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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and

non-g

overnmental, in liaison with ISQO., also take part in the work. 1SO collaborates clo
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ational Electrotechnical Commission (IEC) on all matters of electrotechnical standardization
ational Standards are drafted in accordance with the rules given in the ISO/IEC Directives, |

main task of technical committees is to prepare International Standards. Draft’Internation
ed by the technical committees are circulated to the member bodies fér voting. Publi
ational Standard requires approval by at least 75 % of the member bodies casting a vote.

spond to the need for global collaboration on standardization questions at early stages of
ation, the 1SO Council, following recommendations of the ISOHEC Presidents' Adviso
hological Trends, decided to establish a new series of ISO~publications named 'Techn
ssments'  (ISO/TTA). These publications are the results of either direct coop
Andardization organizations or ad hoc Workshops of experts'concemed with standardizatig
5 in emerging fields.

tation by ISO, ISO/TTAs shall not conflict withtexisting International Standards or draft
lards (DIS), but shall contain information that\would normally form the basis of standardiza
ed to publish such documents to premote the harmonization of the objectives
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Code of practice for creep/fatigue testing of cracked
components

1 EXECUTIVE SUMMARY

Following a brief description of the mechanism for creep and creep/fatigue this|docui
testing methods and analysis procedures needed for creep and creep/fatigue crack grow
generic geometries containing cracks. Use of the terms 'generic geometries',
component', 'feature specimens' in testing assumes that the test geometry is non-
compared to standard laboratory fracture mechanics geometry such as-the Compact Ten|
These tests maybe needed when the users need additional validation of results and in
excepsive costs, unavailability of pedigree material, and other-testing constraints W
nominal numbers of tests can be carried out. So far as available, specific advice an
referpnce material is given throughout the document in order to assist the user in caj
programme of testing and analysis of the data. Specific)geometries are identified and
fractjire mechanics parameters are presented for each ¢f them.

This
Stan

document takes into account the experience gained in testing techniques fro
Jards and Codes of Practice [[a]-[kk]]~and integrates early advances in the fi
erature fracture mechanics [1-23] with the more recent findings [24-80] to giv

metalllurgical, fabrication, operating temperature, and loading variables on creep crack gi
a component.

This|document, by the ¥ery nature of the subject's diversity, cannot go into detail on
relating to the metheds of testing and the type of geometry that could be tested. Rather
common grounds~in the procedures and highlights the sensitivity of the various p4
completing a~validated programme to derive material 'basis' data. Attempts have be]

‘component'

ment details
th testing of
or 'feature
standard as
sion (C(T)).
cases where
yould allow
1 additional
Tying out a
appropriate

m previous
eld of high
e advice on

g, measurement and analysis of CCI, CCG and CFCG data for a range of creep brilttle to creep

e terms the
1 effects of
owth life of

every issue
it identifies
rameters in
en made to

simpllify the;procedures whilst at the same time not compromise the overall accuracy that is required

in a festprogramme. Finally advice and recommendations are given to identify the limitg

tions of test

results and/or analvsis for anv specific condition.

2 SCOPE

The scope of this document is to recommend and establish standardized techniques for measuring
and analysing Creep Crack Initiation (CCI), Creep Crack Growth (CCG), and Creep Fatigue Crack
Growth (CFCG) characteristics using a wide range of pre-cracked standard and non-standard 'feature’'
geometries. Specimens considered in this document are shown in APPENDIX I. The list of geometries
is not by any means complete and the user is advised to use appropriate information from other

databases for other geometries to derive the relevant fracture mechanics parameters (see

Section 11)

to use in the analysis. The validation of the parameters that are to be used however is important,
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especially where concern exists regarding the compatibility of test geometry with the actual
component in terms of size, the type of loading and stress state. This document allows increased
flexibility and a wider choice of geometries than previously were made available without comprising
on the important issues such as accuracy of testing and data measurements and the appropriate
derivation of the correlating parameter. Less emphasis and detail has been placed on cycle dependent
fatigue test methods compared to time dependent creep test methods as fatigue testing has been
comprehensively dealt with in other standards [g] and the parameters needed for its analysis are
linear elastic in nature and therefore simpler than the non-linear time dependent creep regime.

3 SPECIFIC OBJECTIVES

Availability of Creep Crack Initiation (CCI) and Creep Crack Growth (CCG) and Creep/Fatigue
Crack Growth (CFCG) properties are essential for defect assessments of components-operating at
elevated temperatures. Methods for deriving the uniaxial creep properties are welkestablished| The
following identifies the specific objectives for this CoP

1 The user is given advice and information on specific test geometries, techniques, testing
methods to allow obtain the maximum amount of verifiable test ‘information for creep and
creep/fatigue tests.

