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FOREWORD

This document is the result of work resulting from Cooperative Agreement DE-FC07-051D14712
between the U.S. Department of Energy (DOE) and ASME Standards Technology, LLC (ASME ST-
LLC) for the Generation 1V (Gen IV) Reactor Materials Project. The objective of the project is to
provide technical information necessary to update and expand appropriate ASME materials,
construction and design codes for application in future Gen IV nuclear reactor systems that operate at

elevated temperatures. The scope of work is divided into specific areas that are tied to the Generatiop
IV Reactors Integrated Materials Technology Program Plan. This report is the result of~wor
performed under Task 8 titled “Creep and Creep-Fatigue Crack Growth at Structural Discontinuitie
and Welds.”

ASME ST-LLC has introduced the results of the project into the ASME volunteer standard
committees developing new code rules for Generation IV nuclear reactors. The project deliverable
are expected to become vital references for the committees and serve as importdnt technical bases fo
new rules. These new rules will be developed under ASME’s voluntary gensensus process, whic
requires balance of interest, openness, consensus and due process. Through the course of the project
ASME ST-LLC has involved key stakeholders from industry and governrient to help ensure that th
technical direction of the research supports the anticipated codes and-Standards needs. This directe
approach and early stakeholder involvement is expected to result in consensus building that wil
ultimately expedite the standards development process as ‘“well as commercialization of th
technology.
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ASME has been involved in nuclear codes and standards Since 1956. The Society created Section I
of the Boiler and Pressure Vessel Code, which addresses nuclear reactor technology, in 1963. ASME
Standards promote safety, reliability and componentinterchangeability in mechanical systems.

Established in 1880, the American Society of:Mechanical Engineers (ASME) is a professional not
for-profit organization with more than 127000 members promoting the art, science and practice of
mechanical and multidisciplinary engineering and allied sciences. ASME develops codes an
standards that enhance public safety;” and provides lifelong learning and technical exchang
opportunities benefiting the engingering and technology community. Visit www.asme.org for mor
information.

The ASME Standards Technology, LLC (ASME ST-LLC) is a not-for-profit Limited Liabilit
Company, with ASME (as the sole member, formed in 2004 to carry out work related to newl
commercialized technelagy. The ASME ST-LLC mission includes meeting the needs of industry an
government by previding new standards-related products and services, which advance the applicatio
of emerging and-newly commercialized science and technology and providing the research an
technology deve&lopment needed to establish and maintain the technical relevance of codes an
standards.\/isit www.stllc.asme.org for more information.
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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 I involved examining all high temperature creep-fatigue crack growth codes being used today
and from these, the objective was to choose a methodology that is appropriate for possible
plementation within NH. The second part of this task is to develop design rules for possible
plementation within NH. This second part is a challenge since all codes require step-by-step
nalysis procedures to be undertaken in order to assess the crack growth and life of the componegnt.
imple rules for design do not exist in any code at present. The codes examined in this;€ffort
cluded 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 temperattre nuclear
¢omponents 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 componegtS 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 gtewth procedure.

e Workmanship flaws in welds sometimes occur and are ‘accepted in some ASME code
sections. It can be convenient to consider these as\Haws 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.

o 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 andcons 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)gxtensive validation in many parts with available data from BE resources as well as
input from lmperial college’s database, and (v) was specifically developed for use in nuclear plants.

5 was specifically developed for use in gas cooled nuclear reactors which operate in the UK and
uchof the experience is based on materials and temperatures which are experienced in these
edctors. If the next generation advanced reactors to be built in the US use these same materials

WITNIN The same temperature ranges as these reactors, then Rb may De 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

Vi
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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.

vii
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1 INTRODUCTION

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 U.S. 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 method

and the concepts of leak-before-break (LBB) were led by the needs of the nuclear industry. Thes
crack assessment methods are now well established and used routinely in PWR and BWR-plan
extension applications and new designs. Quantitative creep and creep-fatigue crack’ growt
assessment procedures are now needed for these GEN IV developments.

-~ (D

The subsection ASME NH high temperature design procedure does not admit crack-tike defects int
the structural components. In fact, design codes generally consider defect freexStructures whil
assessment codes address flaws and their treatment. Therefore, from a code design perspective, th
need for creep and creep-fatigue crack growth procedures within NH is net ‘warranted. However
there are several reasons that the capability for assessing cracks i/, high temperature nucleg
components is desirable. These include:

LY "2 » an w

=

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

L1”Z0 B Y "R v ¢ B v Ry w

o Workmanship flaws in welds sometimes occur. It can be convenient to consider these a
flaws when making a design life assgssment.

172}

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

O 3 — (D

o Flaws that ar€ gbserved using in-service detection methods often need to be addressed a
plants age. (Shutdown inspection intervals can only be designed using creep and creep-fatigu
crack growth techniques. While NH is meant to be a design procedure rather than a servic
assessment procedure, methods for crack growth analysis can be useful.

D~ D7

o Fhe 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 loadl
of a component and margins on safety.

The focus of this work was to examine the literature for creep and creep-fatigue crack growth

Inmmriun:q that are well established in caodes in other countries and choose a Inmr-pdnrp to_consids

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
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based on applicability to nuclear components, validation databases, ongoing support for the methods,
maturity of the procedures, and 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 R6, is the oldest and most established code procedure available. The
procedures were developed in the 1980s in response to the need for high temperature crack

gSSESSITENt of UK Teactor designs Wit operate at Tigher temperatures compared wittT te
U.S. 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 inconcept
to the R5 method and appears to have followed the philosophy of R5 from the beginning, has
seen extensive development in the 1990s. The main difference comparedsto R5 is the
methods used to estimate the reference stress methods used.

e APl 579 approach. The API fitness for service (FFS) standard/provides guidance for
conducting FFS assessments using methods specifically preparedfor equipment in the
refining and petrochemical industry, although they are used in_cther industries as well [4].
The specific approach for creep and creep-fatigue cragk"®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 niethods again are similar to the other
approaches.

e BS-7910 code. The BS-7910 code, which isian advanced creep-fatigue crack growth
assessment approach [5] similar to R5 and A%6 (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 Al6 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 methods., The approaches used in Germany follow along the lines the R5 and
Al16 approaches, andyare 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 otheh 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 net\éonsider crack growth explicitly.

[Pamage/based methods used in some industries such as the Omega Method can be quite valuable for
¢reep-fatigue life assessment as well. The creep-crack code procedures discussed above are related to
€
[(

ach-©ther. Most currently established methods use variations of K, C* (C,) and reference stress, all
f which will be discussed. _An pnginnpring npprnqrh hased 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.
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2 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-

failure, is the purpose of this effort. These issues have been studied for more than 30 years an
engineering methods for predicting creep crack growth now exist. Implementation of establishegl
crack growth methods is the purpose of this effort. However, before proceeding it is imjportant tp
point out that more work is needed to reduce the conservatism in the current engineering methods o
life prediction. Moreover, it is not clear that the current creep/fatigue crack growth~procedures wi
perform adequately under GEN IV conditions and materials. While the engingering methods tha
have emerged to predict creep-fatigue crack growth lives are generally accépted it is important t
point out that these methods are not appealing from a theoretical standpoint’due to the assumption
made. The research needs needed to improve these methods will besdiscussed at the end of thi
report. This is especially true when trying to extend the well establishied-R5 rules to conditions wher
experience and/or validation has not been made yet.

D U U U e =

2.1 High Temperature Damage Progression and Crack Growth: Theoretical
Considerations

Damage nucleation, growth, damage link-up, crack grawth and breakage are the typical progressio
of failure for components that operate at high temperature. Damage nucleation begins with th
nucleation of a cavity at a size-scale at the highérend of nano-scale level (~50 to 500 nm, dependin
on the material) as shown in Figure 1, below;

L\ » a—

S l I T F I {~ 20 to 200 pm)

(~ 50 to 500 nm)

*

I 1 l i l FPOTEMNTIAL CRACK
LI I O A |
M “}""c: ’
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Figure 1 - Scales of Creep Damage Development and Failure
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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 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

O O1TCU o U C O 10 N VOTU U cl CCV O O, il 10 ad o acli o

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
ere.

uch of the general theoretical discussion provided above, along with limitations_of current
gngineering approaches, was obtained through a long grant by the authors (1990~through 2003).
any summary and technical papers were developed describing this work, which~focused on creep-
fatigue crack growth (both modeling and testing) under cyclic loadingy, weld modeling, high
emperature cyclic constitutive modeling and development of diffusion creep models (References [8]
+ [32] and many references sited therein). Deficiencies in the current engineering methods
flecommended here for possible implementation into NH, alongiwith suggestions for further
development work required to improve the present engineering creep-fatigue crack growth
hethods, are presented at the end of this report. Despite-the limitations, we recognize that
gonservatisms in the current engineering methods existing\today are due to these unknowns. The
ihethods considered are the best available today. Unfortunately, it is has not been established that the
¢urrent code based methods are conservative for GEN IV conditions yet. Until enough data and
alidation is available for GEN IV conditions, curtent 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

The engineering methods for predicting creep and creep fatigue crack growth are essentially an
gxtension of engineering approaches which are used to predict elastic-plastic fracture. The methods
gre based on the concept that crack growth can be characterized by the strength of the asymptotic
¢rack tip field. Creep cfagk 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 «atés 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 atthe 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
Wwithi the current code approaches, there is some evidence that these methods are not accurate for all

! 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.

2 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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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 U.S. NRC and utilities have developed a very large database 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-la
fits of creep data are available, these estimation schemes can be used directly to obtain G% “an
provide predictions of creep crack growth. Moreover, most commercial finite element codes| perm
the easy calculation of both C* and C,, so obtaining this parameter for a creep-fatigue crack growt
prediction for cases where compiled solutions are not available is not difficult. It is‘our view thg
extension of the J-integral based methods for incorporation into NH based on C*.s natural sinc
NRC, contractors and utilities are well versed in these methods and, furthermore,»J-based solution
are also in the ASME Boiler and Pressure Vessel code (e.g., Section XI flaw evaluation procedures).

