crack growth of
components in parent and welded materials.

Data analysis for the laboratory uniaxial tests on the HIDA materials

Uniaxial data analysis

The stress and temperature dependence during the secondary stage of creep curve is considered.
Minimum strain rate, also known as steady state or secondary creep rate, is defined as the lowest value of
strain rate under constant load uniaxial test as seen from Figure Al below:

Creep 4
strain

Mlinimum strain rate

Figure Al: Schematic figure of the time v strain in creep uniaxial tests.

It is usually expressed as a function of stress when temperature is constant and its mathematical
derivation is represented by the Norton’s law equation as:
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‘émin = Amino-nmin (Al)

where Anminand npin are material constants at a specific temperature.
In cases where secondary data does not exist an average creep rate is used such as

=A

‘éave ave o e (A2)

When the average creep strain rate £,,, is introduced then the results take into account the three stages

of creep. It can be calculated from the rupture strain & and the rupture time t, as following:

e

g = i—f (A3)

ave
r

which enables the creep law to be written as:
. nave
. . o
Eave = €oave (_j = Aaveo-nave (A4)
Oy

where again, Aave, Nave, coand &, (at 1/hour) are material constants at a specific temperature. The results

were obtained indirectly by using the ‘ZRATE’ data analysis program. These properties can be found in
Tables later in the text.

The choice of an “average creep rate” proposed here can certainly not be taken as a seriously
defined parameter. The only reason for using this choice is when strain data is lacking. This becomes fully
understandable when one knows that the bulk of historical creep tests were pure stress rupture tests which
only reported stress, temperature, rupture time and rupture elongation (determined “post-mortem). The
whole scatter of rupture elongation fully affects the average creep rate which tells something about the
quality of such a parameter. In contrast to our ongoing discussion concerning “steady state” or
“minimum?” creep rates and the validity of the Norton law the average creep rate approach is must be used
with caution.

The rupture time is expressed as a function of stress at constant temperature:

[ =ﬁ(ﬁjv (A5)

o
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where &y is the uniaxial creep rupture strain at stress co. The constant v, is a material constant that can

be obtained when rupture times are plotted on a log-log scale. By using thereafter a power law fit, the
slope of the line is equal to the —1/v, as seen in the figure below:

Stres

v

Figure A2: Variation of stress against time at constant temperature for uniaxial tests

The values of vobtained from the different tests are also tabulated later in the main text. Finally, the

average ductility & for each material was obtained by averaging rupture strains at different stresses.
Details of plots of the data received from different institutions were shown in figures.

0000000000 DO

Results

The uniaxial creep data of the following materials are analysed:

P22 base metal with longitudinal orientation

P22 base metal service exposed with circumferential orientation
P22 service exposed material weld with cavities
P22 service exposed weld without cavities

P22 service exposed parent material

P91 base metal with longitudinal orientation

P91 base metal with circumferential orientation
P91 cross weld metal with longitudinal orientation
316L(N) stainless steel base material

1CrMoV cast base material

1CrMoV forged base material

Materials

Figure A3 shows the type and pedigree of the materials tested. Table Al shows the material

composition for the parent material and Table A2 shows the room temperature uniaxial properties of the
four parent material. Tables A3-A8 show the uniaxial results for the above materials. It should be noted
that the results are derived from limited numbers of tests and the statistical analysis identifies the level of
variability in the test results. Below is a description of the individual materials tested in the programmes.

P22 material
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Two institutions (ENEL, SIMR) performed a series of uniaxial tests on the 2"*CriMo steel (P22).
New materials as well as service exposed were used for testing purposes: a seamless pipe of ASTM A335
(216 mm outer diameter, 50 mm thickness) was purchased for the manufacture of laboratory test
specimens. To prepare the weld specimens, appropriate pieces were welded longitudinally and
circumferentially according to the test geometry specified and by using the same welding procedures at
every instance. On the other hand, to assess the properties of material subjected to service exposure, creep
specimens were taken from a T-shape piece, which had been in service for 110,000hrs at 530 °C and
60MPa hoop stress.

P91 Material

Data received from EDF were used to obtain the creep properties of P91 steel. Base metal specimens
together with cross welded ones, were tested in order to investigate the material’s behavior. The base
metal specimens were manufactured from a P91 pipe (295 mm in outer diameter, 55mm wall thickness
and 12m long) which was bought from Mannesman (Germany) in accordance with the specifications set
in ASTM A 335 for pipes.

Once again, the orientation of the specimen had no effect in both “‘minimum strain rate vs stress’ and
‘stress to rupture’ graphs. However, the cross welded material appears to creep faster than the base one by
a factor of 6 due to reduced ductility following the welding process. In addition, the drop in strength on
the welded material may arise from the high composition in Chromium, which in turn leads to worse
weldability compared to the low alloy steels.

In conclusion, it can be stated that the base metal is very close to the mean value for grade 91 steel and
although the filler metal seems to be weaker, it is also within the ECCC scatted-band.

1CrMoV Material

Two types of 1%Cr MoV were examined in Germany by MPA and SPG. Both materials were parent
metals and the only difference between them, was the way in which they were produced. Thus, 1CrMoV
cast steel together with 1CrMoV forged steel were used for experimental purposes:

316( LN) Stainless Steel Material

Stainless steel 316L(N) parent metal was tested at Imperial College and the results obtained were used
to compare different batches of the above material. A single geometry was tested and the ‘minimum strain
rate vs stress” and ‘stress vs time to rupture’ graphs were used to derive the properties. The creep curves
of the tests performed show no special features and they exhibit all the three stages for a typical creep
curve. The 316L(N) batch SD tested at IC creeps faster than the other batches by a factor of 1.4 to 2.
However the stress to rupture correlation for all batches is very close. After the end of the experimental
stage, a comparison of creep ductility with other batches was made and some important characteristics
were revealed:

e multiple necking was observed in the specimens and it can be justified by the fact that the specimen
was uniformly heated along its gauge length.

e An oxide layer was observed along the length of the specimen

e and the reduction of area at the point of fracture was approximately 60%
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Comparison of the HIDA Materials at their typical operating temperature range

Although the testing temperature varies in the different alloys an attempt to compare uniaxial
properties of all five materials is made in this section. Although, they are not tested at the same
temperatures and their geometries are not similar, a comparison, as to their behavior, can still be obtained.
Initially, the creep exponent and average failure ductility’s of the different base materials range from 8-12
and the creep ductility’s range from 20-60%.

For the stress to rupture graphs again the 1CrMoV steels appear to have good strength characteristics
at its operating temperature with the forged type showing higher strength compared to the cast material.
The 316L(N) stainless steel also shows good strength at 650 °C whereas the P91 and P22 steels seem to
have similar strengths at their operating temperatures.

With respect to the welded materials, data for P91 and P22 steels were received and the comparison
was made between these two. The new material creeps at comparatively lower rates than the other
materials whereas the service exposed creeps much faster. Finally, the stress to rupture of cross weld
specimens are stronger that the specimens of P91. This can be explained by the fact that P91 high alloy
steels exhibit medium weldability due to the high content in Chromium, in contrast with P22 steels which
show excellent welding characteristics.
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Figure A3( a): P22 - material A tested at 565 °C

P22

Base

Bend

Weld

—

New

Service
exposed

Figure A3( b): 316 L(N) - material B tested at 650 °C

—

X-Weld

Weld HAZ

——

Service
exposed

316 L(N)

Parent

Figure A3( c): P91 - material C tested at 625 °C

Figure A3( d): 1CrMoV - material D tested at 530 °C

Figure A3: Categories of material conditions tested in HIDA
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Table Al(a): Chemical composition Material A - P22

C Mn Si S P Cr Ni Mo \Y N Al
p22
0.101 0.443 0.206 0.015 0.024 2.070 0.099 0.939 0.180 0.013 <0.01
Table Al(b): Material B - 316 L(N) batch SD
C Mn Si S P Cr Ni Mo Ti Nb N Cu
0.038 1.830 0.313 0.02 0.036 17.3 11.9 2.46 <0.01 <0.01 0.067 0.27
Table Al(c): Material C - P91
C Mn Si S P Cr Ni Mo \Y Cu N Al
P91 0.091 | 0.409 0.369 0.013 0.028 8.440 0.270 0.920 0.240 0.040 0.038 0.070
Table Al(d):Material D - 1CrMoV
C Mn Si S P Cr Ni Mo \Y Ti Cu Al
Cast 0.158 | 0.660 | 0.398 | 0.004 | 0.007 | 1.370 | 0.280 | 1.030 | 0.237 | 0.029 [ 0.060 <0.005
Forged | 0.290 | 0.390 | 0.318 | 0.002 | 0.007 | 1.760 | 0.300 | 1.130 | 0.294 | 0.014 | 0.070 | <0.005
Table A2: Room temperature properties monotonic tensile tests
Material Orientation Young’s 0.2% yield UTsS R.A.
(parent) modulus point MPa
GPa MPa
A L 218 349 558 20
T-L 213 352 557 22
B
C L 245 538 688 19
T-L 237 539 687 19
D ca L 198 504 636 17
T-L 225 502 636 16
D fo L 217 653 794 16
T-L 387 654 792 15




Appendix A

Uniaxial Data and Analysis

Table A3: Uniaxial material properties for HIDA materials

Material | Type | Material |Orientation| Temp. | A nin Comin MNmin | Aave | Ob ave | Nae |o/rupture v g |Red. of
Condition °Cc Constant Area
RA
P91 Base New cr 625 |5E-23| 391.9 8.6 [1E-29| 247.0 12.1 288.1 7.8 0.19| 0.68
P91 Base New In 625 |6E-23| 411.5 8.5 [1E-25| 279.4 10.2 283.3 8.6 0.21| 0.79
P91 Bend New n/a 625 |1E-31| 253.0 |12.9 |2E-34| 198.2 14.7 218.9 115 0.32| 0.55
P91 wm New n/a 625 |5E-28| 260.6 | 11.3 |[4E-29| 179.4 12.6 442.3 18.0 0.15| 0.70
P91 XW New n/a 625 |4E-19| 463.8 | 6.9 |8E-17| 534.9 59 117.2 189 |0.03| 0.19
P22 Base New In 565 |3E-27| 302.8 |[10.69|2E-24| 290.7 9.6 269.0 9.2 0.31| 0.66
P22 Base New cr 565 |1E-25| 318.1 | 9.99 (2E-24| 280.7 9.7 317.3 8.4 0.32| 0.64
P22 Base XS n/a 565 |2E-23| 259.9 | 9.4 |4E-20| 246.5 8.1 253.8 10.0 |0.48| 0.89
p22 Bend New n/a 565 |6E-37| 217.2 |15.5|4E-32| 211.7 135 235.9 7.8 049 | 0.89
P22 wm New N/a 565 |2e-35| 260.6 |14.4|5e-29| 250.3 | 11.8 196.3 10.0 |0.22| 0.76
P22 wWwce XS n/a 565 |9E-14| 1063.8 | 4.31 |8E-14| 877.3 45 0.0 0.0 0.07 | 0.08
p22 WwocC XS n/a 565 |2E-37| 147.1 |16.93|3E-40| 134.4 18.6 395.7 5.0 0.07| 0.12
P22 XW New n/a 565 |3E-27| 308.5 |[10.65|4E-26| 306.4 | 10.2 159.7 109 |0.02| 0.19
1CrMoV_ca| Cast New n/a 530 |2E-23| 910.9 | 7.67 |6E-31| 440.6 11.4 202.9 11.0 0.12| 0.66
1CrMoV_fo |Forged New n/a 530 |1E-34| 6525 |12.08|2E-30| 552.4 10.8 429.4 9.4 0.18| 0.70

316L(N) Base New n/a 650 |9E-24| 436.3 |8.73 |2E-22| 383.0 8.4 298.6 7.4 0.60 | 0.64
o/rupture Constant taken at t=1h
XW = cross weld cs=cast
n/a= not applicable fo = forged

bs=base material

In =longitudinal direction

cr= circumferential direction

wwc= weld with cavity

wwoc= weld without cavities
XS=ex-service
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Uniaxial Test Tables and Results

Uniaxial Test Matrices and Results

Given below are the tables of uniaxial test matrices performed under the HIDA and LICON projects
by the different partners. The tests conditions and global results are contained in these tables.