2 The information presented has been derived from collaborative experiments on a range of
geometries forming the basis for the validation of results in.this CoP.

3 Maximpm flexibility has been introduced in test techniques without compromising accufracy.
Hence the advice will also be relevant to geometries that are not identified specifically in the
appendjces

4  Advice|is given on specimen selection and the appropriateness of fracture mechanics paranieters
for use fin the analysis taking into account the*creep properties of the material.

5  Without compromising overall accuracy simplifications of parameters have been introduced and
the appfopriate variability due to the method of analysis is estimated.

6  The reqults for the geometries listed in APPENDIX | have been compared and validated an(d the
analysi$ methods standardized soythat testing variability between different laboratories cgn be
reduced to a minimum.

7  The CoP sets out to identify..the commonality in the wide variety tests and provides the user|with
sufficignt advice to devise,Carry out and analyse a test.

In effect thg overall objective of this CoP is to unify, as far as possible, testing and analysis methods
between different laboratories. This is in order that subsequent or future analysis of the data or ifs use
in life assespment analysis could be performed with confidence and increased overall accuracy.

4 INTRODUCTION

The Versailles Project on Advanced Materials and Standards (VAMAS) supports trade in high
technology products through International collaborative projects aimed at providing the technical
basis for drafting codes of practice and specifications for advanced materials. The scope of the
collaboration embraces all agreed aspects of enabling science and technology which are required as a
precursor to the drafting of standards for advanced materials. The VAMAS activity emphasizes
collaboration on pre-standards measurement research, inter-comparison of test results, and
consolidation of existing views on priorities for standardization action.
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4.1 Background to VAMAS Creep Crack Growth Initiatives

At this point it is useful to outline the background to the development of this document as it will
place it in context with the already available codes and standards related to this subject.

VAMAS has been active in the field of standardisation of testing and analysis of elevated
temperatures fracture mechanics specimens since 1987. A working group, TWA 11, was setup in
1987-1992 to develop and formulate a standard for a high temperature test method. This involved
making recommendations for measuring the creep crack growth properties of materials and using the
creep fracture mechanics parameter C* in the analysis of the data. The method was restricted to
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pdure, to incorporate the methodology for a more creep brittle circumstances. The)

Jure E1457-

D.

mited creep
pof a Round
aluminium
binal testing
findings of

A 19 were published in a special issue of Engineering Fracture’ Mechanics [11]. Subsequently a
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ponent defect assessment codes such as R55(29-31], A16 [32-33], BS-7910 [34] 1
As a result of experience gained fromi'TWA 11 and TWA 19 the present T\
lished in June.

Background to Industrial ne¢ds for validated Test Data

ifacturer's recommendatiofisiand their past experience have usually been the basis fd
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ponents such as gas(Steam pipes, pressure vessels and in weldments which might
ing defects. In recefit times however crack growth initiation and failure analyses h|
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lopment of high temperature fracture mechanics concepts, through which the tim
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Figure 1 shows a schematic of the overall relationship between testing and component assessment
showing the circular link between developing test methods and applying it to life assessment which
in turn feeds information back into improving testing methods. The main objective of developing
testing procedures is to improve the reliability of design and life assessment codes, which use
material basis data for their calculations. In developing a testing standard methodology for laboratory
specimens a first step was taken to improve life prediction procedures of components. However life
extension calculations of components requires a validated fracture mechanics model for crack
initiation and growth as well as detailed knowledge of component non-linear time dependent stress
analysis, past service records and postulated future operations together with 'appropriate’ mechanical
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properties. It therefore seemed appropriate to develop a testing method for components and integrate
it with life assessment codes for creep and creep/fatigue of components.

4.3 Relevance of Testing Methods to Life Assessment Codes

4.3.1 Background to Life Assessment Codes
Components in the power generation and petro-chemical industry operating at high temperatures are
almost invariably submitted to static and/or combined cycle loading. They may fail by net section
rupture, crack growth or a combination of both. The development of codes in different countries has
moved in similar direction and in many cases the methodology has been borrowed from a previously
available cqde in another country. The early approaches to high temperature life assessment [used
methodologjies that were based on defect-free assessment codes. For example ASME Code:Cage N-
47 [36] and the French RCC-MR [37], which have many similarities, are based-on lif¢time
assessment |of un-cracked structures. The materials properties data that are used for these codes is
usually unigxial properties and S-N curves for fatigue.