T (D =

2.3 Creep Fatigue Crack Growth Methods for NH Code

For conditions where time-dependent deformation does not occur, fatigue crack growth rates can b
correlated with K using the Paris law, the Forman equation (including mean stress effects) and man
other fatigue laws. When creep deformation can occur at the crack tip, the fatigue crack growth ratep
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. Th
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 growt
damage is also the accepted procedure with well:established engineering rules within R5 for material
where validation results are available. We anticipate that rules of this form will serve as the basis o
the new NH rules if and when they can he‘accepted for GEN IV conditions. It turns out that low
frequency creep conditions permit crack growth correlation with C*, and high-frequency fatigu
correlates with AK. In the transition regime, the current rules must be shown to be adequate for cod
use. However, the precise implementation into ASME code NH or other division should be delaye
until validation is made for GEN)1V materials. Alternatively, R5 rules should only be permitted fo
materials and conditions where validation has been made. These conditions are mainly thos
experienced within the gasitooled 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 mor
appropriate. Despite) theoretical concerns with Dowling AJ based low cycle fatigue crack growt
predictions, it has.performed reasonably well in engineering predictions.

D
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3 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.

31 Elastic Fracture Considerations

racture mechanics began in the 1920s with the famous A. E. Griffith study of glass fracture. Griffith
ondered the question as to why glass does not have the theoretical strength of the molecular bhond
nd concluded that “cracking” was the cause. George Irwin is the father of modern ftacture
echanics with his definition of the stress intensity factor needed for his famous studies~of naval
ractures in the 1950s and 1960s. Irwin identified three “modes” of fracture which are.iNdstrated in
igure 2. Mode I type fracture is the opening mode defined by stresses which directly<open the crack
aces in the direction of the applied load. Modes Il and Il are shear modes’ with Mode I1I
epresenting the “tearing” type analogous to ripping a sheet of paper. All three modes of fracture are
ossible at the same time — however mode | type fracture often dominates. {In fact, all engineering
¢reep crack growth methods available today require that Mode | crack growth dominates.

K Ky >
1 Modedl ModeIll
Model Shear Tearing
Opening ear
Elastic
. g
Crack face

o=k 1O —|

2y

Figure 2 - Elastic Crack Tip Fields

Irwin applied the elasticity procedures of Westergaard to write the asymptotic solution of the 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, 6) 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 “6”
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represents the angular distance around the crack for the radial coordinate system centered at the crack
tip®. f(0) is a known function of sine and cosine functions. K; is called the stress intensity factor
(mode one hence the designation “I”") 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 toad cCondition of iMerest. One canm Write Simitar equations for thg
other modes of fracture with the same conclusion: if one knows the stress intensity factor(s), them.on
knows if the crack will grow or not.

A1

When time independent plasticity dominates near the crack tip, i.e., when the plastic zone-at-the crac
tip is not embedded within the elastic crack tip fields, a nonlinear parameter called the J-integral i
used to characterize fracture. As for the elastic case, J represents the strength of theiasymptotic crac
tip fields for a for a power law hardening material where the crack experiences-proportional loadin
(replace C* in equation (3) of Figure 4 by “J”). For this case, the crack growsiwhen J = Jic, where J,
is the measured fracture toughness. J-tearing theory applies for small amaunt of crack growth a|
well. The commercial nuclear industry in the U.S. (and in many other eodntries) bases crack growt
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\serack growth ranges and non
proportional load ranges that greatly violate the strict theoretical limits with success. The mai
reason it is accepted far beyond its theoretical limits is that extensive fracture test data in man)
geometries (specimens, pipe, vessels, elbows, etc.) and ip4many nuclear materials validates its use a
a conservative predictive tool. This will be discussed later as well with regard to creep/fatigu
fracture methods since the currently used methods vi6late the theory as well.

= o) ) & X

=

O Oy

3.2  Fatigue Crack Growth

Fatigue of metals became a concern in theé<early 1950s when the British de Havilland Comet, th
world’s first commercial jet aircraft, experienced catastrophic service failures that were identified a
metal fatigue. Structures are now designed to prevent fatigue failures throughout their expected lifd.
There are two general philosophies*of fatigue design, stress based and fracture mechanics base
design.

U (DU

L=

Stress Based Fatigue Design. The standard ASME NH procedure for the fatigue portion of life i
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 t
failure. This is e0mbined with creep damage and interaction in NH using the well known an
validated procedures in [1].

=

L~

L=

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

Aa/AN = C(AK)" @)

DU

Here (Aa/AN) represents the amount of crack growth, Aa that accurs for every load cycle, AN, The
sigmoidal curve plotted in Figure 3 in log scale mode illustrates this. From a laboratory cyclic fatigue

® 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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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
etween an In/Cycle, depending on the material. In equation (Z), C and N are constants wi
usually between 3 and 4.

A o :
=1 |
Le| § 1
Scale g: i !
Aa/AN ’;‘,‘: |
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1 | |
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|
-
>
Log®&cale AK

Figure 3 - Fatigue Crack Growth Relationship

In using the fracture mechanics based philesophy to fatigue design, one models fatigue crack growth

ysing equation (2) and failure is predicted when K = K, or when J = J. if plasticity is important. The

racture mechanics approach to fatigue life is used in industries which use a “damage tolerant”
pproach to life design. A damage.tolerant approach recognizes the fact that cracks are present in the
tructure and ensures that the<erack will not grow to failure within the design life of the structures
ith a safety factor applied.,~This method is often used for aerospace and other high fidelity design
pplications where nop=destructive evaluation methods (such as ultrasonic methods) are used to
easure and monitor(crack growth during the life of the structure.

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

.3 ,-5Creep Crack Growth

eférring 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.


https://asmenormdoc.com/api2/?name=ASME STP-NU-039 2011.pdf

Creep and Creep-Fatigue Crack Growth STP-NU-039

cl—=
oy = (=TS, (6m) O
(ﬂ—f I.“"rd\‘—T_(i&\r{r-] (4)
Jrl Vax ] ]

£ -
W= I o ds* Wis strain enetgy

0 rate density

—

Crack faces

=] Steady State — C* Path

ol S S— Independent

Creep
Creep Zone

Figure 4 - Asymptotic Creep Crack Tip Fields

For steady state creep,-where the creep zone is large and dominates the deformation, the asymptoti
crack tip field capbe-written as the HRR field [33], [34] shown in equation (3) in Figure 4. Using th
crack tip coordinate system shown in the illustration at the bottom of Figure 4, it is seen that th
asymptotic-stress field depends only on “r” (the distance from the crack tip), “n” (the power lay
exponent-an stress for the simple power creep law), other geometric parameters, and C*. Analogou
to the<giscussion of the stress intensity factor, here the strength of the asymptotic field depends onl
on C%¢ If one can calculate C*, then the crack tip severity can be determined. For large scale cree
andsteady state conditions, C* can be calculated as a line integral, as seen in equation (4). |
Equation 4, C* is evaluated as a path independent integral along a path, T", which circles the crack ti

O 0 e N U= (D

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
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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 1 is
used. This is identical to C*, except that the path, T, is calculated in the limit as the size goes to zero.
As with C* estimation, C(t) (or C,) can be easily estimated using reference stress techniques, which
are discussed later with regard to the R5 approach

herefore, the creep and creep-fatigue crack growth rates are calculated using these parameters. As
ith NH, interaction between fatigue and creep crack growth can be included. It is important to note
at the engineering creep crack growth predictive methods are also valid for creep laws that are
eneral, although the asymptotic interpretation of meaning is obscured. It is also claimed in-the crack
rowth procedures that the methods are also applicable to creep laws that do not experience any
econdary creep. Again for this case, the theoretical interpretation is lacking. Moreover, we are not
ertain that this is generally true. As will be summarized later, more work is neédéd to study this
henomenon. This is important since some new high temperature materials-may not experience
decondary creep for all temperatures.

10
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4 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 fractur
analysis are much more established and have clearer differences in them compared with~Cree
fracture so such a choice would be more difficult. An engineering approach based on the abov
parameters is natural since estimates are based on extensions of methods and solution handbooks o
well-established elastic-plastic fracture. Hence, new users of the NH crack growth ‘code that ar
familiar with elastic-plastic methods such as those in Section XI should adjust rather.quickly. Som
of the issues that were addressed in this code implementation study include the following.

DD = (U & (D

o 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 stres
states and discontinuities other than cracks should be considerech

Ty

o Creep—fatigue crack initiation in initially defect free components and the growth of flaws by
creep and creep—fatigue mechanisms.

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 tim
to incubation can be a large portion of the,crack growth life. Neglecting crack initiation i
conservative. For conditions where fatigtie loading is important, neglecting crack initiation i
warranted since initiation predictives methods under combined creep/fatigue are ng
considered to be always conservative:

— ) UJ (D

o

o Multi-axial stress effects, tri-axial stress effects and crack constraint effects (plane stress an
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 rol
in some current jssues of corrosion in nuclear plants. It is well known that creep cracks ca
nucleate from relaxation of weld residual stresses alone.

D

—

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

3%

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

— X

e Established procedures for testing and obtaining material parameters must be clear. Thip

: Lol lodosia: 4 4 1 delo 1 £od. 1 A - i
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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.

11
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4.1 Overview of Engineering Creep Methods

Five different methods for creep-fatigue crack growth assessment were briefly summarized in Section
1, the introduction. These were R5, A16, API 579, BS 7910 and KTA. Here we provide a little more
detailed description of R5, A16 and API579. 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

1.1 R5 Approach

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

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

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

e The loadings which give a life equal’to a given service life.

e The initial flaw size which willjust grow to the maximum acceptable size in a given service
life (and hence the margin fona given flaw size).

e The combinations of materials properties, geometry and loadings for which crack tip behavior
has a negligible effett on lifetime.