Notation:

Instit.  : Institution which carried out the test
Temp. : Temperature

Onet : Net section stress

Es : Secondary or minimum strain rate

€ Ave : Average strain rate

& : Creep failure strain

R. A : Reduction of area at failure

Table A-4: Uniaxial results for 316L(N)

. Gauge | Gauge Test .
projet i, | % | i | dametr gt | TR | laureton| 5y | | sy |y | s
HIDA IC CR1 PM 7.89 33.60 650 190 373.0 |6.04E-04 | 1.55E-03 | 57.63 |61.10| Failed
HIDA IC CR2 PM 7.95 33.60 650 153 1562.0 [9.19E-05| 3.33E-04 | 52.00 [59.30| Failed
HIDA | IC CR3 PM 7.89 33.60 | 650 190 28.0 |[6.12E-04 - - - Stopped
HIDA IC CR4 PM 7.89 33.60 650 170 2775 |2.62E-04 - - - Stopped
HIDA | IC CR5 PM 7.89 33.60 | 650 210 105.5 |2.00E-03 | 6.06E-03 | 63.90 |70.20| Failed
HIDA | IC CR7 PM 7.89 33.60 | 650 160 935.8 |2.03E-04 | 6.31E-04 | 59.06 |62.10| Failed
HIDA | IC CR8 PM 7.89 33.60 | 650 170 900.7 |1.79E-04 | 7.39E-04 | 66.61 |68.70| Failed
Table A-5: Uniaxial results for P22
Project| Insist. r;?;g c'\él:é?tri'grl] di(;?:egtir ii:gﬁ T[irgi) ' [l\;’;'a] dutziiton [ﬁi] [;A,{"j [(;L] ?0/?] Status
[mm] | [mm] [h]
HIDA | ENEL | 6365-1L PM 8.00 33.58 565 160 141.2 8.22E-04 | 2.58E-03 | 36.38 |81.34 | Failed
HIDA | ENEL |6366-1C PM 8.00 3355 | 565 160 98.1 1.49E-03 | 4.56E-03 | 44.69 |83.24 | Failed
HIDA | ENEL |6367-1C PM 8.00 33.58 565 120 2058.0 | 4.97E-05 | 1.47E-04 | 30.32 [54.34 | Failed
HIDA | ENEL | 6368-2L PM 8.00 33.65 565 120 1424.0 | 7.95E-05 | 2.72E-04 | 38.73 |72.44 | Failed
HIDA | ENEL | 7010-3C PM 6.99 33.52 565 105 6277.4 | 7.77E-06 | 3.09E-05 | 19.42 [54.60 | Failed
HIDA | ENEL | 7013-3L PM 6.99 33.52 565 95 11212.2 | 2.89E-06 | 2.17E-05 | 24.32 |52.81 | Failed
HIDA | ENEL | 7014-4L PM 6.97 33.53 565 110 4640.3 | 1.37E-05 | 5.46E-05 | 25.35 |56.10 | Failed
HIDA | ENEL H10 WM 6.99 34.73 565 120 1509.0 | 2.19E-05 | 1.78E-04 | 26.86 |82.31 | Failed
HIDA | ENEL H11l WM 7.00 34.73 565 110 2938.0 | 6.35E-06 | 5.71E-05 | 16.78 |68.96 | Failed
HIDA | ENEL H6 XW 7.00 33.78 565 85 6726.5 | 1.79E-06 | 2.99E-06 | 2.01 |[17.97 | Failed
HIDA | ENEL H7 XwW 6.99 33.78 565 100 2998.3 | 4.59E-06 | 6.91E-06 | 2.07 [19.28 | Failed
HIDA | ENEL H8 XW 6.99 34.53 565 100 3757.0 | 6.33E-06 | 1.65E-05| 6.18 |[36.05 | Failed
HIDA | ENEL H9 XwW 7.00 33.53 565 120 931.0 4.34E-05 | 8.66E-05 | 8.06 |28.24 | Failed
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Table A-6: Uniaxial results for E911

Gauge | Gauge Test

diameter | length Temp. | onet | guration EAve R.A.

Test | Material éi . &
[mm] [mm] [°C] | [MPa] ] [h7] [h7] | [%0] | [%0]

S Status
name |condition

Project | Insist.

LICON | MFI SE1 HAZ 6.00 60.00 625 125 1052.0 |2.67E-05|2.76E-04 | 29.00 | 88.60 | Failed

LICON | MFI SE2 HAZ 6.00 60.00 625 110 | 2544.0 |1.02E-05|1.26E-04 | 32.10 | 80.50 | Failed

LICON | MFI SE3 HAZ 6.00 60.00 650 95 504.0 |1.29E-04 | 7.66E-04 | 38.60 | 87.90 | Failed

LICON | MFI SE4 HAZ 6.00 60.00 650 83 770.0 |5.54E-05 |5.56E-04 | 42.80 | 84.80 | Failed

LICON | MFI SE5 HAZ 6.00 60.00 650 83 - - - 3.00 - Stopped
LICON | MFI SE6 HAZ 6.00 60.00 650 83 - - - 2.50 - Stopped
LICON | MFI SE7 HAZ 6.00 60.00 650 83 - - - 2.00 - Stopped
LICON | MFI SE8 HAZ 6.00 60.00 650 83 - - - 1.00 - Stopped
LICON| LE | 16342 PM 6.00 30.0 680 75 2260.0 |1.55E-06 | 7.04E-05 | 15.90 | 42.00 | Failed
LICON| LE | 16343 PM 6.00 30.0 700 75 521.0 |3.46E-05 |5.34E-04|27.80 | 73.00 | Failed
LICON| LE | 16344 PM 6.00 30.0 710 75 146.0 |2.68E-04 |1.71E-03|24.90 | 86.00 | Failed
LICON| LE | 16345 PM 6.00 30.0 670 75 2299.0 |6.19E-07 | 9.48E-05 | 21.80 | 73.00 | Failed
LICON| LE | 16346 PM 6.00 30.0 690 75 1869.0 |1.64E-05|1.15E-04 | 21.40 [ 45.00 | Failed
LICON | MFI El PM 6.00 30.0 650 110 1616.0 |2.55E-05|1.02E-04 | 16.48 | 59.30 | Failed
LICON | MFI E2 PM 6.00 30.0 650 95 5703.0 |6.62E-06 | 1.73E-05| 9.84 | 23.30 | Failed
LICON | MFI E3 PM 6.00 30.0 650 83 6812.0 |6.49E-06 | 2.00E-05 | 13.62 | 31.80 | Failed
LICON | MFI E4 PM 6.00 30.0 625 110 | 13190.0 - 4.70E-06 | 6.20 | 14.30 | Failed
LICON | MFI E5 PM 6.00 30.0 650 83 - - - 2.50 - Stopped
LICON | MFI E6 PM 6.00 30.0 650 83 - - - 3.00 - Stopped
LICON | MFI E7 PM 6.00 30.0 650 83 - - - 2.00 - Stopped
LICON | MFI E8 PM 6.00 30.0 650 83 - - - 1.00 - Stopped
LICON | MFI E9 PM 6.00 30.0 625 140 1865.0 |2.21E-05|1.23E-04 | 23.00 | 79.40 | Failed
LICON | MFI E10 PM 6.00 30.0 625 125 2151.0 |1.37E-05|8.51E-05 | 18.30 | 79.60 | Failed
LICON | MFI Ell PM 6.00 30.0 625 150 532.0 |6.35E-05 |4.46E-04 | 23.73 | 86.30 | Failed
LICON | MFI E12 PM 6.00 30.0 650 120 256.0 |2.35E-04 |9.14E-04 | 23.40 | 86.00 | Failed

LICON| LE | 16393 XW 6.00 60.00 680 75 13.0 N/A | 3.08E-03| 4.00 |81.00 | Failed

LICON| LE | 16394 XW 6.00 60.00 660 75 322.0 N/A | 1.12E-04 | 3.60 | 47.00 | Failed

LICON| LE | 16395 XW 6.00 60.00 670 75 192.0 N/A | 8.33E-05| 1.60 | 59.00 | Failed

LICON| LE | 16396 Xw 6.00 60.00 650 75 406.0 N/A | 1.31E-04| 5.30 | 32.00 | Failed

LICON| LE | 16398 XW 6.00 60.00 645 75 2011.0 N/A N/A N/A | N/A | Failed

LICON | MBEL |98-035| WM 6.00 60.00 625 145 773.0 N/A | 1.31E-04 | 10.10 | 22.00 | Failed

LICON | MBEL |98-033| WM 6.00 60.00 625 135 1671.0 N/A | 5.15E-05| 8.60 | 24.00 | Failed

LICON| MFI | LIE1 Xw 6.00 60.00 625 150 431.0 N/A | 2.04E-04 | 8.80 | 36.00 | Failed

LICON| MFI | LIE2 XW 6.00 60.00 625 110 2898.0 N/A | 9.32E-06 | 2.70 | 10.00 | Failed

LICON| MFI | LIE3 XW 6.00 60.00 650 120 165.0 N/A | 8.36E-04 | 13.80 | 58.00 | Failed

LICON| MFI | LIE4 XW 6.00 60.00 650 83 897.0 N/A | 5.57E-05| 5.00 | 17.00 | Failed

LICON| MFI | LIE5 Xw 6.00 60.00 625 140 752.0 N/A | 7.98E-05| 6.00 | 24.00 | Failed

LICON| MFI | LIE6 XW 6.00 60.00 625 125 1007.0 N/A  |4.37E-05| 4.40 | 14.00 | Failed

LICON| MFI | LIE7 XW 6.00 60.00 650 110 233.0 N/A | 3.09E-04| 7.20 | 32.00 | Failed

LICON| MFI | LIE8 Xw 6.00 60.00 650 95 595.0 N/A | 8.40E-05| 5.00 | 22.00 | Failed
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Table A-7: Uniaxial results for P91

Gauge | Gauge Test

diameter | length | TeMP-| % | quration Eave R.A

Test | Material sf_sl A & A
mm] | [mm] | PG [[MPal| ™ r [h7] (1 | [%] | [%]

name |condition Status

Project | Insist.

LICON | MFI SP1 HAZ N/A N/A 600 135 110.0 |7.21E-04|3.07E-03 | 33.80 | 92.80 | Failed

LICON | MFI SP2 HAZ N/A N/A 600 120 270.0 |2.71E-04 | 1.15E-03 | 31.10 | 92.30 | Failed

LICON | MFI SP3 HAZ N/A N/A 625 97 121.0 |9.40E-03 |4.07E-03 | 49.20 | 94.00 | Failed

LICON | MFI SP4 HAZ N/A N/A 625 85 489.0 |1.85E-03|8.59E-04|42.00 |92.30 | Failed