More recenf methods make life assessments based on the presence of defects:in’the component| The
codes dealipg with defects [31-35] vary in the extent of the range of failure behaviour they cpver.
Essentially fracture mechanics solutions dealing creep and creep/fatigue interaction in initiation and
growth of defects are covered. In terms of creep crack growth all prgpose similar approaches byt use
different fotmulae which is likely to affect the predictive solutions. Tn such codes material propeyties,
dealing with crack growth data that are needed are more complex compared to uniaxial data bath in
terms of tesfing methods and derivation.

» | Development of
; ; Material 1{ Mechanical tests:
Estimation of 2. Materials: Different steels
Mechanigal 3. Creep/Ductile
. \ : )
propertigs Ductile/Brittle
Test Elements _J 4. Parent and Weldments
5. strength, fatigue/Creep
Lab specimens 6. Morphology, Fracture
v surface
7. The effect of multi-axialit
F L y
. CAE | 8. Analysis, of CCL CCG
Modelling 9. Validation of models with
CompoOnfmt Tests ]
E results of experiments

l 10. Dissemination of results

full Component 11. Implementation in Testing
Tegting CoP

\ 4 12. Application to CoP for
Life Assessment

Dead:ats £
T TOUUTCUTIOIT OT

remaining life

Based on CCI and
CCG

Figure 1: Schematic of the objectives in high temperature testing procedures.
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4.3.2 Relation between laboratory tests and Component Assessment Codes

Generally defect assessment problems can be divided into two regions. Firstly the initiation region
whose limit can be determined either from micro-mechanical models or from NDT limits and
secondly the steady crack growth region which can be described using the fracture mechanics
parameters such as K, reference stress o, and C*. The more recent defect assessment procedures
mentioned above are based on experimental and analytical models to assess crack initiation and
growth and to determine the remaining useful life of such components. These codes base their
analysis on tests taken from laboratory specimens, which are invariably derived from small
specimens at short test tlmes Therefore there is no dlrect Verlfrcatron of the predrcted results with
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calculations. Upper and lower bounds are therefore 1ntroduced which give widely different

life prediction results.

Improvements in the evaluation of the relevant parameters such as K, limit load concepts,

reference stress o;r and C* since they can be very different according to the method of

derivation. Use of 3D non-linear FE methods would help in this task.

The uses of short-term small laboratory data for use in long-term component life predictions

further increases the possibilities of a wrong prediction. The relationship between short and

long term behaviour needs to be quantified.
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5. Difficulty in ascertaining the level of crack tip constraint and multiaxiality effects in the
component could reduce the accuracy of crack growth predictions, in the extreme, by about a
factor of 30. Use of 3D FE modeling would assist in this task.

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

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

8. Prohabilisti icti terial
properties sensitivity to the models, test data scatter and unknowns in the parametery and
predjictive models.

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

4.4 Requjrements for the VAMAS TWA 25 CoP

The international project, under the auspices of VAMAS (Versailles Agreement on Advgnced
Materials and Standards), Technical Working Area 25 (TWA 25) was initiated in June 1999 The
broad was |for the committee to recommend testing, .analysis and life prediction methods for
assessing elevated temperature creep and creep/fatigue crack growth in metallic components
containing defects and to carry out and gather together the under-pinning and pre-standard resg¢arch
develop a standard. The investigation involved the collaboration of a numbe¢r of
industrial apd research establishments (see Section [5]). The work followed the already establjshed
high tempetature testing methodology of standard specimens developed previously by the VAMAS
TWAT11 (1988-92) and TWA19 (199341998) committees. The information from these studieq, the
ed by ASTM EO08 Creep)Crack Growth Committee and a number of collaborativg EU
(BRITE/EURAM) projects based on high temperature crack growth (see Sectiop 3,
acknowledgements) was used in. TWA25 to develop this document. Some of the results have [been
eviously in a special issue of the International Journal of Pressure Vessel and pjping
[24]. In addition to the input from partners' information from historical work plus results forrh the
more recenf work found in the literature has also been used in the development of this Cogle of
Practice (CpP). Theé_comprehensive review was performed in order to validate the testing and
analysis procedures and give practical advice to the user of this document.

This documlent‘therefore reports the ﬂ'ndingq of 2 r‘nmprphpnqivp anﬂy which was carried out hy the
VAMAS Technical Working Area TWA 25 to investigate methods for testing non-standard pre-
cracked components under static and cyclic loading at elevated temperatures. This document is
aimed at demonstrating the methodology in testing procedures and the subsequent analysis of the
reported data. The document has been set out in such a way that it would be possible to expand it in
future updates to take account of new information and data.