A\ separate procedure in'R5 also assesses whether or not a small, defined crack extension will occur in
e required service(life. This is the new time dependent failure assessment diagram (TPFAD)
pproach, which e¢aw’ be used to predict crack initiation. The procedure uses a failure assessment
iagram approgeh-similar to that in R6, which has long been used in UK for elastic-plastic fracture.
nother procedure uses the calculation of a stress at a small distance ahead of the crack tip, the oy
pproach;,, which is also part of A16 [3], to assess whether significant crack extension occurs in the

equired service life (crack initiation). If the predicted crack growth in service is unacceptable, then
eredis a choice of

e removing some of the uncertainties in the input data,
e using an alternative assessment procedure, or
e taking 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

12
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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 1, 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 assessmenten-th

elastically calculated stress intensity factor range, AK. For certain cases in which the loading is mor
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 th
C” parameter. In Method II, the defect is required to be sufficiently small to be embedded in a cycli
plastic zone, as for example for severe thermal cycling; the structure satisfies{global shakedown a
defined. A crack growth rate law is derived by combining the creep damage-0ceurring during a dwel
with a high strain fatigue crack growth law. This avoids the complication-of tlaving to define fractur

mechanics parameters such as AJ or C*. The high strain fatigue_faw can also be derived fron
continuous cycling endurance data corresponding to the initiation ef @/crack of a specific size in th
defect-free structure. The approach assumes that creep influenges the cyclic contribution to crac
growth and that no explicit calculation of creep crack growth-is then required. Guidance on th
choice of appropriate method for calculating crack growthyis given in this procedure. The basi
deterministic procedures of R5 require an end-of-life margin to be determined but do not otherwis
contain margins or reserve factors. Confidence in the assessment is obtained by the use of lower an
upper bound materials data as appropriate and by introducing a measure of conservatism in th
analytical calculations. Additional confidence:should then be gained by assessing sensitivity o
predicted life to variations of input parameters:

oy U)o D LY "y
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The R5 method is presented in a binder which details each step of a creep/fatigue life prediction. Th
procedure is obtained from British Energy for an original fee and yearly updates can be obtained for
much smaller yearly fee. A computer code can be obtained from British Energy which aids in R
analyses. Limited material datais-available in R5 so often the user must obtain his own data fron
tests or obtain it from the literature.

=>—OT oD

4.1.2 RCC-MR (A16)

The French A16 progedure is quite similar to R5 and in fact some of the procedures were take
directly from R5{_The main difference is the way crack initiation is determined and the choice of th
reference stress:/Al6 has detailed and complete procedures for determining the reference stress. Al
discussed later, the reference stress is a key ingredient in the estimation procedures. This procedure i
also considered state of the art. Many of the specific differences between R5 and A16 can be seen i
the recent summary work of S. Marie et al. [43], which spell out a number of stress intensity facto
solutions and reference stress procedures. With the purchase of British Energy by the French utilit
Efectricite De France (now called EDF Group), the merger of R5 with A16 is quite possible.

== Uy Ur (0=

4.1.3 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.

13
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While APl 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.
API1 579 requires a remaining life assessment to be made for the damaged component and this forms
qtep-by-step method with 8 steps for making a creep/fatigue crack analysis. The types of damage
¢overed by API 579 include metal loss, corrosion and blistering, weld misalignment, assessment of
¢rack-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-
1910, EPRI J- and C*-integral approaches and other methods. As with other creep-fatigue fracture
gssessment codes such as R5, API 579 has appendices which provide stress intensity, factor solutions
dnd reference stress solutions that are necessary to perform a creep crack growth ‘assessment. The

ethods 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\ised in the refining and
petrochemical industries. R5 was specifically developed for use in the nuelgar field.

4.2  Choice of Code Creep Crack Growth Procedure

\II of the procedures were carefully examined by studying capies of the code and from a series of
eferences. Moreover, direct discussion with some of the dévelopers was made. With R5, face-to-
flace meetings with Kamran Nikbin of Imperial College,in:l:ondon (and some of his colleagues), as
ell as e-mail discussions with R. Ainsworth of British.Energy were made. In particular, Nikbin has
ade direct comparison of R5 with all of the other approaches. Both men have been intimately
involved with the development of R5 from the beginning in the 1980s. Discussions with C. Faidy of
EDF Group regarding A16 and E. Keim (German code) were made as well. Faidy has made it clear
fhat since EDF (French utility where Faidy-works) has acquired British Energy, there will likely be
ore interaction between R5 and A16 in the future. In essence, R5, A16, APl 579 and BS 7910 all
ork well and could have been chosenc 1t was a difficult choice. The most appropriate code choice
lor possible implementation of cre€p)fatigue crack growth procedures into ASME NH is R5 for the
easons discussed below.

R5 was chosen because thé c¢ode: (i) has well established and validated rules, (ii) has a team of
gxperts continually improwirg and updating it, (iii) has software that can be used by designers, (iv)
gxtensive validation jasmany 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
pullets.

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

e R5 is 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.

14
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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.

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

O )

e A draft A16 section used the R5 methodology to do exactly the same as R5 butonly limite
to the cases of interest in the French nuclear plant. It has its own database and reference stres
solutions, and could be used as well. There may be some portions of<Al6 that may b
appropriate to include in the NH implementation, especially limit load.sefutions.

LY "V I ==

o

e The German code is very basic and has not really been developéd! It uses a two criteri
method only relevant to crack initiation. However, for some components, initiation life ca
dominate.

e BS 7910 is essentially R5.

—

e API 579 has just recently introduced creep crack growth. Again, it uses features within th
philosophy of R5. However, the APl 579 praCedure has material data and methods fo
estimating material constants if they are not available. API 579 could be an equally goo
choice for possible implementation into. ASME. Moreover, since there is already
relationship between ASME and API-579, it would be natural to implement APl 57
procedures. However, since it follows\R5 for the most part, it seems more appropriate to us
R5.

LY PN« » e S 2

e The Japanese are interested in(R5 but they follow ASME. They have some basic in-hous
methods which are not developéd as codes as such.

D

—t

Because the R5 approach (and;all other approaches) are based on K, C* (and their transien
counterpart components (C(t), C;) and reference stress methods, the assumptions underlying th
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 b
implemented into ASME NH we recommend further study and validation of the methods under Ge
IV loading, température and material conditions.

3%
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4.3 U,.S=SNuclear Regulatory Commission (NRC) Interface

As discussed in the introduction, a main goal of the Part I of this report is to assess the feasibility o
addréssing creep/fatigue crack growth at the design stage within NH, and at the service stage (perhap
within Section XI) as requested by NRC. As such, one task goal is to ensure that the NRC is havin
its'needs met. This interaction with the NRC will continue. Some of the interface activities includ

thao £AllA,

U=

PUTTZVS V-8 STWIT 1703
Uarc TummovvIl Iu ALLUIviILtITO.
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 U.S. Since the creep crack growth methods are related to established
elastic-plastic methods, new users should adjust rather quickly.
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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, NUREGS).
While this is not a direct ASME need or requirement, it is a key important issue of concern to
the NRC, nuclear plant builder 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-

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 dg hot
require LBB, keeping the issues in mind during NH implementation is an importang-issue for
NRC.
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5 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 structureswhich i
subject to creep-fatigue loading and which contains a crack or a postulated crack. (for desig
purposes). The ASME NH code procedure does not permit a crack to be in the structural componen
being designed. The question then is how can this procedure be implemented within NH even if
was considered appropriate? This question is being addressed with the 2"<{pdrt of this progran
entitled “ASME NH Code Implementation.” Essentially, there are several reasons why a creep
fatigue creep crack growth assessment might be desirable. These iriclude: (i) some GEN |
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) determin
the amount of crack growth over a given operating period.

— . = U7

T —

D=

For the R5 approach, only Mode I loading is considered;.mixed modes are not taken into account. Th
procedure concentrates components which operate swithin the global creep shakedown limit. Th
cyclic modes of crack propagation which occur during load changes and crack growth during dwel
periods due to creep mechanisms are considered: However, an indication of the approach for mor
extensive cyclic plastic deformation can alse-be accounted for. The R5 procedures were originall
developed for austenitic and ferritic steel§but they have been used in recent years for super allo
materials. Some potential Gen I\ Cmaterials include In 617 and other nickel base alloyg.
Experimental and finite element validation for a range of these materials is given in the Appendice
of the R5 documentation. Defegts:are assumed to be in homogeneous parent or weld metal or in non
homogeneous weldments.

D (D

<=

L72)

Crack behavior under beth:load-controlled and combined load- and displacement-controlled stres
systems is considered.(Particular advice is given in an Appendix for the cases of displacement contrg
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 b
developed separately by NRC, if desired in the future. However, LBB arguments may be constructe
using, as ahasis, the failure assessment diagram procedure in an Appendix of R5.

DT T — )

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

— D (D

5.2 The R5 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 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
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operation, as in an operating plant where damage has been observed or is postulated. In the case of
addressing an aging nuclear component, advice is 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.

g
%
N
o

Step 1) Establish cause of cracking or expected cracking N
o Define defect type, bounding size, incubation. Mode I required. (]/Q
Step 2) Define service conditions 0.)%
o Resolve loadsinto cycle blocks, desired service life (loads, ,Q
temperatures, etc.) %0
Step 3) Define materials and properties ’
e cyclic, creep crack growth, temperatures: collect @ﬁbpﬁate data
Step 4) Basic stress analysis (operating extremes) <(/
¢ Shakedown assessment. If shakedownno lished, inelastic
analysis necessary.
Step 5) Check time independent stability
¢ Time independent fracture anal <Escction XItype): failure

predicted stop here
Step 6) Check significance of cree&m fatigue
¢ Rulesare checked to ine msngmfncance of creep or fatigue.