LICON | MFI SP5 HAZ N/A N/A 625 85 53.0 - - 2.00 - Stopped
LICON | MFI SP6 HAZ N/A N/A 625 85 55.0 - - 2.50 - Stopped
LICON | MFI SP7 HAZ N/A N/A 625 85 24.0 - - 1.50 - Stopped
LICON | MFI SP8 HAZ N/A N/A 625 85 25.0 - - 1.00 - Stopped
HIDA | EdF | 1545 PM 7.95 36.01 625 120 907.4 |3.83E-05|1.76E-04 | 15.95 | 75.00 | Failed
HIDA | EdF | 1546 PM 7.95 36.13 625 120 916.2 |3.52E-05|1.51E-04 | 13.77 | 68.00 | Failed
HIDA | EdF | 1547 PM 7.95 35.96 625 120 878.0 |[4.11E-05|1.92E-04|16.90 | 80.00 | Failed
HIDA | EdF | 1548 PM 7.95 36.14 625 120 791.6 |4.11E-05|1.33E-04 | 10.50 | 84.00 | Failed
HIDA | EdF | 1549 PM 7.95 36.08 625 110 1826.4 | 1.58E-05|7.49E-05 | 13.69 | 73.00 | Failed
HIDA | EdF | 1573 PM 7.95 36.02 625 100 3831.2 |7.87E-06 | 2.54E-05| 9.75 [ 40.00 | Failed
HIDA | EdF | 1574 PM 7.95 36.04 625 100 3765.2 | 7.49E-06 | 1.93E-05| 7.26 | 18.00 | Failed
HIDA | EdF | 1575 PM 7.95 36.02 625 110 1666.2 | 1.48E-05|7.53E-05 | 12.55 | 61.00 | Failed
HIDA | EdF | 1702 PM 7.95 36.06 625 90 6972.1 |3.76E-06 | 9.26E-06 | 6.46 | N/A | Failed
LICON| LE | 16350 PM N/A N/A 680 75 1928.0 |1.13E-05|3.01E-05| 5.80 | 31.00 | Failed
LICON| LE | 16351 PM N/A N/A 700 75 112.0 |2.10E-03 | 2.10E-03 | 23.50 | 93.00 | Failed
LICON| LE | 16352 PM N/A N/A 710 75 32.0 |1.12E-04|8.19E-03 | 26.20 | 95.00 | Failed
LICON| LE | 16354 PM N/A N/A 675 75 1131.0 |3.05E-05|1.13E-04 | 12.80 | 48.00 | Failed
LICON| LE | 16355 PM N/A N/A 690 75 194.0 |1.65E-04 | 1.69E-03 | 32.70 | 90.00 | Failed
LICON| LE | 16356 PM N/A N/A 665 75 1066.0 |1.70E-05 | 2.60E-04 | 27.70 | 71.00 | Failed
LICON | MFI P1 PM N/A N/A 600 120 4361.0 |5.96E-06 | 2.62E-05 | 11.42 | 50.60 | Failed
LICON | MFI P2 PM N/A N/A 625 85 9857.0 N/A | 7.81E-06 | 7.70 | 20.30 | Failed
LICON | MFI P3 PM N/A N/A 625 85 7146.0 - - 2.50 - Stopped
LICON | MFI P5 PM N/A N/A 600 150 417.0 |1.03E-04 |5.20E-04 | 21.67 | 89.40 | Failed
LICON | MFI P6 PM N/A N/A 600 135 2945.0 | 1.12E-05|8.00E-05 | 23.56 | 80.50 | Failed
LICON | MFI P7 PM N/A N/A 625 120 303.0 |1.57E-04 |9.45E-04|28.63|90.20 | Failed
LICON | MFI P8 PM N/A N/A 625 105 1672.0 |2.41E-05|1.10E-04 | 18.47 | 60.50 | Failed
LICON | MFI P9 PM N/A N/A 600 145 817.0 |5.63E-05|2.80E-04|22.87 | 77.80 | Failed
LICON | MFI P10 PM N/A N/A 625 97 3556.0 |9.63E-06 |5.38E-05 | 19.13 | 54.50 | Failed
LICON | MFI P13 PM N/A N/A 625 85 6696.0 - - 2.00 - Stopped
LICON | MFI P14 PM N/A N/A 625 85 6912.0 - - 1.50 - Stopped
LICON | MFI P15 PM N/A N/A 625 85 4728.0 - - 1.00 - Stopped

HIDA | EdF | 1631 WM 7.95 36.02 625 100 853.2 |[2.17E-05|6.15E-05| 5.25 | N/A | Failed

HIDA | EdF | 1646 WM 7.95 36.11 625 80 7949.2 | 1.66E-06 |4.17E-06 | 3.31 | 4.70 | Failed

LICON| ISQ | 91Ul WM N/A N/A 600 145 1625.0 N/A | 5.54E-05| 9.00 | 22.00 | Failed

LICON| ISQ | 91U2 WM N/A N/A 600 135 2925.0 N/A | 1.71E-05| 5.00 | 6.00 | Failed

LICON| ISQ | 91U3 WM N/A N/A 625 105 1892.0 N/A | 2.11E-05| 4.00 | 9.00 | Failed

LICON| ISQ | 92u8 WM N/A N/A 625 140 1066.0 N/A | 6.57E-05| 7.00 | 22.00 | Failed

HIDA | EdF | 1632 XW 7.95 36.03 625 100 323.2 |[4.27E-05|8.59E-05| 2.78 | N/A | Failed

HIDA | EdF | 1647 XW 7.95 36.03 625 60 3906.1 |1.18E-06 |3.81E-06 | 1.49 |19.30 | Failed

HIDA | EdF | 1671 XW 7.95 36.06 625 80 10492.0 | 2.98E-07 | 1.57E-06 | 1.64 | N/A | Failed

HIDA | EdF | 1700 XW 7.95 36.02 625 80 1996.1 |3.26E-06 | 8.44E-06 | 1.69 | N/A | Failed

LICON| LE | 16385 XWwW N/A N/A 680 75 10.0 N/A | 1.13E-02 | 11.30 | 77.00 | Failed

LICON| LE | 16386 XW N/A N/A 660 75 186.0 N/A | 2.63E-04 | 4.90 | 69.00 | Failed

LICON| LE | 16387 Xw N/A N/A 650 75 429.0 N/A | 1.07E-04 | 4.60 | 60.00 | Failed

LICON| LE | 16388 XW N/A N/A 670 75 95.0 N/A | 6.32E-04 | 6.00 | 70.00 | Failed

LICON| LE | 16390 Xw N/A N/A 640 75 552.0 N/A | 5.25E-05| 2.90 | 59.00 | Failed
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LICON| LE | 16391 Xw N/A N/A 640 75 629.0 N/A | 6.04E-05| 3.80 | 69.00 | Failed

LICON| LE | 16392 XW N/A N/A 675 75 35.0 N/A | 1.74E-03 | 6.10 | 78.00 | Failed

LICON| LE | 16428 Xw N/A N/A 660 75 3860.0 N/A | 7.77E-06 | 3.00 | 24.00 | Failed

LICON| LE | 16429 Xw N/A N/A 665 75 621.0 N/A | 6.92E-05| 4.30 | 33.00 | Failed

LICON| MFI | LIP1 XW N/A N/A 600 150 344.0 N/A | 4.27E-04| 14.70 | 74.00 | Failed

LICON| MFI | LIP2 XW N/A N/A 600 120 1926.0 N/A | 1.82E-05| 3.50 | 27.00 | Failed

LICON| MFI | LIP3 XW N/A N/A 625 120 153.0 N/A | 6.27E-04| 9.60 | 64.00 | Failed

LICON| MFI | LIP4 XW N/A N/A 625 85 1326.0 N/A | 2.19E-05| 2.90 | 21.00 | Failed

LICON| MFI | LIP5 XW N/A N/A 600 145 419.0 N/A | 4.25E-04 | 17.80 | 88.00 | Failed

LICON| MFI | LIP6 XW N/A N/A 600 135 1068.0 N/A | 7.21E-05| 7.70 | 44.00 | Failed

LICON| MFI | LIP7 XW N/A N/A 625 105 417.0 N/A | 8.87E-05| 3.70 | 33.00 | Failed

LICON| MFI | LIP8 Xw N/A N/A 625 97 527.0 N/A | 6.45E-05| 3.40 | 24.00 | Failed

Table A-8: Uniaxial results for P92

Gauge | Gauge Test me & RA

. . . Temp. | one - &s A
Project | Insist. .. | diameter| length - duration 3 1
name |condition [mm] [mm] [°C] |[MPa] [h] [h™] [h™] [%] | [%]

Test | Material Status

LICON| ISQ | 92U5 HAZ N/A N/A 625 140 343.0 N/A | 5.54E-04 | 19.00 | 85.00 | Failed

LICON | CESI 1 PM N/A N/A 625 125 7037.0 |1.14E-06 | 1.71E-05 | 12.04 | 82.09 | Failed
LICON | CESI 2 PM N/A N/A 650 95 8609.0 |1.49E-06 | 1.04E-05| 8.95 | 25.02 | Failed
LICON | GECA | S9750 PM N/A N/A 625 150 936.0 |3.95E-05 |2.67E-04|25.00 | 83.00 | Failed
LICON| LE | 16411 PM N/A N/A 710 75 184.0 |1.36E-03 | 1.55E-03 | 28.50 | 76.00 | Failed
LICON| LE | 16412 PM N/A N/A 700 75 4470 |8.53E-05|4.34E-04|19.40 | 71.00 | Failed
LICON| LE | 16413 PM N/A N/A 680 75 2075.0 |5.36E-05|9.83E-05 | 20.40 | 58.00 | Failed
LICON| LE | 16414 PM N/A N/A 690 75 2544.0 |1.01E-05|5.07E-05 | 12.90 | 40.00 | Failed
LICON| LE | 16415 PM N/A N/A 675 75 3278.0 |6.48E-06 | 7.47E-05 | 24.50 | 61.00 | Failed
LICON | MBEL |98_060| PM N/A N/A 625 145 1432.0 | 1.68E-05|1.46E-04 | 20.90 | 80.00 | Failed
LICON | MBEL |98 _061| PM N/A N/A 650 130 249.0 |1.64E-04 |9.52E-04|23.70 | 87.00 | Failed
LICON | MBEL |98_068| PM N/A N/A 625 135 4102.0 |5.50E-06 | 4.02E-05 | 16.50 | 72.00 | Failed
LICON | MBEL |98 _069| PM N/A N/A 650 112 2943.0 |8.67E-06 | 6.93E-05 | 20.40 | 68.00 | Failed
LICON | MBEL |98_070| PM N/A N/A 650 120 1448.0 | 1.89E-05|1.44E-04|20.90 | 77.00 | Failed
LICON | MBEL {99 _004| PM N/A N/A 625 155 504.0 |7.79E-05 | 4.44E-04 | 22.40 | 83.00 | Failed
LICON | MBEL |99 _005| PM N/A N/A 625 122 7161.0 |2.20E-06 | 2.21E-05 | 15.80 | 59.00 | Failed
LICON | MBEL {99 _006| PM N/A N/A 650 94 7492.0 |2.90E-06 | 2.11E-05 | 15.80 | 52.00 | Failed
LICON | CESI A WM N/A N/A 650 120 436.0 |5.36E-05|2.53E-04|11.03 | 41.02 | Failed
LICON | CESI B WM N/A N/A 650 112 609.0 |3.33E-05|1.59E-04| 9.71 | 24.54 | Failed
LICON | CESI 4 XW N/A N/A 650 135 86.1 |1.50E-04|1.30E-03|11.20 | 82.09 | Failed
LICON | CESI 5 Xw N/A N/A 650 120 563.5 |5.00E-06 | 1.34E-04 | 7.56 | 57.14 | Failed
LICON | CESI 6 XW N/A N/A 650 112 688.4 | 1.30E-05|7.36E-05| 5.07 | 24.39 | Failed

LICON | CESI 7 Xw N/A N/A 650 95 2220.0 |2.80E-06|1.39E-05| 3.08 | 19.57 | Failed

LICON| LE | 16427 XW N/A N/A 680 75 169.0 N/A | 1.66E-04 | 2.80 | 16.00 | Failed
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Appendix B

Statistical Analyses of Uniaxial Creep Tests Results

Given below are the tables of statistical analyses of creep strain rates results from uniaxial tests
performed under the HIDA and LICON projects by the different partners as well as the uniaxial tests
provided by British Energy Generation Ltd. on 316L(N), P91 and P92 [Lehmann, 1995; ECCC, 1995;
ECCC, 1998].

Notation:

Orient. : Orientation

Temp. : Temperature

Log(As) : Logarithm base 10 of A in the Norton law for the secondary creep strain rate
SE As;  : Standard error of A in logarithm base 10

Ns : Creep exponent in the Norton law for the secondary creep strain rate

SEns  : Standard error of ng

SD ¢ : Standard deviation of the error of the secondary creep strain rate

Log(Aave) : Logarithm base 10 of A in the Norton law for the average creep strain rate
SE Aave : Standard error of Aaw in logarithm base 10

Nave : Creep exponent in the Norton law for the average creep strain rate

SE nave : Standard error of naye

SE) eave . Standard deviation of the error of the average creep strain rate

IsTAT : Coefficient of determination
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Tests results on P91