4.5 ISO requirements

ISO (the International Organization for Standardization) is a worldwide federation of national
standards bodies (ISO member bodies). The work of preparing International Standards is normally
carried out through ISO technical committees. Each member body interested in a subject for which a
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technical committee has been established has the right to be represented on that committee.
International organizations, governmental and non-governmental, in liaison with ISO, also take part
in the work.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives,
Part 2. The main task of technical committees is to prepare International Standards. Draft
International Standards adopted by the technical committees are circulated to the member bodies for
voting. Publication as an International Standard requires approval by at least 75 % of the member
bodies casting a vote.
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6 NOMENCLATURE AND ABBREVIATIONS

6.1 Nomenclatures

A, H, Do, m, p_ @
E’=E/(I-V)

14
P, P, My

Pmax: Pmin

Various material constants described in appropriate Equations

for plane strain and E for plane stress where, E= elastic modulus (GPa)
Poisson's ratio
applied load (MN), limit load (MN), limit moment (N/m)

maximum Load (MN), minimum load (MN)

p

R

&, Eminy €4
a, a; ar
da/dt or
Aai, Aaf

t iy t;
a,, a,
AL AP A A
ALLD,ACMOD
dA/dt or |
dA/dt or A
dA°/dt or A
dA"/dt or
K, AK

o

C* (1)

C*

¢ D

ér, D;

n, A

m’, A’

K at

o

[

Q*

pressure (MPa)
load ratio Py / Pax

creep strain rate, minimum and average creep strain rates

crack length (mm), initial crack length (mm), final crack length(mm)
creep crack growth rate (mm/h)

initial crack extension (mm), total crack extension (mmnt)

test time (h), time increment (h), time to initiation

initial transient and steady state creep crack growth rate (mm/h)
Components of total, plastic, creep and elastic displacements
load-line LLD and crack mouth opening CMOD displacements

plastic load-line displacement rate (mmny/h)

creep load-line displacement rate (min/h)

elastic load-line displacement rate (mm/h)

total load-line displacement rate (mm/h)

stress intensity factor (MPaVm), stress intensity factor range (MPaVm)
fully-plastic contribution to J-integral

transient value of €% (MJ/m”.h)

steady state NLEFM creep correlating parameter (MJ/m?.h)
power index-and material constant in da/dt=DC */

constant-for CCI versus C*in t; = D,C d

Norfon's creep index and material constant in &=40"

crack growth rate index and material constant in da/dt= A ’K™

creep toughness parameter (MPa\/m)

Parameter based on creep activation energy and local crack tip stress

N, da/dN
c,C’
o, o
él‘ef X O-ref
Vi, Vy
Ri} R(:‘
VA
Ri 9 RO

Number of load cycles, tatigue crack growth per cycle (mm/cycle)
fatigue crack growth rate index and material constant in da/dN= C’AK®
stress and normalized yield stress (MPa)

creep strain rate at reference stress, reference stress (MPa)

initial and final values of the PD signal (mV)

internal and external radii of cylinder

geometry factor

inner radius (mm), outer radius (mm)

yield load ratio
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M bending moment (N/m)
w width (mm)
B, B, thickness (mm), net thickness (of a side-grooved geometry) (mm)
H height (mm)
Ra, R radius to notch root (mm), mean radius (mm)
Bate function of dimensions
C, Ciniy Cfin half-length, initial and final half-lengths of surface crack
SD Standard-deviation
0 Activation Energy
R Gas Constant
T Absolute Testing Temp.
The values stated in SI units are to be regarded as the standard.
6.2 | Listing of abbreviations
Colp Code of Practice
CCG Creep Crack Growth
CC] Creep Crack Initiation
FCG Fatigue Crack Growth
CFCG Creep Fatigue Crack Growth
LEFM Linear Elastic Fracture Mechanics
NLEFM Non- Linear Elastic.Eracture Mechanics
X-weld Cross Weld
HAp Heat Affected Zone
PD Potential Drop
ND|I/NDE Non-Destructive Testing/Examination
LLD Load-Line Displacement
CMOD Crack Opening Displacement
CTOD Crack Tip Opening Displacement
SD Standard Deviation
EU European Community
CCG in CMn EU Project, 1993-1997, 'CCG in Carbon-Manganese at 320-400 °('
HIDA EU Project, 1996-2000, 'High Temperature Defect Assessment'
LIGON EU Project, 1997-2001,'Accelerated Test Methods for Advanced $teels'
CRETE EU Project 2001-2004, 'Creep Crack Growth Testing for an EU CpP'
VAMAS Versailles agreement on Materials and Standards
ASME American Society of Mechanical Engineers
ASTM American Society for Testing Materials
BSI British Standards Institute
ISO International Standards Organisation
FAD Failure Analysis Diagram
TDFAD Time Dependent Failure Analysis Diagram
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7 DESCRIPTION OF CREEP AND FATIGUE CRACKING