Checkif creep-fati mteractlon 1s important
Step 7) Calculate ruptur lifé based on initial defect size

o Rupture life:dalculated based on cracked limit load stress.
Ductilit @maustlon methods may be needed
Step 8) Calcula(}rack mcubation time

@ servative to ignore this
Step 9) ulate crack growth for the desired life time
O)* Integrate creep and fatigue crack growth expressions. Note both

O affect each other. Changes in reference stress duning crack growth
@ should be included.
S

tep 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) Time mdependent stalnhty check for fnal crack size
o—This is actua raad dusing arowth as

Step 12) Assess ag;mﬁcante of results

¢ R5doesnot prescnbe margins. ASME may require this.
Step 13) Report results

¢ Prescribe inspection intervals, etc.

Figure 5 - Draft Step by Step Procedure (13 Steps)
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5.2.1 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) shouldrb
performed to address uncertainties. The detected defect should be characterized by a suitabl
bounding profile amenable to analysis. Defects which are not of simple Mode | type should b
resolved into Mode | orientation.

D~ (D (D

5.2.2 STEP 2 - Define Service Conditions for the Component

Resolve the load history into cycle types suitable for analysis. This includes ali désign cycles or, fo
in-service assessment, the historical operation and the assumed future service’cenditions. The servic
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 nucleatio
time) can be determined. It is conservative to neglect this time. Suitaple sensitivity studies should b
performed to address uncertainty in the time of defect formation.

D= T (D ™=

5.2.3 STEP 3 - Collect Materials Data

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

=h (D (D (D
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5.2.4 STEP 4 - PRerform Basic Stress Analysis

Elastic stress ahalyses of the un-cracked feature should be performed for the extremes of the servic
cycles. Inthecase of cyclic loading, a shakedown assessment of the un-cracked feature should the
be performed. The type of shakedown is quite similar to NH and could be performed using NH
procedures. It should be determined if the feature does or does not satisfy strict or global shakedown

== (U

Inithe case that shakedown cannot be demonstrated, it is necessary to justify the use of the methods o
this volume using, for example inelastic analysis methods mcludmg flnlte element anaIyS|s

5|gn|f|cantly affected

5.2.5 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 U.S. NRC, this can be performed using Section XI
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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.

5.2.6 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
qteady 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
g¢ombining creep and fatigue crack growth increments may be adopted (Step 9).

$.2.7 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
ize from Step 1. If this is less than the required service life, it may not be negcessary to perform crack
rowth calculations and the NH procedure alone suffices. The estimate of tupture life is based on a
alculated limit load reference stress (discussed in the appendices) andi-for predominately primary
oading, the material’s creep rupture data. For damage due to cyclic relaxation and due to the
elaxation of welding residual stresses, ductility exhaustion methQds are more appropriate. The
articular requirements for defects in weldments are also addressed. For the case of short defects
lose to stress concentrations such as notch radii or weld toes, special considerations must be
ollowed to ensure that the reference stress is conservatively~galculated.

_— (N

.2.8 STEP 8 - Calculate Crack Nucleation orlfcubation Time

ypically it takes some time for a crack in a-quclear component to begin growing. For some
omponents, crack initiation may consume thebulk of the life and when crack growth commences,
ailure occurs quickly. The crack nucleatipn or incubation time is the time from the start of the of
igh-temperature operation to the start.of track growth. 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
ihcubation time. It is always conservative to ignore this period and assume that crack growth occurs
n first loading. The cause of cracking will influence the determination of an incubation time. For
xample, a naturally-occurring: creep defect, such as some weld defects, may not experience an
ihcubation period prior tolmacroscopic crack growth. There are several procedures for calculating
rack incubation time within R5 including TDFAD and the two criteria approach (similar to A16).

.2.9 STEP 9.-‘Calculate Crack Growth for the Desired Lifetime

he crack size at the end of the design period of operation is calculated, following the procedures of
5 based enK, C*, reference stress and the appropriate estimation schemes laid out. Finite element
nalysis.can also be used. This is done by integrating the appropriate creep and fatigue crack growth
xpressions. This incremental process is simplified in some cases, depending on the outcomes of the
ignificance creep and fatigue tests determined in Step 6. Changes in reference stress due to crack

growth should be included in the calculations. Integrafion is required because all parameters (K, C¥,
C(t)) and reference stress change with time as the crack proceeds.

5.2.10 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
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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.

5.2.11 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 XI methods.

5.2.12 STEP 12 - Assess Significance of Results

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

3%

D (D
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3%

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

)

5.2.13 STEP 13 - Report Results

The results of the assessment, including margins determined, and the details of the material
properties, flaw size, loads, stress analysis, calculations, etc, used in the assessment should b
comprehensively reported. This facilitates both verification of the particular assessment an
repeatability in future assessments. Each of these steps is summarized in great detail within the larg
volume of material provided withiiR5. This includes some material data along with extensiv
examples of the use of the method. A simple example calculation of the procedure is provided i
Section 6.

— (U (D < (D O)

5.3 Comments@n-R5 Application for ASME

From the flow chart description and 13 step procedure described above, it must appear that there are
number of judgments, interpretations and supporting properties data required to sort through th
various behavioral regimes and to make an eventual design assessment. For near term HTGH
applications~as described above, it is not possible to narrow down the options and simplify th
procedure.) To do so would make the assessments too conservative to be used as a practical desig
toolavithin NH. Also, the goal of Code design rules is to have requirements that can be implemente
consistently such that the design assessment will not be dependent on the individual/organizatio
doing the assessment. To ensure that the creep/fatigue assessment procedures are properly applieo

- 9 (DU U

organizations—using—the—procedure—mustensure—thatthe—staffis—properlytrained—TFhe—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.
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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.

Creep rate material properties and the constitutive law. The constitutive law could be a

classical faw (pOWer 1aw) or Other type of faw depending on the material and temperatare
(including hyperbolic laws and even tertiary laws). Validation examples are provided in the
next section.

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 reqtired. 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,erack growth is
monitored, along with the loads and displacements. From this, the crack‘growth rate can be
plotted as a function of 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.At 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 ‘6f-the tensile creep properties
and the estimates are made to be conservative.

Fatigue crack growth constants are needed as spelled aubin 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. Againya power law relationship between crack

growth per cycle and the change in stress intensity factor (AK) is generally obtained.

Creep ductility properties along with glastic and elastic-plastic fracture properties at
temperature.
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Figure 6 - Example of Creep Crack Growth Data
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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.
though, it has been used for some other super alloys for a steel similar to IN 617. Also, 9Cr-1Mo-\
steel has not been used, mainly since these steels are not used in any BE plants. Because of th
success of R5 for other Cr-Mo steels, there is no reason to suspect that R5 cannot perform for thi
steel. At the bottom of Figure 7 some steels that have been supported by R5 are listed which are ng
supported within ASME NH.

— ) (U

NH: 2 1/4Cr-1Mo steel (Grade 22 Class 1) Stress intenisity values to
1100F (575C) for 300,000 h .

RS: 21/4 CrMoV, 1/2CrMoV and 1CrMoV in the range 500-565C

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

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

RS: Various stainless steels and4veldments (304, 316, 316H, 321, 347

weld, 316 weld) in therange 525-650C

NH: Alloy 800H Stress-intensity values to 1400F ( 750C) for 300,000 h.

RS No Alloy 800 - H. However, BE has used R5 for super alloys up to
800C (similatiro IN617)

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

RA: No 9Cr-1Mo-V steel (Grade 91)

RS: CMn steels in the range 360-390C

RS: P22 P91 and some P92 ferritic steels

Cionirn 7 OComnarvicenin ~f Matnriale vaanthin NLL ~AnA DE
T IVIotC T TOr S vV TCH T TN Lo o T

BE has used R5 successfully outside these temperature ranges also —to lower and higher
temperatures especially in austenitic steels
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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:

o R66 (Materials Data Handbook for R5), BE, is not available in general since some of the data

IS proprietary. The data 15 1rom a NUMDer of SOUTCES.  HOWEVET, SOme of this data that 15 not
proprietary could be made available by BE.

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

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

e API 579 has a fair amount of data.

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

In summary, a large database exists but much of it is proprietary. Methods exist-for estimating crack

growth law without the necessary data. This is convenient and provides consérvative estimates of the
roperties. Finally, Nikbin (Imperial College) and Ainsworth (BE) will@empile a data base of non-

Jroprietary data for a fee. Material data required creep/fatigue crack.grewth assessments using R5 is
ot available for some GEN IV materials.
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6 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 angkthickness off
100 mm. This is a thick pipe of the type often welded to, and near, nozzles in nuclear plants. Th
pipe has a 3 mm 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 800 C. The design lif
is 1.5 million years with 500 equal cycles with 3000 hour dwell times. Figure 9a llustrates the elasti
stresses that result from the internal pressure loading of 16 Mpa. It ig,seen that hoop and radig
stresses vary from the pipe ID to OD while the axial stresses are constant at 20.57 Mpa. The pip
experiences a thermal gradient at temperature which produces tensife stresses on the pipe ID an
compression at the OD (Figure 9b). The stresses in the pipe:are initially zero and are zero
shutdown (which is the minimum of the load cycle). Therefore,-the cause of cracking during servic
(creep-fatigue), geometries and load have been defined canstituting completion of steps 1 and 2 of
Figure 5.