660 | 10 | S50 | S16 | 6TT | 15€z | S - - - - - - T o 009 | V/N |zs03a | Wd | T6d
660 | 910 | €90 | ZUTL | 48T | 6.z | S - - - - - - o 009 | V/N | TS03a | Wd | T6d
280 | o0zo | z1T | ees | sez | 1661 | £ - - - - - - o 009 | V/N |eMZ0HO| Wd | T6d
0 | Sz0 | 90T | ¥gs | Sz | ewst | o - - - - - - o 009 | V/N |zmz0HO| Wd | T6d
880 | €10 | Sr0 | 85y | 84T | 0gvl- | £ - - - - - - | o 009 | V/N |IMZ0HO| Wd | T6d
680 | STO | S90 | Trs | 66T | 68T | 0T - - - - - - o 009 | V/N |Zv2oHD | Wd | T6d
680 | €60 | 00z | 106 | 6TV | vTve | S - - - - - - | o 009 | V/N | v1038 | Wd | T6d
60 | LT0 | 00z | €5zl | oev | 1508 | b 960 | 6T0 | €Tz | 98WT | iSv | ewse | v 009 | V/N |VIVINVY| Wd | T6d
160 | zr0 | ST | oger | zee | 16Te- | v 060 | zzo | 66z | 68T | 8e9 | evee | ¥ 009 | V/N | NOOM | Wd | T6d
20 | o | se0 | e | 180 | 00vz- | sz | €60 | 8T0 | /5T | 15€T | see | zaee | 8 009 | VIN | v Wd | T6d
00T | 000 | 000 | ogeT | 000 | 9r0e- | 2 00T | 000 | 000 | 68T | 000 | 90Te | ¢ 009 | V/N | NOOM | zvH | T6d
860 | 600 | TOT | ST¥T | 62z | sese | . 960 | 210 | SeT | evvT | vez | 8s9e | £ 085 | V/N | moN Wd | T6d
860 | 600 | 960 | €02 | €1z | 6662 | 9 860 | 600 | S60 | TUET | TUZ | 90€e | 9 085 | V/N | peby Wd | T6d
170 | sz0 | 1T | 168 | ese | ewee | o1 | €90 | ee0 | oz | 188 | 95% | 6r€z- | €1 | 085 | V/IN | IV Wd | T6d
660 | TT0 | €0T | erST | zvz | 6r8e | v - - - - - - | o 085 | V/N |9zZ0ONC | Wd | T6d
660 | TT0 | or0 | izST | 08T | ovee- | v - - - - - - | o 056 | V/N | LOONT | Wd | T6d
160 | 0g0 | zoe | 83T | €rL | s6Ge | v - - - - - - | o 056 | V/N | GOONT | Wd | T6d
160 | zr0 | 60 | LT | T2 | 8gsy- | T - - - - - - | o 056 | V/N | ve0Ll | Wd | T6d
660 | 800 | 2T | oUTz | eve | vwes | v - - - - - - | o 055 | V/N | 52089 | Wd | T6d
660 | 600 | S60 | 65TT | 6TZ | 9908 | ¥ - - - - - - | o 056 | V/N |zrs03a | Wd | T6d
00T | 00 | Te0 | s69T | z0 | vev | v - - - - - - | o 055 | V/N | 8503a | Wd | T6d
00T | zr0 | o080 | 80T | 68T | TETH- | ¥ - - - - - - | o 086 | V/N | 5030 | Wd | T6d
00T | 00 | oo | zvTr | 60T | voe | v - - - - - - o 085 | V/N | 95030 | Wd | T6d
660 | 210 | 620 | 90TT | 8T | ZT0e | ¥ - - - - - - o 086 | V/N | vso03a | Wd | T6d
960 | Sz0 | &1 | w2 | wow | oove | v - - - - - - o 08 | V/N |zs03a | Wd | T6d
160 | vz0 | 19T | svsT | ere | zsov- | S - - - - - - | o 05 | V/N | TS03a | Wd | T6d
o0 | vs0 | 80 | i8%€1 | g0z | 1e9e- | ot | - - - - - - | o 055 | VIN | IV Wd | T6d
860 | ¥10 | 260 | 180z | 62z | 20%s | 11 - - - - - - | o 005 | V/IN | v Wd | T6d
sy |ave g | vugs | Mvu | vy 3s |(Vy)bo Mwm_“ sy | segs | u3s | u | fvas | (w)bod me_ o | | weuo | siseo [ R peviareny

- 66 -



Statistical Analyses of Uniaxial Creep Rupture Results

Appendix C

160 | vT0 | S0 | 6T8 | /90 | Gv6I- | 8T - - - - - - 0 059 | V/N | vE0dl Nd 16d
980 | 2T0 | 2T | S | Sve | eevl- | § - - - - - - 0 059 | V/N | TTOLI Nd 16d
00T | €00 | 120 | €08 | TS0 | L81- | ¥ - - - - - - 0 059 | V/N | 92089 Nd 16d
960 | 9TO | €10 | 869 | €€T | 8Y9I- | 9 - - - - - - 0 059 | V/N |§z0@o Wd 16d
860 | €T0 | T90 | /€8 | TTT | T¥e6l- | 9 - - - - - - 0 059 | V/N |vz0ogo Wd 16d
160 | 920 | €/T | ¥8L | eve | 1881- | ¥ - - - - - - 0 0$9 | V/N | ¥'S03a Wd 16d
00T | 600 | 620 | 906 | G0 | &vTe- | § - - - - - - 0 089 | V/N | zs03a Wd 16d
660 | 2T0 | 880 | 98 | G40 | 0002 | G - - - - - - 0 089 | V/N | TS03a Wd 16d
960 | 9T0 | T60 | 9.8 | 04T | S§0z- | 9 - - - - - - 0 089 | V/N [ZMZOHO | Id 16d
180 | 280 | SZ0 | 86L | 6O | 906I- | ST - - - - - - 0 059 | V/N v Nd 16d
- 7’0 - 0€°0T - levTe | v - - - - - - v 529 | V/N | NOOIT MX | T6d
- v8'0 - 0£'0T - |oove | v - 180 - 8e'8 - | svve- | v 529 | v | vaH MX | T6d
- o - £6'8 - |81z | 8 - £L0 - 96'8 - | lsee | ¢ 529 | VIN v MX | T6d
- 980 - 99°ET - |osee- | ¢ - - - - - - 0 529 | 9V | NOIOT WM | T6d
- 1o - 0€'0T - |osve | ¢ - 120 - 8e'8 - |85t | ¢ §29 | vV | vaH WM | T6d
- 550 - €6'8 - vz | v - LT0 - 96'8 - lwee| ¢ 529 | VIN v WM | T6d
660 | 600 | 080 | 99€T | 09T | 8¥'Te- | ¥ 00T | ¥00 | S90 | TZET | 2€T | 82Te | ¢ 529 | V/N | NOOIT Wd 16d
660 | 600 | v80 | T6% | TLT | 6S¥e | ¥ 660 | 900 | T90 | 928 | ¥eT | v9Te- | ¥ §29 | Buol | vaH Wd 16d
00T | SO0 | €0 | OLTT | 0ST | 2I'8e- | ¢ 00T | €00 | Tv0 | 2.8 | ¥80 | 957¢- | ¢ 529 1D | vaiH Wd 16d
860 | 200 | S50 | 0€0OT | ZUT | 0ZSe- | 6 660 | S00 | 660 | 8€8 | 080 | 98Te- | 6 §29 | 9V | vaH Wd 16d
260 | 220 | 6TT | 68 | ErZz | 96Te | L 060 | TZ0 | ZvT | 968 | 06C | G672z | 2T 529 | VIN v Wd 16d
- 800 - 99°ET - | svez | ¢ - £0°0 - T2eT - |9esr | ¢ 529 | V/N | NOOIT | ZvH | Téd
960 | €T0 | TUTZ | OEET | 95¥ | 9L0E- | ¥ - - - - - - 0 009 | V/N | NOOIT MX | T6d
00T | 000 | 000 | OEET | 000 | S0€e- | ¢ - - - - - - 0 009 | V/N | NOOIT WM | T6d
660 | 6T0 | TIT | GE€T | OvZ | 8vee | v - - - - - - 0 009 | V/N [9Z0ONC | INd 16d
960 | 9T0 | /80 | SO€T | T6T | T9TE- | eI - - - - - - 0 009 | V/N |SZOONT | WNd 16d
860 | E€T0 | 990 | 0S€T | €6T | LvZe- | 6 - - - - - - 0 009 | V/N | L00NC Wd 16d
00T | SO0 | 2€0 | €80T | 690 | S0/2- | § - - - - - - 0 009 | V/N | SOONC Wd 16d
880 | 8TO0 | LT | T9TU | [ | 1982 | 8 - - - - - - 0 009 | V/N | 9€0Ll Wd 16d
T60 | 8T0 | /80 | 188 | ¥8T | 197z | T - - - - - - 0 009 | V/N | v€0Ll Nd 16d
00T | €00 | TS0 | S€er | OTT | 6v0e- | § - - - - - - 0 009 | V/N | TTOLI Nd 16d
610 | €10 | 86T | 99v | /8C | 99€l- | § - - - - - - 0 009 | V/N |§z089 Wd 16d
€80 | 660 | 0£Z | 80L | 90G | 8E6I- | ¥ - - - - - - 0 009 | V/N | §503a Wd 16d
WM vMe s | Mu3s | Mu | My 3s |(My)BoT me_ ) c2as | fu3s u | v3s | (w)bo me hwsu | | weuo | sised ,_Lm__w_mmm_w,w feierel\

-67-



Statistical Analyses of Uniaxial Creep Rupture Results

Appendix C

660 | 610 | 050 | sg91 | ov1 | g0y | ST | - - - - - - [ o 009 | o | FooNt | Wd | 26d
660 | 910 | /1T | ev9r | 19T | 610r | S - - - - - - | o 009 | buol |dadoont| Wd | 2ed
00T | 100 | 090 | w91 | €T |8vor | § | 660 | 800 | £0T | ze6r | eee | el | § 009 | buol | zioll | Wd | 2ed
60 | er0 | 99T | 1891 | e |6ctr | § | 660 | 800 | vIT | 100z | S5¢ | wer | § 009 | buol | Tioll | Wd | 26d
880 | ce0 | l07 | voe1 | 89y | 60ze | & - - - - - - | o 009 | V/N | 1803 | Wd | z6d
s60 | 9c0 | oce | 091 | scL |ovse | £ | e60 | ec0 | 19T | s8er | lre | 99e- | L 009 | V/N |W0o203a] Wd | zed
60 | ero | e9T | r11 | w9t | scoe | § | v60 | /T0 | 260 | e | so¢ | evee | 8 009 | V/N |swo03a] Wd | zed
60 | 620 | ev0 | 0691 | 60 | 8T | ¥8 | 260 | S0 | 10T | er9T | oec | 880y | vz | 009 | Buol | v Nd | e6d
160 | ov0 | /v0 | SU9T | 90T | evor | ST | 060 | ovo | 180 | 8ewT | T8T | vise | 6e | 009 | v | WV Nd | e6d
580 | .10 | ees | 9ger | el | w6ve | ¢ - - - - - - | o 055 | 1L | TeoNt | Wd | 2ed
00T | 600 | 890 | 200z | 9T | 8075 | S - - - - - - | o 035 | buol |daAooNr| Wd | 26d
00T | 00 | 090 | 561 | ST | wog | 9 - - - - - - | o 035 | buol |eavAooNe Wd | 26d
00T | 800 | ¢50 | 4821 | 921 | 1e9r | 9 | 660 | 800 | LTT | 9591 | esc | veer | € 055 | buol |dvAoONT| Wd | 26d
S60 | €20 | 80T | 6621 | v9¢ | €0l | T | 00T | 900 | 660 | 1891 | €60 | vesr | § 055 | buol |ddF0ONT | Wd | 26d
660 | v10 | 00T | €561 | e | er0g | S - - - - - - | o 0ss | buol | FooNr | Wd | 26d
660 | 110 | 16T | L67¢ | STt | €855 | ¥ - - - - - - | o 055 | 10 | FooNr | Wd | 26d
660 | €10 | 9.0 | 600z | S8T | Lris | 6 - - - - - - | o 05 | oV | FoONT | Wd | 26d
960 | £c0 | 8re | wiiz | g6 | 850 | ¥ - - - - - - | o 055 | Buol |3Qd00Nt| Wd | 26d
260 | 0g0 | £80 | 681 | e0¢ | si6r | 6v | v60 | S0 | 6T | cosT | 6Ly | se6r | 8 0ss | Buo1 | v Nd | 26d
160 | 160 | 280 | ever | 86T | eser | 95 | - - - - - - | o 05 | av | v Nd | 26d
S1s9l [eIXelun T6d 4O S}nsaJ [ednsiels y-g s|gqeL
660 | €0 | ve0 | 0oL | 250 | s | 9 - - - - - - [ o 00, | V/N | L00Ne | Wd | Ted
00T | 800 | sc0 | 90z | svo | ossr- | ¥ - - - - - - | o 0. | V/N | 900Nt | Wd | Ted
860 | or0 | sz0 | w9 | svo | ovi- | er | - - - - - - | o oL | VIN | v Wd | Ted
00T | 900 | ze0 | egor | c90 | s8we | v - - - - - - [ o 059 | V/N |9zooNt | Wd | Ted
860 | r10 | 260 | 188 | 08T | 180z | ¥ - - - - - - | o 059 | V/N |ezooNt | Wd | Ted
00T | 200 | er0 | s88 | 20 | 960z | ¥ - - - - - - | o 059 | V/N |1200Nt | Wd | Ted
660 | 110 | sco | og0r | evo | 198e | w1 | - - - - - - | o 059 | V/N | L0ONe | Wd | Ted
660 | 9r0 | 090 | 901 | 81T | 157¢ | S - - - - - - | o 059 | V/N | 900NT | Wd | Ted
00T | 00 | szo | 198 | v50 | 6z0z | £ - - - - - - | o 059 | V/N | S0ONC | Wd | Ted
960 | 610 | 6v1 | 066 | .6C | sz%c | v - - - - - - | o 059 | V/N | z8oll | Wd | Ted
S| vras | u3s | vu |y as (vwbor (R S| ras | u3s | ou | vas (o1 a2 o | sseo NP eyisyeny