7.1 Failure due Creep Crack Growth (CCG)

Failure due to creep cracking is usually identified by the intergranular separation of the grains. In
creep ductile materials, extensive creep occurs when the entire uncracked ligament undergoes creep
deformation. In the case of extensive creep, the region dominated by creep deformation is significant
in size in comparison to the crack size and to the uncracked ligament size. In small-scale-creep or in
creep brittle conditions only a small region of the uncracked ligament near the crack tip experiences
creep deformation. The damage mechanism in both CCI and CCG are similar and for most practical

circumstang

7.2 Creej

es may be correlated by the same parameters.

) Crack Initiation (CCI)

The early stages of growth are defined as initiation period or CCI and purely as a practical method a
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r NDE limits. This distance could range between 50 microns: to' as much as a
In laboratory tests it has been established that 200 to 500 microns is geng
and therefore the period for CCI would cover this length scale and CCG would b

in the CCI region. In consideration of a number .ofl factors such as specimen
|d accuracy of measurements this CoP has adopted a.crack extension of 0.5 mm set 3
limit for CCI (see Section 9.1).

ient crack growth conditions

ack growth conditions occur in the early stages of crack growth tests for the whole 1

tate C* field ahead of the crack tip and also a period of creep damage developme
rack tip creep strain overrides_ the initial elastic strain. The time to reach the lat
h greater than the former.5Fhis initial period usually constitutes a substantial porti
pecimen or the structure: ECI covers the transient period plus the period prior steady
ding on the definition for CCIL. CCI is identified as the time taken to reach a spg
bion Aa;. In 'FeatureZComponent' testing where crack growth measurement sensitivit

bth of initiakérack extension that can be safely measured using NDT. The limiting
a; should\ideally not be set at > 0.5 mm in fracture mechanics testing. CCI c3
sing C¥*or K depending on material behaviour (see Section 9). The information de
in_be tised in applicable models to predict crack initiation times.
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7.4

Steady state Creep Cracking (CCG)

Steady state CCG follows the transition period and the CCI period where a unique relationship will
exist between CCG rate at steady state and C* or K depending on the material behaviour (see Section
9). CCG is essentially derived from the measured crack extension versus time during a test. Methods
for testing will be detailed in this Section. Steady-state creep crack growth rate behavior is usually
used as the basic material property data for use in defect assessment analysis. The analysis details
will be presented in Section 9.
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7.5 Fatigue and Creep/Fatigue Crack Growth (FCG and CFCG)

These types of tests where loads are cycled at elevated temperatures are identified as FCG and CFCG
tests depending on the frequency and R-Ratios used. It has been determined [20] that the analysis can
generally be dealt with as fatigue dominant (FCG) at high frequencies (usually > 0.1 Hz) in FCG and
as mainly time dependent creep (CFCQG) at low frequencies (< 0.1 Hz). Therefore less emphasis and
detail has been placed in this document for FCG test methods at high frequencies as fatigue testing at
high frequencies is dealt with adequately in ASTM standard E647[g]. At low frequency elevated
temperature cycling testing (CFCQG) it is assumed that creep dominates and therefore the analysis can
be in_the same form as static loading tests.

7.5. Failure due to fatigue

Failyre due to fatigue cracking at high frequencies (> 0.1 Hz) is usually- identi
transrgranular and at low frequencies (< 0.1 Hz) by intergranular separation’ of thg
oppgsed to CCG, FCG is a purely cycle dependant time independent phenomenon b
mainly time dependant. There are two regions of fatigue one is the threshold region
assumed that cracks will not grow below a threshold 4Ky, value for the stress intensity
and the steady state crack growth region which is usually described by the Paris Law d
However for CFCG tests no threshold exists as creep dominafes the damage developi
frequencies. Also for life assessment purposes it is assumed that if there is fatigue loadin
crack initiation period.

fied by the
grains. As
ut CFCG is
where it is
factor range
a/dN o K™ .
ment at low
b there is no

7.5.2
Cree

Creep/Fatigue interaction

p/Fatigue interaction comprises of cracking “data derived from a cyclic test |at elevated

temp
total
ratio
prev
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rang]
Srow
pred

techniques for this analysis.