T) (U 11T (D
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The material properties are shown in Figure 10. At:the top of Figure 10, the creep material law i
listed. This law represents a combination of primary and secondary creep. The primary creep law i
an exponential time hardening law while the secendary law is a classical Norton type creep law. Al
material parameters are shown in Figure 10-as well. In addition, the fatigue crack growth law i
shown at the bottom of Figure 10, with the\material constants listed for 316SS at 600 C. Note that th
“effective” stress intensity factor range)(AKes) is used. This accounts for a concept called crac
closure in fracture mechanics based fatigue crack growth. Essentially, the crack will not grow whe
it is closed and methods for caleufating the effective value of K are shown in R5. Finally, the botton
of Figure 10 lists the creep crack’growth law used, also with material constants. These represent th
materials required in step 3.

— ) JJ
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Axis-symmetric suiface crack pipe
— Aimnsworthbook example [35]- also part of R5 example case in Appendix
— 316 SSpipe: R;=300mm, t = 100mm
— Déared Life: 1.5x10% hours: 500 equal cycles with 3000 hour dwells at 600C
— _ag=3mm : Based on maximum size flaw eluding detection
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Figure 8 - R5 Example Problem — Surface Crack Pipe
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Figure 10 - Material Laws and Properties

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
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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:

KE={F o +Fo nm

2
. K | Es
Cf N |:_I:| gc
E O o

Where F,, and F, are functions of a/t (crack depth over thickness), ahd o, and o, represent th
membrane and bending stresses, respectively. Since the crack depth- changes with time, K change
throughout the crack growth phase of the analysis. The value of C*-is calculated using the equatio
above where o IS the reference stress and is the creep strain-rate calculated at the reference stres
value. Since the crack depth constantly changes, the refetence stress and stress intensity facto
constantly change throughout the analysis. As such, boeth.the creep and fatigue portions of crac
growth must be integrated (or summed) throughout the time life of the component. The referenc
stress is a simple well established function crack depth,thickness, pipe size and yield stress for a pip
containing an axis-symmetric crack, and is listed.in the R5 code. For this case, at the initial crac
depth, the initial reference stress is 80.1 Mpa and-at shakedown, it is 57.6 Mpa. The reference stres
values within R5 are being improved at present. It is always possible to perform finite elemen
analyses to obtain K and C* (C(t)) but it-is*more convenient to use reference stress estimates if the
can lead to conservative estimates. Gonservative estimates of these parameters using the referenc
stress approach are not always guatanteed. This is the subject of improvements being implemente
into R5 at present and is discussethin the next section.

D (D = _UJ = Ul (D

- (U N e~ UJ

The creep response for the constitutive law shown in Figure 10 is shown for two constant levels of
stress (100 and 150 Mpay-incFigure 11. For the 3000 hour dwell times, it is seen that primary creep i
expected to play an important rule. Hence, using the equations and material parameters in Figure 1
with the stresses defined earlier.

7

e

6.1.1 Crack'Growth Calculation

The total-crack growth per cycle is obtained by summing the cyclic and creep contributions. Th
crack extension over the design life of 1.5 million hours is calculated iteratively using a compute
progtam. The main features of the procedure are as follows.

197

=

e 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.

e Calculate the cyclic crack growth for the first cycle and increment the crack depth by this
amount.
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o 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.
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Figure 11 - Material Laws and Properties

The crack growth versus time is.shown in Figure 12, which is taken from [2] (Figure A4.14 with
ermission of R5 authors). It«dsiseen that this component is designed to handle the required lifetime
in this example.
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Figure 12 - Crack Growth versus Time
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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
ti|n fields can nnly he dp\/plnppd far Qimlnlp creep constitutive laws (Qllr‘h as power law types).

Moreover, the methods formally break down once crack growth occurs, non-proportional stressin
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 thg
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-ebtain the crac
characterizing parameters. A fundamental question that must be answered in afy fracture mechanicp
based approach is whether these far field measurements can properly characterize the near crack fielgl
events. Traditionally with fracture mechanics, this characterization is made because the asymptotit
crack tip fields, which characterize growth, can be related to far fieldweasurements. For instancs,
with elastic-plastic fracture, far field events can be related to near~¢rack tip field fracture events
through the use of a path independent integral (J-integral). For éreep 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 bothycrack growth and cyclic loading occu,
the asymptotic interpretation of the crack tip events to fardfield measurements, breaks down. In fact,
for cyclic loading of a stationary crack, the asymptoticcrack tip fields depend strongly on the form of
the constitutive law being used and these fields gan change for each cycle of loading [15] an
Appendix Al This makes establishing the link<between near field crack events, which drive crac
growth and fracture, and far field events (where measurements are made to characterize materigl
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 carr
over in a straightforward fashion to GEN IV conditions. Hence, even if R5 approaches wer
implemented within NH, validation under GEN IV conditions is necessary. This issue is discusse
further in the next sectiop:

L=

132

L=

More theoretically sound creep and creep-fatigue crack growth parameters have been proposed whic
are based on energy-eonsiderations. Atluri [37], [38] summarized quite general crack parameters fo
all types of noalinear materials, including creep, which is based on energetic principles. Brust an
Nakagaki [8}-19], [39] more recently summarized some of these parameters and discuss application
of the use-6f these parameters. These parameters represent “the energy deposited into a finite size
crack tip-region (and crack growth wake region) per crack growth increment” [39]. Moreover, ther
remains controversy over the appropriate general nature of these energetic parameters. Even so, thes
methods are not amenable to simple engineering application approaches at present since calculatio
of the energetic crack parameters requires the use of numerical methods and fine meshes. Hencq,

AL =N v 5 R w e a—

D

=

SINCe asymptotic approacnes break down under Cyclic Creep crack growtn 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
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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

issentially, the theory behind the R5 engineering method (and all other methods) is summarized in
e book by Webster and Ainsworth [35] and it is based on earlier asymptotic solutions for creep
gmanating from an initially elastic field (or plastic HRR field) within a creeping zone (both primary,
decondary 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. [44] — [55]. So a firm theoretical foundation.based on the
dsymptotic 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
grack tip (high stresses) cannot be represented by power laws. Once the crack grows beyond a small
gdmount, 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 reabbasis. However, from an
dpplications standpoint all these simplified rules and laws do a very geod job for design provided you
Build in the necessary safety margins. The same can be said for R5.” Nothing would ever be built if
Wwe kept waiting for the perfect theory. There are no perfeet~theories in the fracture field. The
gonservatisms built into the methods were done so with_theseé issues in mind. They were then
alidated with mock-ups, and service experience over the years. As such, we must start with the R5
dpproach, see how well it performs for GEN IV conditions, and improve on these methods or develop
ew 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
gonservative results.

[he original theoretical development of the_R5 method required the constitutive theory to be of the
power law type (Norton secondary creepipower primary creep). The classical treatise by Riedel [41]
qummarizes the theory and limitation$.~ 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 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
deen in Figure¥@-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) wiasbased on power law creep laws, there is a question as to how accurate the estimation of the
f* angd*C(t) parameters are within R5. Here this is addressed by showing comparison of the estimates

f 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 summarize the through-wall crack pipe validation case of [40]. Figure 15 shows the
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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.

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

Z, = Ao A=10 L=
Theta Projection (Stress; Mpa, time; hours, T; Kelvin)
£, = & (1 - exp(-36008,0)) + &, (exp(36008,£ - 1)

logf =, +bT+e,o+d,aT,i=14
@ =-B.7365 = O04604e, =—044854 =0 53147 4

a, = 2346k, = 022250, = 021954, =-1951F -4
a =—1868h =—002034c. =—054537d =0738F -4

a =-16435 =00314%:. =-0472534. =0715F -4

Primarv-Secondarv (RCC-MR)
_ oy
g =D01 15ty

g, = Bath+ Ad" (t—ty)n&ty,

B=2.2243E-14m=4.3056 p = 044633
A=17122E - 25,n =88}, = 27536681977

Figure.13- Creep Laws Tested

Reference stress methods to estimate Creep fracture parameters (C*, C(t)) were developed to simplif
the calculation procedure. ThiS ¢an avoid the need for finite element calculations. In general, th
RSM estimation methods are ‘meant to be conservative in the sense that they overestimate the actua
value of the parameter. Mebster and Ainsworth [35] and the R5 manual [2] provide many example
where the estimate of €(t)“using reference stress methods are quite accurate and conservative. Figur
15 illustrates a counter.example where the current reference stress methods may not be conservative.

— (D =~

U7

One of the maindifferences between the R5 and A16 are the methods used to estimate referenc
stress. Reference [43] summarizes some of the new reference stress solutions developed for A16.

D

—F

Wasmer¢Nikbin and Webster [57] also show some examples where reference stress methods may ng
always—be conservative in calculating creep fracture parameters. The R5 code is currently re
evalifating the RSM methods and improved formulae will be appearing in the code soon. However,OE

iSalways good to perform finite element calculations for some spot cases to verify the accuracy
RSM methods during an R5 assessment. In fact, if doubt exists, finite element solutions ar

recommended for calculating the creep/fatigue fracture parameters in order to ensure accuracy.
Likewise, Samuelson et al 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.”[60] 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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7 DISCUSSION OF GEN IV AND R5

7.1 R5as aPossible 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 possiple*b
obtaining confidence in the procedures through validation with mock-up tests and service experiency.
Likewise, the success with R5 is based on a similar series of mock-up validations cafid servic
experience, mainly for the materials and operating conditions within British Energy HTGC reactors.

13%

=

As such, the R5 procedure is a semi-empirical procedure (as is ASME NH) thatneeds qualificatio
for materials and operating conditions that will be experienced in GEN IV. Gertainly, the stainles
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 thi
range until further qualification for GEN IV materials is made. R5 is an\assessment procedure rathe
than a design procedure in its present form. An assessment procedurg’attempts to accurately prediq
crack growth response while a design procedure involves builté4in‘safety factors and conservatismy.
This is the case with all creep/fatigue crack growth procedures.~Hence, if R5 were implemented t
the high temperature design procedure of NH in the fUture, safety factors would have to b
introduced.