-68 -



2
2
gl - LT - 81T - s | v - 10 - 0507 - | s09z | v 089 | V/N | NOOIT MX | 26d
o| - 70 - 81T - s | ¢ - 600 - 0507 - | 6652 | ¢ 0S9 | V/N | NOOIT WM | 26d
2| 0 | w20 | 96T | v8TT | 66 | L1282 | § 160 | 0E0 | €T | 0S0T | S8¥% | T€92- | § 0S9 | V/N | NOOIT Wd 26d
2| 860 | tro | 880 | 60TT | €8T | vOLe- | S - - - - - - 0 089 | L T2ZONC Wd 26d
| 160 | 210 | 100 | €90T | 09T | 092 | 8 - - - - - - 0 059 | v | TZONC Wd 26d
m 660 | 610 | €50 | 182l | ¥I'T | 020 | L - - - - - - 0 059 | Buol |dAOONC| Wd 26d
| 00T | Zr0o | /€0 | lLeT | LL0 | 866C | L - - - - - - 0 059 | Buol [zdvAOONC| WNd 26d
@S| e60 | 9ro | eso | 98TT | v80 | L0%82- | OF 00T | ¥00 | 920 | 2L€T | /S0 | 662€ | ¥ 09 | Buol [dVAOONC| INd 26d
S| se0 | zzo | es0 | 811 | s0 | wse | we 860 | G20 | 860 | 8TTT | TTC | €00e | § 09 | Buol [ddI0ONC | INd 26d
S| 60 | szo | oo | eoer | osT | oz8z | L - - - - - - 0 039 | BuoT | I00NC Wd 26d
S| oot | 600 | ze0 | erTr | 890 | vz | 9 - - - - - - 0 059 1| FOONC Wd 26d
2| 650 | sto | es0 | werr | 180 | v08e- | et - - - - - - 0 059 | v | F00'NC Wd 26d
Z| 960 | ozo | et1 | 296 | ez | swee | s - - - - - - 0 059 | Buol [4aaooNr| Wd 26d
S| 60 | evo | 901 | oss | vre | eS| s 160 | STO | 6TT | 69 | OvZ | 008I- | § 0s9 | Buol | TTOLI Wd 26d
B| e60 | 120 | 80 | 99u | o1 | 600z | s - - - - - - 0 089 | V/N | 1803a Wd 26d
m 860 | TZ0 | T80 | 00T | 99T | 158z | £ 960 | 820 | OTT | lE2T | SZT | 000€ | £ 089 | V/N [WOO203a| Wd 26d
S60 | €0 | v.T | 982l | lee | 8L0e | G 960 | 9T0 | 22T | 166 | €5C | 6vSe- | § 059 | V/N [SWD'.03d| Wd 26d
960 | 820 | 920 | 9LTT | SG0 | 86z | 88 v6'0 | S€0 | 080 | €2TT | TLT | 69/ | ¥T 039 | Buo Wd 26d
v6'0 | 2€0 | G20 | T8TT | €50 | vI'8Z- | OST | 260 | SEO | 290 | 9STT | 62T | 0582- | I€ 039 | oAV Wd 26d
960 | €10 | 8€T | 65€T | S6C | €ree- | 9 S60 | 810 | 68T | T¥9T | SOv | GTO- | 9 529 | V/N Wd 26d
00T | 00 | €€0 | 88YT | 2,0 | LT9e- | 8 - - - - - - 0 529 | Buol |ddF'0ONC | WNd 26d
160 | 620 | ¥60 | 6TYT | €0C | 9vve- | G2 160 | 820 | ¥6T | ¥9LT | ¥Tv | 18Ty | 0T 529 | eav I Wd 26d
00T | 200 | TE0 | ¥T'9T | 0L0 | 6v0r- | € - - - - - - 0 009 | L T2ONC Wd 26d
00T | 2T0 | €50 | €087 | 12T | 8€vy- | L - - - - - - 0 009 | Buol |dEAOONC| INd 26d
160 | €0 | 8T | v§LT | €6C | eler- | 8 - - - - - - 0 009 | BuoT [zdVAOO'NC| INd 26d
660 | 9T0 | OvO | 98TT | ¥80 | L082- | OT 00T | Y00 | 920 | 2L€T | /S0 | 662€ | ¥ 009 | Buol [dVAQONC| INd 26d
00T | OT0 | S50 | €T | 92T | /82p | L 00T | 200 | €0 | S69T | OLT | 162y | € 009 | Buol [dVAOONC| INd 26d
660 | STO | vEO | €08T | 6L0 | TL¥y- | €2 660 | 9T0 | 850 | €T | VET | Tyvy- | 1T 009 | Buol |ddF'0ONC | WNd 26d
Of 660 | zzo | 160 | vOLT | 80T | S8TY- | L - - - - - - 0 009 | Buol | F00'NC Wd 26d
m 660 | LT0 | 290 | 06T | Tv'T | vZ6e- | 8 - - - - - - 0 009 1D | F0ONC Wd 26d
MW WS levegs | Mugs | MU | vy IS |(Yy)Bon Mwow | fzas | cu3s U | v3s | (w)bo Mmﬂ .%wm | | WeHo | sised ,__w__u%w_w,_u [eL1areN

-69 -



Statistical Analyses of Uniaxial Creep Rupture Results

Appendix C

$158] [eIXeIUN Z6d JO S)NSaJ [edNsIeIs :G-g a|ge L

860 | LU0 | OO0 | ¥29 | TLO | €8€l- | 8 00T | €00 | 6E0 | S€L | ZLO0 | TO9T- | € 052 | Buot I Wd 26d
00T | 00 | 8T0 | 6V6 | SGEO | 880z | S - - - - - - 0 00 | Buol |dGAOONC| WNd z6d
660 | LTO | 620 | 08 | ¥50 | 0Z8I- | OT - - - - - - 0 00L | Buol [ZdvAOONC| INd 26d
160 | €20 | 950 | ¥9L | vOT | GELT-| L 860 | 020 | 980 | T06 | 89T | €80z | ¥ 00L | Buol [dVYAOONC| INd 26d
160 | 920 | 6€0 | z€8 | 9.0 | 006T- | 8T 00T | O0T0 | 2€0 | 6v8 | €90 | 200z | § 002 | Buol |ddF'OONC | N 26d
00T | 900 | vZ0 | 8.8 | 8/0 | 2G6I- | § - - - - - - 0 00z | Buol | F0ONC Wd 26d
660 | E€T0 | 0L0 | /88 | LET | €L6I-| ¥ - - - - - - 0 002 1D | T0ONC Nd 26d
660 | 800 | 920 | 988 | TS0 | L96T- | 6 - - - - - - 0 00L | 8AY | FOO'NC Nd 26d
860 | 910 | 0L0 | TEL | vET | €L9T- | ¥ - - - - - - 0 00, | Buol [4ad@ooNr| Wd z6d
960 | Sz0 | TZOo | TU8 | OYO | €€8T- | ¥9 860 | 810 | Y0 | 198 | 980 | 966T- | 6 00z | Buot I Nd 26d
960 | vZ0 | 0Z0 | €8 | 80 | LEBI- | OL 860 | /10 | Oro | €98 | 6.0 | 200Z- | OT 00L | eAv I Wd 26d
S vz gs | Mu3s | vu | Yy 35 |(Vy)BoT Mww_ | s2as | u3s ‘u v 3s | (w)bo me_ .awwu | | euo | sised ,__w__wﬂ_hw_w,w [eLIB1RIN

-70-




Appendix C Statistical Analyses of Uniaxial Creep Rupture Results

Appendix C

Statistical Analyses of Uniaxial Creep Failure Results

Given below are the tables of statistical analyses of creep rupture results from uniaxial tests
performed under the HIDA and LICON projects by the different partners as well as the uniaxial tests
provided by British Energy Generation Ltd. on 316L(N), P91 and P92 [Lehmann, 1995; ECCC, 1995;
ECCC, 1998].

Notation:

Orient. : Orientation

Temp. : Temperature

Log(H) : Logarithm base 10 of H in the rupture law
SE H : Standard error of H in logarithm base 10

% : Creep exponent in the rupture law

SEv : Standard error of v

SD tr : Standard deviation of the error of the failure times
2 .. . .

IsTAT : Coefficient of determination
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Table C-6: Statistical results of 316L(N) uniaxial rupture data

Material xr?:i?triig; Casts Orient. T[e;rgi) ' I;‘;S: Log(H) | SEH v SEv SD tr rSZTAT
316L(N) PM All Long 500 11 26.80 9.25 -8.78 3.56 0.33 0.40
316L(N) PM 20541 Long 500 7 34.40 9.59 -11.63 3.68 0.25 0.67
316L(N) PM All Long 550 127 30.25 1.42 -10.79 0.57 0.35 0.74
316L(N) PM 428 Long 550 4 33.59 4.26 -11.97 1.68 0.18 0.96
316L(N) | PM 612 Long 550 8 37.03 3.06 -13.47 1.21 0.21 0.95
316L(N) PM 636 Long 550 5 35.92 0.56 -12.90 0.22 0.02 1.00
316L(N) PM 929 Long 550 4 26.57 3.56 -9.34 1.45 0.17 0.95
316L(N) PM 20528 Long 550 8 39.04 3.88 -14.49 1.56 0.25 0.94
316L(N) PM 20540 Long 550 7 34.56 4.14 -12.70 1.66 0.30 0.92
316L(N) PM 20541 Long 550 8 44.37 5.09 -16.32 1.99 0.33 0.92
316L(N) PM All Long 600 127 25.39 0.87 -9.38 0.37 0.32 0.84
316L(N) PM 424 Long 600 8 27.79 1.47 -10.49 0.63 0.08 0.98
316L(N) PM 428 Long 600 2 22.66 0.00 -8.14 0.00 0.00 1.00
316L(N) PM 527 Long 600 5 34.78 421 -13.35 1.80 0.14 0.95
316L(N) PM 612 Long 600 5 30.00 191 -11.27 0.80 0.10 0.99
316L(N) PM 636 Long 600 4 26.73 0.84 -9.78 0.35 0.03 1.00
316L(N) PM 929 Long 600 4 20.59 0.32 -7.33 0.14 0.01 1.00
316L(N) PM 10123 Long 600 10 26.15 3.92 -9.82 1.70 0.33 0.81
316L(N) PM 10125 Long 600 4 31.13 1.70 -11.92 0.72 0.12 0.99
316L(N) PM 20528 Long 600 11 27.72 1.00 -10.53 0.42 0.11 0.98
316L(N) PM 20540 Long 600 7 29.34 1.38 -11.17 0.58 0.11 0.99
316L(N) PM 20541 Long 600 18 26.55 1.29 -9.83 0.53 0.21 0.95
316L(N) PM All Long 650 84 19.51 0.70 -1.42 0.31 0.30 0.87
316L(N) PM HIDA Long 650 5 20.65 2.30 -7.97 1.02 0.12 0.95
316L(N) | PM 428 Long 650 1 - - - - - -
316L(N) PM 612 Long 650 4 20.27 0.83 -1.74 0.38 0.05 1.00
316L(N) PM 636 Long 650 5 18.14 1.16 -6.69 0.54 0.08 0.98
316L(N) PM 929 Long 650 4 18.10 0.59 -6.76 0.27 0.05 1.00
316L(N) PM 10125 Long 650 4 19.63 1.46 -7.52 0.66 0.13 0.99
316L(N) PM 20528 Long 650 9 18.70 1.18 -1.24 0.55 0.22 0.96
316L(N) PM 20540 Long 650 6 19.82 1.22 -7.70 0.56 0.17 0.98
316L(N) PM 20541 Long 650 16 22.01 0.94 -8.55 0.41 0.16 0.97
316L(N) PM All Long 700 24 15.63 0.72 -6.26 0.35 0.25 0.94
316L(N) PM 20528 Long 700 8 16.11 0.89 -6.52 0.44 0.15 0.97
316L(N) PM 20540 Long 700 5 17.28 391 -7.12 1.88 0.50 0.83
316L(N) PM 20541 Long 700 11 1531 0.47 -6.05 0.23 0.13 0.99
316L(N) PM All Long 750 15 13.05 0.36 -5.47 0.19 0.13 0.99
Table C-7: Statistical results of P22 uniaxial rupture data at 565°C
Material ;\(/)I:ctﬁ:ilgr! Casts Orient. T[eorgi) ' ’,;Ieosfsf Log(H) | SEH v SEv SD tr rszm
p22 PM HIDA Long 565 4 21.49 1.28 -8.80 0.62 0.10 0.99
p22 PM HIDA Cr 565 3 24.57 0.68 -10.26 0.32 0.04 1.00
p22 PM HIDA Ave 565 7 22.63 0.94 -9.35 0.45 0.09 0.99
p22 WM HIDA Cr 565 2 17.61 0.00 -6.94 0.00 0.00 1.00
p22 XW HIDA Long 565 4 15.53 1.58 -6.02 0.79 0.08 0.97
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Table C-8: Statistical results of E911 uniaxial rupture data