7.6

Ther

eratures where creep mechanism for damage development is also prevalent. The ¢
crack growth due to the combined actions'of creep and fatigue will depend on the fj]
and a number of other factors such” as dwell periods and continuous cycling
ously where the frequency is usually <0.1 Hz creep begins to dominate and where
[z fatigue dominates. The region of maximum creep/fatigue interaction is found

ffect on the
cquency, R-
. As stated
[requency is
to be small

ng over 1 decade of frequency. Generally it has been shown that a linear cumullative crack

th addition of the creep(and fatigue component can successfully be used, consel
ct creep/fatigue interaction. This document adopts this methodology and Section

Factors affecting CCI, CCG and CFCG

e are number of factors which allow the development of cracks rather than the dev|

gene

resulting-from fracture mechanics tests it is useful to outline the important mechanisms V

vatively, to
[ details the

clopment of

ral damage and failure by rupture. As this procedure is mainly looking at cracking behaviour

vhich would

dictate the choice of geometry for a test specimen

7.6.1

Creep properties

Creep properties of materials as well as test geometries and their size have a profound effect on how
CCI and CCG will develop in a specimen. The creep material properties are also extremely
temperature sensitive in the creep range. Usually the component operating temperature dictates the
range of test temperature that will be adopted for testing laboratory specimens. The level of creep
ductility derived either as uniaxial creep failure strain, reduction area, or creep strain rate or stress
sensitivity, usually quantified by the creep index n in Norton's creep equation or the shape of the
uniaxial creep curve is used in developing appropriate CCI and CCG models [4,8,10]. The choice of
test geometry, size and testing technique will need to address these factors before it is possible to
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carry out a successful series of CCG tests. In Sections 9 the range of validities for the parameters in
the creep brittle/ductile range are considered.

7.6.2 Metallurgical effects
Metallurgical effects on CCI and CCG can be significant where they affect the creep ductility of the
structure. Generally the increased grain size increase creep embrittlement and induce sharp
intergranular cracks. When test specimens are taken from regions of material that characteristically
embody non-homogenous grain matrices. For example for directionally solidified alloys and single
crystals, welds, X-welds and HAZ materials the testing techniques and the methods of analysis will
in some cases be different to poly-crystalline materials. The choice and size of geometry for testing
could be supstantially affected. The use of the present procedure in these situations is acceptable so
far as the user accepts the limitations and allows for it in the subsequent analysis of the data:

7.6.3 Presence of residual stress fields
Presence of| residual stress fields in testpieces is another complication which can’be'addressed|to a
certain deggee in this procedure. For example specimens can be taken out from weldments, amd/or
thick cast, forged, extruded products and product shapes where full stress relief is impracticall All
such specimens could contain residual stresses. Extraction of specimens®in"itself partially relieves
and redistributes the residual stress pattern; however, the remaining magnitude can still dause
significant gffects in the ensuing test. Distortion during specimen‘machining often indicateg the
presence of|residual stresses. Residual stress is superimposed on:applied stress and results in cfack-
tip stress intensity that is different from that based solély” on externally applied forces or
displacements. Furthermore relaxation of stresses during the’test, which is likely to be a positive
effect to slgwing down CCG, will also add an added unknown. Depending on the extent and the
compressive¢ or tensile nature of the residual stress the relevant parameter that is used for the anallysis
of the data hay deviate from that used in the homogenous material.

7.6.4 ggressive environments

Aggressive environments at high temperatutes can also significantly affect the CCI, CCG and C
behaviour. Once again by using the analysis methods for homogenous materials in non-aggre
environments are likely to give an overestimation and therefore appropriate safety factors shou
employed. Where this informatioh_exists for a specific condition, this will be presented in

document. Qtherwise the user should proceed with caution when analyzing the data in terms of (

FCG
isive
d be
this
i

7.6.5
Variable m
proposed i1
dissipation

Unisotropic andyinhomogeneous material characteristics

aterial charaCteristics can be dealt with conveniently using the estimation mg
Section 12 for deriving C*. Since C* is effectively a measure of the rate of
rate with respect to crack extension it can be assumed that variability in the ma|

rthod
creep
terial

property wi efore
the energy i CCG
and CFCG behaviour in the non-homogenous material conditions described above. Similarly the
calculation of C* using the reference stress method 9(shown in Section 12.2) should use the
upperbound uniaxial creep strain rate properties taken from the weakest the region under
consideration. In this way the calculated C* will bee conservative reflecting the unknown nature of
the inhomogeneity.

| inherently be reflected as a measure of the load-line creep displacement rate. Ther

Notel: In all respects information should be fully logged for each test in order to identify diversions
from the norm as specified in this CoP.
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8 TEST METHODS

Detailed description of test techniques is presented in this Section which deals comprehensively with
the all aspects of testing procedures. This advice covers the range of geometries and components
describe in APPENDIX | section 13. It should be noted that under different conditions additional
advice should be sought. However the accuracy limits detailed in this document should be adhered

to.