—~ -5 ) L72)

=y
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Certainly there is ample data in the literature whiéh-supports the use of R5 outside the range of
qualification. References [58], [59], [60] illustratesthe use of this approach for nickel base alloyy.
The Petten database provides material constants-for alloy 617 and 800H, and the method has bee
used to assess creep/fatigue lives in these materials. However, the method must be fully qualified fo
these materials and others that may belused in GEN IV applications—including ferritic vessg
materials that may operate near thexhegligible creep range. For the near term, the gas outle
temperature for GEN IV has been‘reduced to 750-800 C which means that alloy 617 may not b
required for hot gas exposed structures. In addition, the only potential code boundary exposed to th
hot gas will be the primary to seCondary hot gas heat transfer interface. And, even there, the safet
consequences of minor leakdge across the interface may not be consequential. On the other hand, th
reactor pressure vessel.(and crossover duct in some concepts) will normally operate at nominall
350C, either below_the/conventional creep threshold or in the “twilight zone” between the cree
regime and the negligible creep regime. For the near term, the material(s) of choice are SA533/509.
These components’can also potentially see quite limited off-normal conditions roughly within th
scope of Code“Case 499, i. e. 800-1000 F. From that perspective, R5 procedure may have to b
qualified-fot vessel materials as well.

DD U — =
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Finall¥; the issue of crack initiation must be dealt with. There is ample recent work examining crac
initiation under creep/fatigue conditions. References [61], [62] discuss recent efforts on accurately
predrctrng |n|t|at|on under creep condrtrons The recent thesrs by Davies [63] (out of Imperidl

some structures and operatlng condrtlons crack initiation may domlnate I|fe However the predlctlve
methods are not robust enough and fully qualified to be used under creep/fatigue conditions. While
conservative, Ainsworth, the main author of RS over the years, recommends neglecting this phase for
R5 since it will be conservative. However, it may be too conservative for use as a design criteria
within NH.
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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, and despite the fact that R5 is the best available code procedure
in use today for creep/fatlgue crack growth I|fe predlctlon it must be quallfled for GEN IV

.3  Concluding Remarks on the R5 Approach

fFracture mechanics methods have proven a valuable practical tool to predict life of structurescwhich
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
flact that ASME does not permit cracks, they will be present and having a procedure for assessing
them is important. Some of the statements below must be kept in mind as-we consider R5 for
possible implementation into NH in the future.

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

e Each of these concepts has clear limitations which wechave to live with. Bear in mind also
that 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 gethods are used routinely far beyond their
theoretical validity with success since the methods are suitably “qualified” from test data.

e There are some doubts about the existencg*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 onC*.

e 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 applicatioris.

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

e 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.

e Negligible creep should probably also be re-visited with respect to crack growth (K-
controlled crack growth may be applicable for some materials and service conditions).

e 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 XI if these procedures belong there).
Should fracture mechanics be used for design, for safety considerations or to set NDE and
maintenance schedules?
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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. Whether either the
complete R5 procedure or only parts of it should be used depends on the demands and NRC’s
requirements and concerns.
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8 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 U.S. NRC identified the lack of treatment of crack growth within NH

O O ol Cl O Vel C O oTo O—tvVvO—10T .

Part 1, summarized here, involved examining all high temperature creep-fatigue crack growth codeg

plementation within NH. The second part of this task is to develop design rules for pessible
plementation within NH. This second part is a challenge since all codes require steg-by-step
gnalysis procedures to be undertaken in order to assess the crack growth and life of the cemponent.
bimple 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).

A\fter 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 yufes, (ii) has a team of
gxperts continually improving and updating it, (iii) has software that can*he used by designers, (iv)
gxtensive validation in many parts with available data from BE resources as well as input from
Imperial college’s database, and (v) was specifically developed foriuse in nuclear plants. Further
easons for the choice of R5 are listed in Section 4.2.

There are several reasons that the capability for assessin@ ‘eracks in high temperature nuclear
¢omponents 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. Deésign 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 withifra creep-fatigue crack growth procedure. Figure 16
illustrates some types of componentsithat 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.

o Non-destructive Evaluation (NDE) and inspection methods after fabrication are limited in the
size of the crack of 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.

o Flaws that afe)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 grnowth techniques.

e Thewse 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
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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Figure 16 - Example of Possible GEN@pe Heat Exchangers

These illustrations are from “Heat Exchangers for t»Q Next Generation of Nuclear Reactors”

by Li, Le Pierres and Dewson, Heatric Division of \ggitt (UK) Ltd., Proceedings of ICAPP '06
Reno, NV USA, June @8 2006, Paper 6105

)
8.2 R5Usage .\Q,\$
Some details of R5 acquisition, trainirq'@ use are listed here.

e R5 can be obtained for $1700 for 1-year and $300 for future yearly renewal. This include
support. The method@e also well established to the point where one can learn th
procedures from o$~ literature publication such as in [35].

e Material Iibrarie@ available in the code.

e Methods e@%r estimating crack growth laws from only knowing tensile properties if dat
IS not av. e.

Much data i\@ lable in the open literature.

° willing to supply some of the data that is in the public domain (might charge fo
mpilation).

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

O~ U7

}e2

=

?‘ e Nikbin also has data—he will charge a fee to compile it. This may be worth consideration b

DOE/ASME since this represents a small investment to obtain a large database.

e API 579 has some data that can be used.
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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, 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
xamined 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 uncettainty.

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 genefal.

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 curvesis often taken. Moreover, it is
not certain that a power law relationship will persist for new materials.

o The fatigue crack growth relationship _is{ likewise fraught with the similar
uncertainties discussed for creep crack growth.

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

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

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

0 The estimation of thejreference 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 element” analysis is always possible, this can make the crack life assessment
time consuming.

0 The¢onstraint at the growing crack tip can be difficult to determine. Moreover, the
¢anstraint 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.
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Fracture

Pipe
SEN(T)

SEN(B) (afw=0.3)

8.4

Some additional research and development needs-fof creep and creep-fatigue crack growth modeling
are listed in the following bullets.

Recommendations Regarding Additional R&D Needs and Testing
Requirements

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

V.

Reference Stress Approach,"Needs More Validation for complicated geometries. Thes
include more work for:

(0]

(0}
(0}

il ITI lj_'J_l SEN(B) (afw=0 5)

Y o)

e —

Geometry/Constramnt [T]

Figure 17 - The Effect of Constraint on FraCture Toughness

D

High constraint crack geometries.
Complex-Crack Geometries (e.g. nozzles, advanced heat exchangers, etc.).

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

D~ (D =

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

— —

(00}

Naliditvs far advancad canctitiitivg  Iawwe rocunirad  DE  Aovalanad 0 vwarle £
VaHeHtY HoF—atahcea—CoRSHdth e —awo—tequHea—ro—6eVYe10pea—0—AWoH—

materials which exhibit complex creep response. However, we have not seen
extensive validation and generality for new material and higher temperature
operation.

Assumptions tend to result in extensive conservatism—Should re-evaluate these.
Others areas of research needs will be developed during the part 11 effort.
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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 Thls can Iead to a more fundamentally sound theory which can

confldence in life predlctlons

e Engineering methods to predict diffusion creep are needed.

RS should be qualified for materials and operating conditions of GEN IV before implementation’ into
H. In the meantime, R5 procedures (for Cr-Mo and stainless steels) where qualification within R5
as been made, can be recommended.
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APPENDIX A

INVESTIGATIONS OF HIGH TEMPERATURE DAMAGE AND CRACK GROWTH
UNDER VARIABLE LOAD HISTORIES

DOE Summary Report, 1995, Grant DE-FG02-90ER14135.
Also

International Journal of Solids and Structure, Vol. 32, No. 15, pp-*2191-2218,
1995.
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1. INTRODUCTION @Q/

The demands for structural systems 1o perform reliably under severe ating conditions
continue Lo increase. Tune dependent deformation and corresponds mage development

can be the limiting design feature lor enginsering struciures that rule xt high tempera-
tures. Thisis true lor both monolithic and composate materia w dependent degradation
may also be a contributing factor to reducing life even temperatures and below
[soe, for instano:, Brust and Leis {1992)). %

Maost of the studies of time depenslent ar creep c@ grawth have been concerned with
simplificd load condinons and constitutive uhti@s. The methods developad by Riedel
(1987) and extended into uselul and practical @agineering methods by Suxens (1991) are
all based on simplified constitutive relations), Indeed, creep fracture parameters such as
0 CF (Riedel, 1987), €, (Saxena, 1991}, @F (Yokobori, 1984), €07 (Bassani, 1981), and
others, are based on the assumptions of siruin hardening primary ¢reep law and/or Norton
creep. Morcover, simple creep-faligué dngineering approaches rely on Miner's Rule, where
the effects of creep crack and fatigue are considered scparately for predictive
purposes, as typalied by Jaske's (1984) approsch.

The approaches described ahove can provide uselul engineering predictions of creep
cruck growth, especially under constant load conditions. However, for structural ¢om-
ponents that operatei 'ere thermal environment, including thermal load-history effects
in the analyss p@uﬂ is cssenual for accurate crack growth peedsctions. Indeed, the
wries of papers fegkntly produced outl of the AFWAL Matedals Labaratory at Wright-
Patterson Air(Foror Base [see Nicholas and Weerasooriya (1985, 1986) and the referenoes

learly identified the importance of Joad histary on cruck grawth behavior,
mainly applied 10 ceack growth in the wrbine disks of advanosd military gas
gines made of INI, consisted of & serics of experiments and corresponding
rical analyses of this problen, The numerieal analyses included more appropoate
itutive relations than the simple power law ivpe theones discussed above, Usclul

Q/ ign models to enable the Retisement for Cause philesophy e be used were developed

@ lor handling the creep Tatigue interactions for the turhine disk problem.
% Kim et of. (1983, 1992) bave boen stodying creep crack growth behavior umder severe
?‘ operating conditions us part of the NASA Hot Section Technology program. They have

Tound that ncar Teld ntcgral parameicrs have the ability 1o charactens: creep crack growth
unsder complex thermal mechanical loading conditions. The other simplified parameters
discussed above could not charactenize the behavior.