Material ;\(/)I:ctﬁ:ilgr! Casts Orient. T[eorgi) ' ’,;Ieosfsf Log(H) | SEH v SEv SD tr rszm
E911 HAZ LICON N/A 625 2 2241 - -9.28 - 0.16 -
E911 PM LICON N/A 625 4 23.00 4.35 -9.28 2.06 0.21 0.91
E911 WM LICON N/A 625 2 22.95 - -9.28 - 0.25 -
E911 XW LICON N/A 625 4 22.65 - -9.28 - 0.09 -
E911 HAZ LICON N/A 650 3 19.44 - -8.54 - 0.22 -
E911 PM LICON N/A 650 4 20.42 5.25 -8.54 2.62 0.32 0.85
E911 XW LICON N/A 650 4 19.91 - -8.54 - 0.27 -

Table C-9: Statistical results of P91 uniaxial rupture data

Material xr?ctﬁtrilgr! Casts Orient. T[?,'E? : ',;Iel?: Log(H) | SEH v SEv | SDtr | réar
P91 PM All N/A 500 11 55.48 1.68 -21.22 0.68 0.10 0.99
Po1 PM All N/A 550 112 33.37 1.65 -12.89 0.71 0.46 0.75
P91 PM DE.05.1 N/A 550 5 37.32 3.50 -14.46 1.49 0.22 0.97
Po1 PM DE.05.2 N/A 550 4 34.12 291 -13.07 1.25 0.18 0.98
P91 PM DE.05.4 N/A 550 4 27.74 2.40 -10.30 1.02 0.15 0.98
P91 PM DE.05.6 N/A 550 4 31.77 2.09 -11.94 0.88 0.09 0.99
Po1 PM DE.05.7 N/A 550 4 38.07 2.70 -15.00 1.15 0.17 0.99
P91 PM DE.05.8 N/A 550 4 40.72 0.55 -16.10 0.23 0.03 1.00
Po1 PM DE.05.12 N/A 550 4 27.02 1.32 -10.11 0.57 0.05 0.99
P91 PM GB.02.5 N/A 550 4 48.39 0.71 -19.65 0.31 0.02 1.00
Po1 PM IT.03.4 N/A 550 12 44.14 1.89 -17.41 0.81 0.10 0.98
P91 PM JN.00.5 N/A 550 4 33.17 8.24 -12.91 3.49 0.35 0.87
Po1 PM JN.00.7 N/A 550 5 37.53 1.66 -14.87 0.70 0.10 0.99
P91 PM JN.00.26 N/A 550 4 37.29 2.70 -14.70 1.14 0.12 0.99
Po1 PM All N/A 580 15 20.58 4.23 -1.97 1.89 0.31 0.62
P91 PM Aged N/A 580 6 29.74 1.86 -12.21 0.84 0.08 0.98
Po1 PM New N/A 580 7 32.69 1.36 -13.22 0.60 0.05 0.99
Po1 HAZ LICON N/A 600 2 18.28 0.00 -7.62 0.00 0.00 1.00
P91 PM All N/A 600 242 21.96 0.67 -8.73 0.31 0.31 0.77
Po1 PM LICON N/A 600 4 25.24 6.11 -10.33 2.86 0.21 0.87
P91 PM RANTALA N/A 600 4 27.49 4.19 -11.33 1.95 0.17 0.17
Po1 PM BE.01.4 N/A 600 5 23.33 3.92 -9.52 1.87 0.31 0.90
P91 PM CH.02.AZ N/A 600 10 14.31 1.42 -4.97 0.67 0.16 0.87
Po1 PM CH.02.W1 N/A 600 7 12.98 1.18 -4.26 0.56 0.10 0.92
P91 PM CH.02.W2 N/A 600 10 14.15 177 -4.94 0.83 0.19 0.85
Po1 PM CH.02.W3 N/A 600 7 14.08 1.96 -4.84 0.92 0.16 0.85
P91 PM DE.05.1 N/A 600 5 23.73 2.04 -9.55 0.94 0.23 0.97
Po1 PM DE.05.2 N/A 600 5 21.27 1.93 -8.42 0.89 0.22 0.97
Po1 PM DE.05.5 N/A 600 4 17.71 5.55 -6.61 2.52 0.42 0.77
P91 PM GB.02.5 N/A 600 5 11.03 1.55 -3.67 0.74 0.07 0.89
Po1 PM IT.01.1 N/A 600 5 26.49 211 -10.83 0.98 0.07 0.98
P91 PM IT.03.4 N/A 600 12 21.49 177 -8.51 0.84 0.18 0.91
Po1 PM IT.03.6 N/A 600 8 25.12 2.76 -10.22 1.30 0.13 0.91
P91 PM JN.00.5 N/A 600 5 24.55 0.92 -9.91 0.43 0.06 0.99
Po1 PM JN.00.7 N/A 600 9 29.65 1.36 -12.42 0.63 0.12 0.98
P91 PM JN.00.25 N/A 600 12 29.16 1.37 -12.14 0.63 0.11 0.97
Po1 PM JN.00.26 N/A 600 4 30.62 2.60 -12.74 1.20 0.21 0.98
Po1 WM LICON N/A 600 2 20.99 0.00 -8.26 0.00 0.00 1.00
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P91 XW LICON N/A 600 4 1998 | 262 | -801 | 123 0.09 0.95
P91 HAZ LICON N/A 625 2 2210 | 000 | -10.07 | 0.0 0.00 1.00
P91 PM Al N/A 625 40 1985 | 183 | -823 | 090 0.39 0.91
P91 PM HIDA Ave 625 9 1861 | 054 | -753 | 027 0.03 0.99
P91 PM HIDA cr 625 3 1913 | 009 | -7.78 | 005 0.00 1.00
P91 PM HIDA Long 625 4 1825 | 088 | -7.36 | 043 0.04 0.99
P91 PM LICON N/A 625 4 2350 | 192 | -1007 | 096 0.10 0.98
P91 WM Al N/A 625 4 19.89 - -8.23 - 0.55 -
P91 WM HIDA Ave 625 2 18.12 - -7.53 - 0.17 -
P91 WM LICON Ave 625 2 24.14 - -10.07 - 071 -
P91 XW Al N/A 625 8 19.06 - -7.53 - 0.41 -
P91 XW HIDA Ave 625 4 17.64 - -7.53 - 0.69 -
P91 XW LICON N/A 625 4 22,67 - -10.07 - 0.36 -
P91 PM Al N/A 650 145 1734 | 042 | -7.37 | 022 0.28 0.89
P91 PM CH.02W2 | N/A 650 6 1647 | 115 | -688 | 062 0.11 0.97
P91 PM DE.05.1 N/A 650 5 1783 | 077 | -7.62 | 038 0.12 0.99
P91 PM DE.05.2 N/A 650 5 1935 | 107 | -834 | 053 0.17 0.99
P91 PM DE.05.4 N/A 650 4 1627 | 304 | -681 | 154 0.23 091
P91 PM GB.02.4 N/A 650 6 1532 | 073 | 648 | 041 0.09 0.98
P91 PM GB.02.5 N/A 650 6 1414 | 046 | -598 | 025 0.05 0.99
P91 PM GB.02.6 N/A 650 6 1568 | 079 | -665 | 043 0.09 0.98
P91 PM IT.01.1 N/A 650 5 1531 | 102 | 635 | 053 0.05 0.98
P91 PM IT.03.4 N/A 650 18 17.78 | 064 | -7.59 | 033 0.14 0.97
P91 PM IT.08.2 N/A 650 4 2134 | 025 | -928 | 013 0.02 1.00
P91 PM IN.00.5 N/A 650 7 1790 | 020 | -7.60 | 0.0 0.03 1.00
P91 PM IN.00.6 N/A 650 5 2156 | 130 | -941 | 067 0.18 0.99
P91 PM IN.00.7 N/A 650 14 2136 | 044 | -941 | 023 0.10 0.99
P91 PM IN.00.21 N/A 650 4 1951 | 004 | -835 | 002 0.00 1.00
P91 PM IN.00.23 N/A 650 4 1988 | 177 | -857 | 090 0.14 0.98
P91 PM IN.00.26 N/A 650 4 2296 | 101 | -1013 | 051 0.10 1.00
P91 PM Al N/A 700 13 1404 | 037 | -648 | o021 0.12 0.99
P91 PM IN.00.6 N/A 700 4 1456 | 028 | 676 | 0.16 0.05 1.00
P91 PM IN.00.7 N/A 700 6 1355 | 027 | -620 | 0.16 0.06 1.00