8.1

Overview

The
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hardj
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shou|
Ther

8.2
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b
testijlg techniques are still applicable. However caution should be exercised in the treat]

testing techniques and procedures are specified in this Section without being
hasis is placed on methods to carry out correct and repeatable testing procedures)th
duce scatter in the data and allow easier inter-laboratory comparisons to"be
tives in this Section are to present the techniques for testing and identify-accurag
uring test variables. No insistence is placed upon the type of testing-fig, config
vare/software for data collection to be used. Consequently the person*performing {
given the flexibility to configure the equipment in any way as dong as the loading
iccuracy limits are maintained in accordance with the limits and conditions specified

Section will cover test methods for isotropic polycrystalline metallic materials. Wh
le grain size cast materials, welds, X-welds and, Heat Affected Zone (HAZ) spq

and its analysis thereafter. Since the parameters:described have been validated for h
rial structures their use in inhomogeneous-materials should proceed with caution.
Id be noted that for most instances this 1ay be overcome by using appropriate saf
efore additional expert advice will be needed in these circumstances.

Test Geometries

Benchmark' Compact Tenston (C(T)) specimen is the most widely used geometry fc
/fatigue testing. Available’ ASTM standard E1457 [i] have specifically adopted th
have validated the parameters used in the analysis of the data. There are also,
antial number of-publications databases and information that have been gathej

geo

discyssed here shotld ideally be compared with the proposed methods in ASTM El
ASTM E647-(g] standards. The 'benchmark' C(T) results if available would assi
undefrstanding “and comparison of the cracking data resulting from geometric and size

that

etry. An indiedtion of this can be found in the references listed [1-27]. Therefo

ay.bé encountered.

restrictive.
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y limits for
uration and
he tests has
r conditions
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mogeneity might exist, such as in testing single crystals, directionally solidified materials,
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ment of the
omogenous
However it
fety factors.

r creep and
s geometry
hvailable, a
ed for this
e any tests
157 [i] and
5t with the
differences

Two categories of test specimens are considered in this document all of which are identified as being
of industrial interest for testing purposes. The first are the more widely used cracked geometries and
are listed in APPENDIX I. The second categories of specimens are the 'feature' type specimens which
are usually used to replicate, as near as possible, the actual component. These are listed in section
14.9. As previously stated the list is not a complete one. However they are the most common
'generic' type feature component (namely the 'Pipe' and the 'Plate' and solid notched bar geometries)
that have been tested and their analysis validated [21,38-48]. The user is not restricted to the
geometries described in APPENDIX |, Section 14.9. However the user must be in a position to be able
to validate the functions employed to correlate the results obtained from other geometries since it is
not within the scope of this CoP to cover every eventuality but rather to lay out a methodology.
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For the geometries shown in APPENDIX | the definitions for the stress intensity factors K, C* and
reference stress solutions and associated functions are set out in the same APPENDIX I. The relevant
merits and methods for their calculations and the applicability for the use of the parameters are
discussed in Section 12.

8.3 Experimental Test Methods

Test methods for most cases of creep and creep/fatigue testing is in most cases universal. Therefore,
this section covers wide ranging advice relevant to tests of different materials, geometries and
loading conditions. APPENDIX V, Section 18, present further detailed advice on relevant testing and

analysis tecrniques. Where the user finds insufficient advice for a particular case additionah ekpert
advice shoulld be sought.

8.3.1 Material procurement

Material procurement either from new material or from service exposed or ex-seryice'comes in many
variations. Therefore detailed information of the material composition, pedigree, ‘service-histoty (if
any), heat-tfeatment and hardness should be logged. If possible a sample metallographic examination
should be darried out to record the microstructure. Where available, meehanical properties should
also be detajled at room and elevated temperatures.

8.3.2 Specimen selection

For all casgs attention must be given to the proper selection of specimen. The choice of specimen
should reflegt a number of factors. These priorities can be listed as follows

-Availability and the size of material for testing

-Material crgep ductility and stress sensitivity

-Capacity of the test rig

-Type of logding under consideration (tension, bending, tension/bending)

-Compatibility with size and stress state-of the specimen with the component under investigation

-the numbet of specimens that can be tested

-the length pnd temperature of’testing will dictate the size, initial crack length and side-grooving of
the specimen.

It is likely that not all'cenditions can be satisfied at any one time. Therefore a compromise must be
made by degiding what priorities are needed. This document goes part of the way to assist the uger in
this choice py identifying specific detail of a number of geometries. The appropriate decision may,
however, nged-expert advice in the relevant field or industry.