Wilh the above comments in mind, this paper presents an investigation of the fun-
damsental processas that Jdevelop in eracked bodics which eapericnce haistory dependent
loading. The paper begins by discussing some general considerations regarding cyclic creep
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and experimentul observations of this process. A detailed analysis of one of the experiments
i then described . As parnt of this discisaon the impartance of peopes conanimitive Laws an

response, discussion of asymptotuc approaches, and the abibity of miegral parameters 1o
charucterize the response is provided.

I GENERAL CONSIDERATIONS

D
%
N
v

Ifa mml [mcud} hr uhuudmnmwnm in llw nmcmla cruep ruu:mdthm N
loaded, the following responis may be observed [pee Gittua {1975) or Murakami and Chne Q
(1982) for instance] As creep deformations advance, dislocations lose their mobility as ‘l/
they pule up at obstacles or owang to the formation of vanous networks, 1e huﬂ:nuwbg
imluced. These dislocations comsist ull 1w pans

(i) a reversible part, which recovers mobility upon stress reversals ; and é\)
(1) un irreveraible part, whach haos formed irrevermble networks. Qz

When the stress in the bar s reversed from tension to compression, or [ '&mmnsim
190 miw.ﬂnmbhﬁlmﬁomﬁlmir}mmhnﬁ:@nppﬁu
to those previously immobilized. This induces a significant creep siray whach may be
attnbuted 10 material softening. With time, after the stress (1) dslocations
apain becowe imnoubilized, aind tey again stanl w funn ineversi i tivn netwun ks,

If & structural component, or a portion of a componen | stress reversals,
significanl creep sirmn rates are reintroduced. MW les cannol be neglected.
Morcover, classical creep constitutive laws such as law or strain hardening laws
do net account lor this effect.

When a cracked component is loaded in the mmummuﬁn
from the crack up outward. When the unloaded globally to sero koad or even
a net positive load, a repon of compressi ses always develops near the erack up.
That is, the tensile stresses in the crack up région a1 the end of the load-hold period reverse
ip:lpnnunlﬂldll'.mlhlmﬂll of elastic stress recovery that oocurs in the
crack tp region where a localized zone has developed dunng the load-hold period.
These compressave siresses Cause compressive creep sirain rates in the crack tip region.
Upon reloading. these stresses that develop during the unload-hold penod
again reverse sign 10 tension, again induces large tensile creep strains, which emanate
outward lmom the crack 4

T‘hl.ls.rllsm cyclic loading in the creep regime in cracked bodies causes
rate reversals, and corresponding increased crack tp strain devel-
zone of stress reversals depends on several faclors, including load
unt of creep strain. Under severe conditions (which are increasingly
of structural components), this effect is very important.
saction describes saome of the consequences of this stress reversal effect on
the cruck growth process. This is done by observing the response ol creep cruck

specimens that are subjected 10 vanable loads. The analysis sections will also show
examples of the above-described processes.

1 EXPERIMENTS OF VARIABRLE LOAD CREEP

Before reporting the experimental observations, a description of the expenmental
procedure is provided.

10, Experomental procedare

All specimens are standard 1T compact tension specimens with a nominal thickness of
254 mm and width (W) of 508 mm, which were machined and fatigue precracked prior
(o tesung. The spocimens had approximately 2% side grooves machined into them 1o
enforce straight crack growth. During the initial testing phase, one specimen experienced
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failure of one of the clectric potential (EP) leads thal measure crack growth rates, which
led 1o mcomplete crack growth data, Two separate EP leads were then used for all other
lests.

For the vaniable load tess, the experimental technique is automated, with the load
history programmed on an Instron Servohydraubc maching. 1 hs réquaréd devélopment of
a novel spring-loaded extensometer system. Data acawisation was triggered by load changes.
This resulted in rapid data acquisition aller load changes, and slower data acquisition

provades a view of the test set-up. '\r\
>
1.2, Experimental vhsercations regarding variahle load ceeep
Experimental results on three 9 Cr-Mo lests thal were subjected to three different Q(b
load unload sequenoss are describad here, Tests have also been performed on 316 stai 4
steel at two dilferent tlemperatures, with resulls indicating the same trends as are
reparted here [Same of these resulis may he found in Brust 1 4f. (1993) and
Majumdar (1994), and other results will be reported soon |
Let us first examine some of the general conclusions lhtnhmndcmﬁ'uhism

dependent loading in the ume dependent deformation regime. Figure 2 a load
versus time sequence that was applied 10 one of the 9 Cr-Mo specimens
at SIRC AN were Fatigie procracked prar 1o testing As seen in Fag: an imatial load

penod of 3 h was made 1o ensure the development of an initial in the specimen.
The unload-hold umes and subsequent reload Lmes were i :§dn:rﬂud until about
%0 h, after which 4-h hold periods and 1-h unload n;%mv maintained until the
mw.m:::uudluulynmbhm%

An enlargement of the displacement versus time § for this experiment between

325 and 365 h, aller beginning the lesl. s illustrated i Fig. 2b. This specimen failed afer
about 400 h. Another specimen was loaded 1o 1 load level and was identical in all
other ways 1o the above-descnbed spoame for a shightly larger mitial crack.
However, this specimen was held for 320 h unload reload oocurred, and only one
cyele was applied. Figure 3 illustrates plasement versus time history for this test.
Note that this test failed at more than 600'h,

Several important general conclusions can be drawn from these results. as follows.

m During the unload- @;ﬂ load-point displacement recovery occun (Fig, 2b)
This is dus te the ive slreesss that develop at the erack tip during unload.
This zone of com ive stresses near the crack up can be quite large, as was venited
through com studies. even though the global luad is mever less than seiu.

The com iveAtress zones will be illustrated Later.
» Aﬂs% displacement rates increase as compared with the rates during the
previe ing period, This is elearly seen i Figs 2b and 3. Note also that the
d t just after reloading 1s always smaller than the corresponding value just
nloading
d history effects sigmlicantly decrease life us compared with the nearly constant
(only one unload) test, i.e. i this case the constant load test lasted nearly 1.5

Q/éotimnulnn;.
%® Further evidence of this behavior can be seen by observing the results of another 1est
on % Cr-Mo steel, also ar S35 €. However, the applaed load was sinaller Usan i tse alave

only 5 min (as comparcd with the minimum hobd e of | hin Fig, 2a). Figure 4b illustrates
the load-point displacement response of this specimen before crack growth began. Thas was
a long test, taking over 30 days, and crack growth began at about 192 h aller the test began.
Figure 4b shows that, as with Figs 2b and 3, the load-point displacement rates (i.c. slope
of the curve) imcrease after an unload compared with the rates belore unloading, even
Ireline ciach growth Degins, However, as seen in Fig 4e, the change in displacements after
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an unload load sequence becomes greater as time proceeds. This partcular test has been
compltcly analyzed, aod the results will b prescnted latcr,

4. ANALYSIS RESULTS

This section will provide several Lypes of analysas results that dlustrate the eflect of
load history on ime dependent crack growth and fracture. The first topic discussed involved

miast work 1o date and mest practical approaches to the ereep erack prohlem ane hased on N
l.'qmptotu: solutions using very umple constitutive relations. Here we compare some '\
usymptotic solutions using several types of constitutive laws, including classical and more ‘],
advanced ercep modela, which arc capable of adoquatcly predicting cvelic reapona: Q

creep conditions. The second topic brefly examines some integral parameters that m‘:g)
examined regarding their ability to charactenize variable load creep crack growth.

analysis topic presents the results of the third creep crack problem illustrated in Fi is
test was analyred throughout the entire Y0 h test by using un appropnate ve law,
The performance of the integral parameters, as well as comparisons with expénmental data,
is tllusirated. Before this, a briel’ discusson of the computational 1o develop
these solutions is provided. @

&)

4.1 Canstitunve laws and fintte element code

The cocep behavior of metals under & constant um:in@bud 18 classified into three
phases - primary, secondary, and tertiary creep. In thi:‘Qk.wﬁdlcuMdcﬂmm
growth under vanable loads, tertiary creep is not ) sinee it occurs only in a small
process region near the tip. The influence of the tutive model used o represent time
dependent materials on the stress and strain the vicimty of a crack tip has boen
shown to be significant (Leung e al., 1988), or cangtant susiained load. As dscussad
in Section 2, upon siress reversal, a mcrease in strain rate has been ohserved
that was due to struin softening. i or strain hardening (S-H) creep laws, upon
which most of the current tugnoc% hes 10 pradicting creep crack growth are
based, arc incapable of predicting these phenomena. The next section will clearly illustrate
this. In the Inouc benchmark (Inoue et al', 1991), a model developed by Murakami
and Obno {1982) and impro Ohno et af. (1985) provaded us good or better predictions
of a complex load the creep regime than more than ten different models. The
Murakami Ohno (M-Q) has the advantage of having very ssmple material property
requirements. Tht thematical structure and the complicated effort required to obtain
matenal other recently proposed constitulive models render their use in
numerical of the creeping crack problem cumbersoms,

The wtutive law used for most of the creep crack growth analyses presented here
e concept of a creep hardening surface (CHS) developed by Murakami and
, 1985). This model is quite convenient since the matenal properly requirements
only the classical time hardening matenal constants (A, n, m). and the two Norton
nstants [4,,», ; see egn (1)].
For the general multi-axial case, the creep strain rate in this model is given by:

%& & = C(8,q)S, = Jm(A) "(a)" ™'"(g)" "8, + A0 'S, (1)

?“ where 5, and @ arc 1 and equiva TEwx, Tespecively. Inoqn (17, § 15 gven
by :

- p+(( ::")So- 2)
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4, =p=0 if g<0 or ,:TE“"" &)

with
‘w

W

! .
3 = (Gmn,. p= b, i 4=0 and TE >0, @

b
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wharc i, 18 the outward normal vector to the CHE defined as

% )

"l] = (-4
H’qJ'_IU"'i't:u-zu'E .