Table C-10: Statistical results of P92 uniaxial rupture data

Material ;\cl)lr?;?trilgr: Casts Orient. T[Ff,néij ' I;lelg Log(H) | SEH v SEv SD tr rszTAT
P92 PM Al Ave 550 56 4825 | 194 | -1884 | 0.80 0.30 091
P92 PM Al Long 550 49 4777 | 197 | -1863 | 081 0.29 0.92
P92 PM | JN.OO.DDF | Long 550 4 7030 | 622 | -2785 | 254 0.15 0.98
P92 PM IN.00.E Ave 550 9 5038 | 118 | -19.85 | 047 0.08 1.00
P92 PM IN.00.E cr 550 4 5271 | 167 | -2084 | 069 0.06 1.00
P92 PM IN.00.E Long 550 5 4968 | 173 | -1958 | 071 0.10 1.00
P92 PM | JN.OOEPP | Long 550 17 4529 | 271 | <1752 | 111 0.23 0.94
P92 PM | JN.OO.YAP | Long 550 6 4466 | 141 | -1743 | 058 0.09 1.00
P92 PM | JN.00.YAP2 | Long 550 6 4856 | 094 | -19.02 | 0.38 0.05 1.00
P92 PM | IJN.O0.YBP | Long 550 5 5082 | 142 | -1991 | 058 0.07 1.00
P92 PM IN.02.1 Tr 550 3 3856 | 10.39 | -1463 | 4.36 0.14 0.92
P92 PM Al Ave 600 125 | 3631 | 091 | -1476 | 0.40 0.35 091
P92 PM Al Long 600 85 3911 | 084 | -1597 | 037 0.25 0.96
P92 PM | DEO7.CMS | N/A 600 5 2406 | 310 | -9.06 1.38 0.10 0.94
P92 PM | DEO7.CQM | N/A 600 4 3407 | 528 | -1372 | 240 0.19 0.94
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P92 PM DE.08.1 N/A 600 7 26.92 4.67 -10.48 2.08 0.32 0.84
P92 PM IT.01.1 Long 600 5 41.94 2.53 -17.39 1.13 0.08 0.99
P92 PM IT.01.2 Long 600 5 38.72 2.52 -15.92 1.13 0.08 0.99
P92 PM JN.00.DDF Long 600 5 38.25 2.74 -15.55 1.20 0.16 0.98
P92 PM JN.00.E Ave 600 15 37.98 0.98 -15.60 0.43 0.16 0.99
P92 PM JN.00.E Cr 600 8 36.65 1.16 -15.02 0.51 0.14 0.99
P92 PM JN.00.E Long 600 7 39.99 1.56 -16.46 0.68 0.16 0.99
P92 PM JN.00.EPP Long 600 23 40.84 0.87 -16.63 0.37 0.16 0.99
P92 PM JN.00.YAP Long 600 7 41.42 1.09 -17.03 0.47 0.09 1.00
P92 PM JN.00.YAP Long 600 10 25.85 1.00 -11.09 0.47 0.18 0.99
P92 PM JN.00.YAP2 | Long 600 8 39.86 271 -16.37 1.18 0.22 0.97
P92 PM JN.00.YBP Long 600 7 41.17 1.20 -16.88 0.52 0.11 1.00
P92 PM JN.02.1 Tr 600 3 32.13 2.59 -12.73 1.15 0.06 0.99
P92 PM All Ave 625 25 29.29 1.39 -12.11 0.65 0.20 0.94
P92 PM JN.00.EPP Long 625 8 32.08 0.83 -13.31 0.38 0.08 1.00
P92 PM LICON N/A 625 6 27.17 2.31 -11.13 1.08 0.10 0.96
P92 PM All Ave 650 130 24.52 0.47 -10.40 0.23 0.28 0.94
P92 PM All Long 650 88 25.06 0.52 -10.66 0.25 0.27 0.96
P92 PM DE.07.CMS N/A 650 5 22.62 2.36 -9.24 1.13 0.15 0.96
P92 PM DE.07.CQM N/A 650 7 25.33 1.88 -10.79 0.92 0.23 0.96
P92 PM DE.08.1 N/A 650 6 18.81 0.87 -7.49 0.43 0.11 0.99
P92 PM IT.01.1 Long 650 5 14.58 1.81 -5.56 0.89 0.11 0.93
P92 PM JN.00.DDF Long 650 5 22.76 181 -9.55 0.87 0.16 0.98
P92 PM JN.00.E Ave 650 13 24.25 0.87 -10.42 0.41 0.19 0.98
P92 PM JN.00.E Cr 650 6 23.87 091 -10.22 0.44 0.13 0.99
P92 PM JN.00.E Long 650 7 2441 151 -10.51 0.71 0.25 0.98
P92 PM JN.00.EPP Long 650 24 24.74 091 -10.44 0.43 0.29 0.96
P92 PM JN.00.YAP Long 650 10 25.85 1.00 -11.09 0.47 0.18 0.99
P92 PM JN.00.YAP2 | Long 650 7 26.13 0.11 -11.22 0.50 0.16 0.99
P92 PM JN.00.YBP Long 650 7 27.98 1.40 -12.05 0.65 0.23 0.99
P92 PM JN.02.1 Ave 650 8 20.37 1.09 -8.23 0.53 0.08 0.98
P92 PM JN.02.1 Tr 650 5 20.55 0.92 -8.33 0.44 0.05 0.99
P92 PM LICON N/A 650 5 22.95 3.69 -9.61 1.81 0.22 0.90
P92 WM LICON N/A 650 2 22.55 - -9.61 - 0.10 -

P92 XW LICON N/A 650 4 22.50 - -9.61 - 0.17 -

P92 PM All Ave 700 70 16.55 0.35 -7.46 0.18 0.22 0.96
P92 PM All Long 700 64 16.50 0.37 -7.43 0.19 0.23 0.96
P92 PM JN.00.DDF Long 700 4 16.13 0.97 -7.26 0.51 0.11 0.99
P92 PM JN.00.E Ave 700 9 18.77 0.36 -8.63 0.18 0.06 1.00
P92 PM JN.00.E Cr 700 4 18.02 0.46 -8.24 0.23 0.04 1.00
P92 PM JN.00.E Long 700 5 19.21 0.50 -8.85 0.25 0.06 1.00
P92 PM JN.00.EPP Long 700 18 17.18 0.64 -7.67 0.33 0.22 0.97
P92 PM JN.00.YAP Long 700 7 15.53 1.05 -6.95 0.57 0.23 0.97
P92 PM JN.00.YAP2 | Long 700 10 15.47 0.61 -6.96 0.33 0.19 0.98
P92 PM JN.00.YBP Long 700 5 18.45 0.84 -8.53 0.43 0.16 0.99
P92 PM All Long 750 8 12.53 0.71 -6.23 0.40 0.17 0.98

In this appendix, a summary of the main statistical analyses tabulated in Appendices D and E is given. In fact,
this summary contains only the statistical analyses from all batches combined. The uniaxial results presented here
can be seen as references values of Log(As), s, SD &5, LOG(Aave), Naves SD €ave, LOG(H), v and SD tr, when very little
or no information is available for the five materials. The notation is similar to the one defined in Appendices D and
E.
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Table C-6: Summary of the principal statistical results of uniaxial for secondary creep strain rate

Material xr?:iei!triic?rl\ Casts Orient. T[eorg]p ' ’t\le;;): Log(As) | SE A ng SE n, SD & rSZTAT
316L(N) PM All Long 550 110 -30.21 1.92 10.15 0.76 0.43 0.75
316L(N) PM All Long 600 126 -25.02 0.75 8.76 0.32 0.39 0.86
316L(N) PM All Long 650 87 -22.34 0.72 8.27 0.32 0.38 0.88
316L(N) PM All Long 700 23 -17.28 0.94 6.63 0.46 0.36 0.91
316L(N) PM All Long 750 15 -14.33 071 5.78 0.37 0.26 0.95
P22 PM HIDA Ave 565 7 -28.76 1.65 11.76 0.79 0.17 0.98
Pa1 PM Aged N/A 580 6 -33.06 211 13.11 0.95 0.09 0.98
Po1 PM New N/A 580 7 -36.88 2.84 14.49 1.25 0.12 0.98
Pa1 PM All N/A 625 12 -22.95 2.90 8.96 1.42 0.21 0.90
P92 PM All Ave 600 39 -38.14 1.81 14.88 0.81 0.40 0.90
P92 PM All Long 600 24 -40.88 2.30 16.13 1.01 0.35 0.92
P92 PM All Ave 625 10 -42.81 4.14 17.64 1.94 0.28 0.91
P92 PM All Ave 650 31 -28.50 1.29 11.56 0.62 0.35 0.92
P92 PM All Long 650 14 -27.69 171 11.23 0.80 0.35 0.94
P92 PM All Ave 700 10 -20.02 0.79 8.53 0.40 0.17 0.98
P92 PM All Long 700 9 -19.96 0.86 8.51 0.44 0.18 0.98
P92 PM All Long 750 3 -16.01 0.72 7.35 0.39 0.03 1.00
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Table C-7: Summary of the statistical results of uniaxial for average creep strain rate
Material xr?:iei!triic?rl\ Casts Orient. T[e;g) ' I;le;;): Log(Aawe)| SE A Nave SE Nae | SD éawe rszTAT
316L(N) | PM All Long 550 127 | -3325 | 158 | 11.74 | 063 0.38 0.74
316L(N) | PM All Long 600 124 | 2482 | 095 8.96 0.40 0.34 0.81
316L(N) | PM All Long 650 82 -1968 | 079 7.37 035 0.34 0.85
316L(N) | PM All Long 700 24 1522 | 081 5.98 0.39 0.28 0.91
316L(N) | PM All Long 750 15 1374 | 041 5.78 021 0.5 0.98
P22 PM HIDA Ave 565 7 2569 | 164 | 1057 | 079 0.17 0.97
P91 PM All N/A | 500 11 5502 | 229 | 2081 | 0.92 0.14 0.98
P91 PM All N/A | 550 110 | -3631 | 203 | 1387 | 087 0.54 0.70
P91 PM Aged N/A 580 6 2999 | 213 | 1203 | 096 0.09 0.98
P91 PM New N/A 580 7 -3538 | 229 | 1414 | 101 0.09 0.98
P91 PM All N/A | 600 238 | -2400 | 081 9.41 0.38 0.42 0.72
P91 PM Al N/A | 625 37 2196 | 243 8.94 1.19 0.22 0.92
P91 PM All N/A | 650 145 | -19.06 | 049 7.98 0.25 0.32 0.87
P91 PM All N/A | 700 13 -14.96 | 048 6.71 0.27 0.16 0.98
P92 PM All Ave 550 56 -4953 | 198 | 1913 | 082 031 091
P92 PM Al Long 550 49 -49.15 | 203 | 1897 | 083 0.30 0.92
P92 PM All Ave 600 125 | -4013 | 106 | 1615 | 047 0.40 091
P92 PM All Long 600 84 4182 | 095 | 1690 | 042 0.29 0.95
P92 PM Al Ave 625 25 -3446 | 203 | 1419 | 094 0.29 091
P92 PM All Ave 650 130 | -2814 | 053 | 1181 | 025 0.32 0.94
P92 PM All Long 650 88 2798 | 055 | 1176 | 0.26 0.28 0.96
P92 PM All Ave 700 70 1837 | 0.38 8.13 0.20 0.24 0.96
P92 PM All Long 700 64 -18.33 | 0.40 8.11 021 0.24 0.96
P92 PM All Long 750 8 -1383 | 071 6.74 0.40 0.17 0.98
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Table C-8: Summary of the principal statistical results of uniaxial for rupture data

Material ;\(/)I:ctﬁ:ilgr! Casts Orient. T[eorgi) ' ’,;Ieosfsf Log(H) | SEH v SEv SD tr rszm
316L(N) PM All Long 550 127 30.25 1.42 -10.79 0.57 0.35 0.74
316L(N) PM All Long 600 127 25.39 0.87 -9.38 0.37 0.32 0.84
316L(N) PM All Long 650 84 19.51 0.70 -7.42 0.31 0.30 0.87
316L(N) PM All Long 700 24 15.63 0.72 -6.26 0.35 0.25 0.94
316L(N) PM All Long 750 15 13.05 0.36 -5.47 0.19 0.13 0.99
p22 PM HIDA Ave 565 7 22.63 0.94 -9.35 0.45 0.09 0.99
Po1 PM All N/A 500 11 55.48 1.68 -21.22 0.68 0.10 0.99
P91 PM All N/A 550 112 33.37 1.65 -12.89 0.71 0.46 0.75
Po1 PM All N/A 600 242 21.96 0.67 -8.73 0.31 0.31 0.77
Pa1 PM All N/A 625 41 19.85 1.83 -8.23 0.90 0.39 0.91
Po1 PM All N/A 650 145 17.34 0.42 -1.37 0.22 0.28 0.89
Pal1 PM All N/A 700 13 14.04 0.37 -6.48 0.21 0.12 0.99
P92 PM All Ave 550 56 48.25 1.94 -18.84 0.80 0.30 0.91
P92 PM All Long 550 49 47.77 1.97 -18.63 0.81 0.29 0.92
P92 PM All Ave 600 125 36.31 0.91 -14.76 0.40 0.35 091
P92 PM All Long 600 85 39.11 0.84 -15.97 0.37 0.25 0.96
P92 PM All Ave 625 25 29.29 1.39 -12.11 0.65 0.20 0.94
P92 PM All Ave 650 130 24.52 0.47 -10.40 0.23 0.28 0.94
P92 PM All Long 650 88 25.06 0.52 -10.66 0.25 0.27 0.96
P92 PM All Ave 700 70 16.55 0.35 -7.46 0.18 0.22 0.96
P92 PM All Long 700 64 16.50 0.37 -7.43 0.19 0.23 0.96
P92 PM All Long 750 8 12.53 0.71 -6.23 0.40 0.17 0.98
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Appendix D

Fracture Mechanics Formulae for Laboratory Specimens

In this appendix the formulae for evaluating laboratory specimen data are given. They include, for the
CT and the C-ring specimens, the non-dimensional geometry function (Y) in the stress intensity factor
solutions, the different reference stress solutions, oy, and the factor relating J to the area under the load-
line displacement curve in the plastic regime, #, which is used to calculate the experimental creep fracture
parameter C*,

CT specimen [Miller, 1988; Webster 1994; Commissariat a I'Energie Atomique, 1995; Charlton,
1998 and ASTM, 2001b and 2001d]

2 3 4
(2+aj- 0.866+4.64-(a)—13.32(aj +14.72-(aj —5.6-(6‘)
N W W W W W

Y = - G (E-1)

ﬂ'-(l—j

W W

P 1

Gcr B .
po VM BW P
a a (E-2)
—1+y-— |+ ([ 1+y | —| |- 1+
( ywj \/( 7(WJJ( 7)
Wherey:2/\/1_3
P 1
O-E;Tresca = B.-W : )
—(1+aj+\/[2+2-[aj J (E-3)
w w
o __P 1
Opevm = :
' B-W 2
2 a a (E-4)
— = 1+y-— |+ [Q+y)1+y| —
(172 foen] M}]
where y =1.702
cT P ) 1

O =

T oew [ (1+ V- V?/j + \/(1+ 7/)-{1+ V- (V?/TH =

where y = 1.702
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ny =2+0522. (1— v%j (E-6)

C specimen [Miller, 1988;Charlton, 1998 and ASTM, 2001b]
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Appendix E

Creep Crack Growth Experimental Results

The key materials property data for a high temperature fitness-for-service assessment are creep strain,
creep rupture and creep and fatigue crack growth information. Given below are the tables (E1-E4) of
creep crack growth test matrices performed or collated under the HIDA, LICON and FITNET projects by
the different partners. The test conditions and global results are contained in these tables and statistically
analyzed. It should be noted that in some cases there are only few tests performed and therefore the degree

Appendix E

Creep Crack Growth Experimental Results

of confidence in the properties would be lower.

Notation:

Orient.
Spec.

Temp.
Log(D)
SED

¢
SE ¢
SD &

: Orientation
: Specimen size

: Temperature

: Logarithm base 10 of D in the creep crack growth law

: Standard error of D in logarithm base 10

: Creep exponent in the rupture law

: Standard error of ¢

. Standard deviation of the error of the creep crack growth rate

Log(D;) : Logarithm base 10 of D; in the initiation law

SE D; : Standard error of D; in logarithm base 10
& : Creep exponent in the initiation law
SE ¢ : Standard error of ¢
SD t : Standard deviation of the error of the initiation times
2 .. . .
ISTAT : Coefficient of determination
Instit.  : Institution which carried out the test
P : Applied load on the specimen
W : Width of the specimen
B : Thickness of the specimen
Bn : Net thickness of the specimen
Qini - Initial crack length
afin : Final crack length
da/dt=DC"’ : Creep crack growth rate relationship versus C*
CCG  Creep Crack Growth Rate _
CClI Creep Crack Initiation at 0.2mm crack extension a;=D;C**

Statistical Analyses of CCG and CCI Experimental Results

Given below are the tables (E1-E3) which can be used as reference values of Log(D), ¢, SD ass,
Log(Di), ¢ and SD t;, in the CCG and CCI when very little or no information is available for the five
materials. Table E4 gives an average summary of the results for the relationship da/dt=DC"?
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Table E-1: Statistical results of Creep Crack Growth (CCG) tests

. Material . Temp. N° of . 2
Material condition Casts | Orient. | Spec. [°C] | tests/points Log(D) | SED @ SE ¢ SD a rsTAT

316L(N) PM HIDA N/A | CT25 | 650 2/21 0.013 | 0.035 | 0.672 0.010 0.073 0.995

316L(N) PM HIDA | N/A | CT50| 650 3/36 0.381 | 0.108 | 0.735 0.038 0.226 0.914

316L(N) PM PROFIS| N/A | CT50| 650 2/33 1.124 | 0.091 | 1.085 0.024 0.072 0.984

316L(N) PM All N/A CT 650 7/90 0.438 | 0.093 | 0.834 0.028 0.300 0.910
P22 HAZ HIDA Cr CT25| 565 2/41 1.277 | 0.054 | 0.883 0.010 0.089 0.992
p22 HAZ HIDA | Long | CT25| 565 2/35 1.323 | 0.073 | 0.813 0.013 0.091 0.983
p22 HAZ HIDA All | CT25| 565 4176 1.340 | 0.089 | 0.874 0.022 0.187 0.955
p22 PM HIDA Cr CT25| 565 5/91 0.550 | 0.048 | 0.695 0.012 0.133 0.975
p22 PM HIDA | Long |CT25| 565 2/24 0.125 | 0.061 | 0.588 0.014 0.054 0.987
P22 PM HIDA All | CT25| 565 7/115 0.510 | 0.043 | 0.684 0.011 0.126 0.973
p22 PM HIDA Cr CT50 | 565 1/19 0.785 | 0.092 | 0.733 0.026 0.085 0.979
P22 PM HIDA All CT 565 8/134 0.556 | 0.040 | 0.692 0.010 0.127 0.973
E911 PM LICON | N/A | C25 625 2/32 1.700 | 0.113 | 0.917 0.024 0.074 0.980
E911 PM LICON | N/A | C25 625 2/50 2.227 | 0.092 | 0.979 0.021 0.094 0.978
E911 PM LICON | N/A | C25 625 2/101 2.353 | 0.079 | 0.985 0.020 0.083 0.962
P91 HAZ HIDA N/A | CT25| 625 2/29 5.162 | 0.682 | 1.512 0.127 0.262 0.839
P91 HAZ ELSAM| All | CT50| 580 2/32 1578 | 0.167 | 0.917 0.048 0.114 0.923
P91 PM HIDA Cr CT25| 625 3/23 0.116 | 0.313 | 0.659 0.075 0.255 0.783
P91 PM HIDA | Long |CT25| 625 2/22 -0.170 | 0.366 | 0.496 0.085 0.172 0.792
P91 PM HIDA All | CT25| 625 5/34 -0.091 | 0.319 | 0.577 0.075 0.301 0.644

P91 |PM-Aged|ELSAM| N/A | CT50| 580 2/52 0.400 | 0.046 | 0.662 0.014 0.059 0.979

P91 PM - New [ELSAM | N/A | CT50| 580 3/49 0.355 | 0.127 | 0.684 0.036 0.134 0.886

Po1 PM ELSAM| N/A | CT50| 580 5/101 0.432 | 0.071 | 0.688 0.020 0.118 0.919
P91 PM LICON | N/A | C25 600 6/109 0.694 | 0.083 | 0.698 0.018 0.160 0.932
Po1 WM ELSAM| N/A | CT50| 580 3/58 1.443 | 0.143 | 0.880 0.038 0.143 0.904
P91 XW LICON | N/A | C25 600 2/22 1.629 | 0.111 | 0.843 0.025 0.093 0.983
P92 PM LICON | N/A | C25 625 2147 0.929 | 0.055 | 0.750 0.015 0.113 0.982
P92 XW LICON | N/A | C25 625 1/6 3.228 | 0.226 | 1.207 0.053 0.032 0.992

Table E-2: Statistical results of Creep Crack Initiation (CCI) tests for Aa=0.2 mm

Material ggﬁé?trilc?rl\ Casts | Orient. | Spec. T[irg? ' ’t\fsgsf Log(Di) | SE Di & SE ¢ SDt At
316L(N) PM HIDA N/A CT50 650 3 -1.011 | 0.785 | 0.815 | 0.294 | 0.308 | 0.885
p22 PM HIDA Cr CT25 565 6 -1.429 | 0722 | 0.847 | 0.145 | 0.177 | 0.985
E911 XW LICON | N/A C25 625 3 -5.436 | 0.040 | 1551 | 0.008 | 0.007 | 0.999
P91 PM PROFIS| N/A CT50 580 3 -0.650 | 1.243 | 0.673 | 0.320 | 0.320 | 0.816
P91 PM HIDA Cr CT25 625 3 0.556 | 2.056 | 0.430 | 0.457 | 0.745 | 0.470
P91 PM LICON | N/A C25 600 9 -1.312 | 1469 | 0.849 | 0.279 | 0.249 | 0.568
P91 WM PROFIS| N/A CT50 580 3 0.085 | 0.715 | 0.406 | 0.181 | 0.116 | 0.834
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Table E-3: Statistical results of Creep Crack Initiation (CCI) tests for Aa = 0.5 mm

Material (!\(/)Ir?:i?trilgr! Casts | Orient. | Spec. T[igo ’ ’t\gs'?sf Log(Dj)) | SE D -4 SE ¢ SD t; rszm
316L(N) PM HIDA N/A CT50 650 3 0.137 1.540 0.466 0.494 0.648 0.470
P22 PM HIDA Cr CT25 565 6 0.146 0.565 0.602 0.117 0.157 0.869
E911 PM LICON | N/A C25 625 3 2.147 6.275 0.187 1.221 0.239 0.023
E911 XW LICON N/A C25 625 3 -4.668 | 1.059 1.472 0.225 0.175 0.977
Pa1 PM PROFIS| N/A CT50 580 3 -0.951 | 0.383 0.833 0.097 0.096 0.987
P91 PM HIDA Cr CT25 625 3 -0.632 | 0.227 | 0.749 | 0.050 | 0.057 | 0.996
Po1 PM LICON N/A C25 600 6 0.714 1.030 0.525 0.193 0.160 0.648
P91 WM PROFIS| N/A CT50 580 3 -0.918 | 0.630 0.749 0.154 0.111 0.959

Table E4: Summarized average best estimate creep crack growth properties from all tests

Material Condition  Temp °C & D ¢
p22 parent 565 0.37 5.2 0.85
P22 weld 565 0.07 35 0.64
Pa1 parent - 0.13 1.8 0.63
P91 weld - 0.02 20 0.80

1Cr_cast parent 530 0.22 4.2 0.72

1Cr_forged parent 540-550 0.17 25 0.69
316SS parent 550.625 - 2.3 0.74
316HAZ parent 510,525,560 - 2.4 0.69

Where & is the uniaxial ductility
Using where C* isin MJ/m*h and is in mm/hour
da/dt=DC"*
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Assessments of the type described above have been performed for a range of materials and data
were collated during the FITNET project as illustrated in Table E4 for creep crack growth data. More
recently, long-term creep crack growth data have been obtained from tests lasting several years and
these indicate that data are approximately inversely proportional to material ductility as suggested by the
models discussed in the main text. Thus, where materials are known to have low long-term ductility,
caution must be exercised in using creep crack growth data from short-term tests in which the
representative ductility is higher, possibly because the failure mechanism differs at long times.

Table E4. Typical Creep crack growth data collated during the FITNET project.
Constants are those in egn (27) with ain units of m/h and C* in units of MPa m/h.

Material Temperature | Upper Bound Mean
°C)

A q A q
Plain C steels 482 - 538 0.015 | 1.0 0.006 | 1.0
%CrMoV, wrought and cast 500 - 600 0.06 0.80 0.006 | 0.80
%CrMoV, Type IV 540 - 565 0.15 0.80 0.007 | 0.80
»CrMoV, coarse HAZ 565 0.30 0.80 0.10 0.80
1CrMo 450-600 0.02 0.84 0.006 | 0.84
1CrMoV 538 - 594 0.015 | 0.75 0.005 | 0.79
2%,Cr1Mo weld metal 540 - 565 0.015 | 0.647 | 0.003 | 0.647
2%,Cr1Mo wrought 550 - 600 0.006 | 0.80 0.004 | 0.83
Type 304 and Type 304H 650 - 760 0.035 | 1.0 0.007 | 1.0
Type 304, service exposed 760 0.10 0.85 0.05 0.85
Type 321, wrought 650 0.02 0.90 0.005 | 0.90
Type 316 and 316H, Wrought
short term 500 - 550 0.021 | 0.81 0.005 | 0.81
Medium term 500 - 550 0.007 | 0.62 .001 0.54
Long term 500 - 550 0.22 0.89 0.088 | 0.89
Type 316 weld 600 - 650 0.06 0.876 | 0.01 0.876
Inconel 800H 800 0.08 0.90 0.025 | 0.90
In 939 850 0.20 1.0 0.04 1.0
Modified 9Cr 580 - 593 0.005 | 0.65 0.003 | 0.70
Aluminium alloy RR 58 150 2.5 0.85 15 0.85
Aluminium alloy 2519 - T851 135 0.35 0.90 0.175 | 0.90
Astroloy API 700 0.124 | 0.78 0.054 | 0.79

New R5 Proposed Equations for 316H data

The proposed new equations for predicting long-term creep crack growth rates in Type 316H steel,
as summarised in the table above, are given in more detail below. Mean (E1-E3) and upper bound (E4-
E6) creep crack growth rates are:

da/dt = 0:088C*0%" C* < 3x10® MPa mh™
(E1)

da/dt = 0.0011C*>* 3x10°%<C* <3x10° MPa mh'*
(E2)

da/dt = 0.005C*?-8! C* > 3x10° MPa mh
(E3)
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da/dt = 0.221C*%®%1 C* < 3x10° MPa mh
(E4)

da/dt = 0.007C*0618 3x10°<C* <3x10° MPa mh'*
(ES5)

da/dt = 0.021C*8! C* > 3x10° MPa mh™*
(E6)

These new proposals as shown in equations E1-E6 update the creep crack growth data for ex-service
Type 316H materials at 525 and 550 C. The proposals provide a significantly improved description of
the creep crack growth data, particularly in the low C* regime.
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