The CHS is gaven as

T= 0 —L0E 51— =0DonCHS o]
D
< 0 inside.

(b%
The radius and center of the CHS therefore change only when the matenal stale is S the
CHS (g = 0) and remain the same when the state of creep st is mside dhe C@ Q).

From the evalution equations. it can be easily shown lhalqhecm;!;{%
creep straun) when stress reversals do not occur, Thus a principal advan
is that it coincides with classacal creep constitutive laws when they . All maenal
constants are therefore casily obtained (rom uniaxial creep data, exist for most
materials.

When a stress reversal occurs, ¢ of egn |2) becomes Q-Lthmndmlhwrup
strain rales predicted in eqn (1) large. This accounts (or large I creep siaun riles
observed expenmentally duning stress reversals [soe Mura i Qi (1982, 1983) and
Krishnaswamy er al. (1994)]. Classical laws upon i creep Iracture theones are

based cannot account for this effect. Plasticaty is in this model by assuming that
these struins occur over a very shorl lime 10 evaluabiog the creep matenal constants,
A finite clement (FE) algonthm using an iiphcit scheme has been developed for the

Ohno and Murkam: constitutive model iscusted by Kridhnasunmy o ol (199],
1994). The implicit method used here hast vantage of ensuring a convergent and stable
wolitinn for l:-nr Tormes step w1 fe I"I“‘&Il\lif‘ll inlvf;ﬂlhm swhemes. The detanls ol the
algorithm have been omitted here ag v be found in the Giled referenves. Numerous
comparisons using the imphcit hm are compared with expenimental data and with
strain hardening theory and % o presented by Knishnaswamy er al. (1994} with good
resulls.

The somputational for all analyses sonsisted of cght-noded soparametric
ﬂunuuuingphu ress or plane strain assumplions. Crack growth was modeled by
using a node r:ltnéchnique wherehy the nodal foroes at both nodes in the particular
element throu @nhlhzmkupmn;muhudmulmnmﬂywapmodof
time, The i fracture parameters were calculated by using eamting chenmnt shape
odal avoragod i quantitics using a duect approach (1.e. a domain integral

sch is convenient for three<limensional problems, was nor used), The analysis
experiment {Fig 4) required a great deal of effort on a Cray computer system.

Q.

4.2 Asymprotic abservations
é Maost Practical methads for predicting the lives of ctacked structural components that
@Q/ operale al hunpnmunm:rmpmnmumh:dnnluﬂunfuympmlﬂwhﬁmt
These solutions were developed by using sample constitutive laws and are, for the most
:ln:ﬂy ntul for munn!m:c Inu:l hnld mnd:llum I:r. Goldmln I:II Hmhm

1]937]] lNoll that lml:lﬂ?!'ﬂ doupmﬁde un}-mpmuc wtubon I'oﬂ:rttc luldmby
using Norton's creep law, but the usefulness of this solution is unclear sinoe Norton creep
is inaccurate under cychic load conditions | Saxena and Han (1984} and Saxena (199]) {and
many references cited therein) then developed engineening methods based on parameters
that charactenaze the strength of these fields. In the following examples, we illustrate that
the structures of these near tp fields change with timse and loud eycses, precluding the use
of a singk asymptotic strength parameter for cyche koad apphications.
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P = 1EN for the 30 S5 analyss, and P, = 23385 for the % Cr- Mo analyss.

Asymprotic sofurions, The stress and strain fields near a erack up are evalua qm
both the classical strain hardening creep law and the Murakami Ohno (M-
{11]. the lformer of whech is & special case of the MO law. Cyl:lt.lmﬁ.l@md:md

and the solutions are developed numerically by using the above-dese clement
methodology. Only the first terms in egn (1) are used since the pnmary rm dominates
during bond changes

Conssder a standard compact lension specimen with crack a = 21,75 mm and

uncracked ligament length ¢ = 27.05 mm. A finite clement
performed by using creep propertzes of both 9 Cr-Mo Steel
(55) at 650°C. The applicd load spectrum is shown in Figv5. Note from Fig. § that an
l-ﬂnﬂnﬂ*--ﬂ.!wﬁmmhlhumﬂ'&e rum was applied up o 99
total hours. This means that the ends of the periods were 24, 49, 74, and 99 h
uhleﬂmmi:dthemhud-holdpenndsmls@,md?ih{l’ourlmdmdlhuunlmd
peniods) The material properties arc O

A=T0x10", .;»e@.a. m= 024 (9Cr-Mo)

A=310x10 "G =72, m=054 (304 58)
O
for stress in MPa and time i N These same constants are used for a strin hardening
law and for the Murakami Ohno cyclic creep law.
i 1 mesh was a focused mesh with ten nngs of six-noded
elements surrounding the crack tp and aght-noded clements
i size at the crack tip s about 000K ¢ which is about two.and.
¢ refined than the mech need by Shab and German (1981) in their studies
nance.,
:rn%g a) provides a plot of the shear creep suran raws just wiwer two of the unluad
i the M4 SS with the R = 0 spectrum. This is a plot of £, as a luncuon of angle,
H Lant radius of D.086 mm from the crack tp (standard crack Lip polar co-ordinate
ions are ueed, with @ — © ahead of the erack tp, and @ = = along the cruck faces),
@ 1% distance corrssponds 10 about the seventh ning of clements away from the crack tp.
&)

Immediately afterwards the unloads occur at the first unload (trme = Y4 h) and thind
unlmd{ume:?i-o—hl hrp mdcwlop whn:h emanate fl'OII: I.Ilccmcl: np These

llum falus veou al an mtk. uf;l.-wl Al amd Il [ uut l.lnu !ﬁll' i Llsmunl sl
hardening creep law greatly underpredicts these stran rates. Figure 6(b) shows the shear
creep stran rates at the end of the 1-h unload-hold period. Note that the position of
maximum strain rate has shifted to about 1 radian. The stran rales have relaved sig-
mifcantly . however, the rates from the Murakams-Ohno law are sull higher than those of
the classical law. All other components of creep strnin rmate evhihit a amilar hehavsor a1
thas locaton, and at all other locations.
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Figures Ta) Tic) show the ﬂcﬁ}ponml of siress at an angle of zero, also as a function
of distance abead ol the crack n@rm Tia)- T show the stresses at the end of the hold

times for M4 85; R = 0, 3 tR= 05 and9Cr Mo; R = Dcases, nespactively. Note
thut these plots show versus logir). The solutions for the Murakam-Ohno case,
which has much betier ility for modeling stress reversals, appear linear on these plots.

Although certain] proven here, it appears that the asymploti Hields behave as:
QO a={, ;Qﬂl{-:ﬂ- (M

In fmé%mml logarithmic singularniy appears 1o dominate over a very large distance,

a st for these cases. does not change with cvele. On the vilies hand, the sueas lickl

@ strain hardening law is used appears 10 vary as a function of cyck number. Note

that the differences between the S-H and MO solutions increase as the cyele number
T,

Q/% Figures Xa and Bb show the accumulated strains (5, 3t # = D) for the 9 Cr- Mo ease, al

@ the end of the ualosd-hold periode (times 24 S0 75 b)) and at the end of the load-hold

% penods (tmes 24, 49, T4 h), respectively. The differences between the M and M O

Ve solutions increase as the number of cycles procceds. Moreover, the strains at the end of the

Tnad-hold Times arc close, independent ol The number af cyves Tor The S 38 mosdel Twols
that these are the total accumulated creep struins, obtained by integrating the creep stran
rintes thronghont the load history o appropriste Anontersling observation can be made
regarding the results of Figs 68 The stresses tend to be higher whon a strain bardoning
law 1s useed thian when the Murakams Ohno law o wsed. whereas the creep stiins are lower.
This can be expluned as follows. During the load changes. the creep strain rates are greatly
under-predicted by using a strain hardening law, whereas they are adequalely predacied by
wung the Murakanu Ohno law. Because of this, the streises do oot relax after load path

55


https://asmenormdoc.com/api2/?name=ASME STP-NU-039 2011.pdf

STP-NU-039 Creep and Creep-Fatigue Growth

'?llln 1T e ‘\\>\‘ k] T

1;.
Distance Fram Crack Tip A jmm)
wsmmﬁ as a function of distesce from the oack Gp for @ = i Ressins gre for

4,40 and 9% b oae alber reboad-hold sequences (o) HMSS, B = O cose (b WHSS,
e —03cae i) WO Mo, K = D case,

%Qchmn as much as they should when a strain hardening law is used. At the same time. the

2 corresponding ercep strains do not accumuliate as rapudly as they should when sirain

Further comments are in order regarding Figs 7 and 8. 1t is well known [see Riedel
(1981, 198 7)) that the asympsotic stresees and strains are of O [[1/(n+ 1)} and O {(n (n=1)},
respectively. When Figs 7 and 8 are plotted un @ kg jog scale, this means that 1he
stresses and strains will plot as strarght knes with a slope of [1'(n+ 1)) and [a(n+ 1)),
respectively. These slope values are indoad observed before unloadimg pocurs. i e at lime
less than 24 h, At the end of the unload reload sequences (tmes = 49, 74, 99 h), the stresses
when & Murakami Ohno ereep law 15 used are not inconsistent with a slope of [1/jn 4 1))
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