8.3.3

Crack-plane orientation

Identification of the plane and direction of a crack growth test specimen in relation to product
configuration should be made. This identification is designated by a hyphenated code with the first
letter(s) representing the direction normal to the crack plane and the second letter(s) designating the
expected direction of crack propagation (see Terminology E 1823 [k] for further discussion).

8.34 Specimen machining

Machining the specimens described within the specified tolerances is very important. The specimen
dimensions shall be within the tolerances given in the figures shown in Appendices I and II. The
direction and position of machined specimens should be logged. The final dimensions of the
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machined specimen should be measured and the direction and position of specimen extraction should
be noted. The choice of specimen size and thickness is flexible to the extent that the geometric ratios
should be adhered to. Care should be taken as to the use of the data from half, double or any
intermediate size specimens compared to the dimensions specified since there will be constraint
effects on CCI and CCG. It is useful to obtain data from a benchmark standard size specimen for
comparison with thinner/thicker or smaller/larger size testpieces.

8.3.5 Specific size requirements

No specific size requirements are imposed in this method. However, specimen size must also be
chosen with consideration to the capacity of the loading and heating system, being able to fit the
specimen into the heating furnace with sufficient room for attaching the necessary €xfensometers,

and |
of cr|
spec
shou|

providing sufficient ligament size for growing the crack in a stable fashion to(pe
hck growth data. For the case of the Laboratory specimens in Figure A.1.3: Genéric ¢
men defining B and B,. Figure A.L.3 Section 4613.2 gives recommended dimen
Id be used if possible. Any variations in dimensions are allowed as long as the pai

it collection
dge cracked
sions which
fameters are

checked and verified.

8.3.6
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Specific side-grooving requirements

he case of the Laboratory specimens in Figure A.L.2 a generic €dge cracked specime
B, is shown in Figure A.L.3 (see Section 13.2). Sidegrooving is required for thg
mens. In general side-grooving of between 10-20% should be chosen in order to ing
pnstraint and direct the crack path at normal to the leading direction.
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Shape of the crack front

k front straightness requires side-grooved specimens in most cases. The depth of r
ves for a particular material might only be found by trial and error but a total reduct
peen found to work well for many matetials. However, for extremely creep-ductile
side-groove reduction of up to:40% may be needed to produce straight crack

ded angle of side groove less than 90° is allowed. Root radius shall be < 0.4 + (
ons 8.3.10 for further information.

pquired side
ion of 20 %
materials, a
fronts. Any
.2 mm. See

8.3.8
Ther

Pre-cracking to'introduce a sharp flat crack front
are two methods that are used for pre-cracking test specimens. The preferred
deriviing steady state £CG is to use an Electro Discharge Machine (EDM), especially for
conditions and als¢ for 'Feature components', as it gives consistency and a sharp flat ¢
Pre-¢racking or.aésharp crack starter should be carried out after the specimen has been s
and put to it§ final specification when EDM crack starter is used. The required cutti
should ideally not exceed a diameter of 0.2mm. The second method is to pre-fatigue th
The (details for this technique are given in ASTM E647 [g]. Historically pre-fatigue cj

havelbeenused-infracture toughnesstests [} and were-adopted for CCG without afull ¢

=y
N~

method for
creep brittle
rack starter.
ide-grooved
hg diameter
€ specimen.
rack starters

pnsideration

of its effectiveness and usefulness.

8.3.9 Pre-cracking for CCI tests

Where CCI data are affected by the initial crack-tip COD then the time to initiation might be
substantially affected. If crack initiation 'CCI' is the primarily concern it is suggested that a
comparison be made between fatigue crack initiation and EDM crack starters by testing two
specimens. Pre-cracking or a sharp crack starter should be carried out after the specimen has been
side-grooved and cut to its final specification when pre-fatigue crack starter is used. From previous
experience it has been found that for long term tests and for creep ductile materials there is very little
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effect due to the type of crack starter and for creep brittle materials EDM starter is essential since
using pre-fatigue it is difficult to obtain the required crack tip length and linear shape.

8.3.10 Crack length measurements

For crack length measurements primarily a crack size monitoring equipment capable of reliably
resolving crack extensions of at least + 0.1 mm at the test temperature is recommended. The selected
crack size measurement technique must be capable of measuring the average crack size across the
thickness. Since crack extension across the thickness of the specimen is not always uniform, surface

crack length measurements by optical means are not considered reliable as a primary method.

Optical obs
the surface

adhere to the surface. This method is usually good where crack growth of > 5Smm, isimeas
AC or the DC potential drop (PD) is used to measure increased resistance-of the metal

Usually the
with crack

measurement method [26] that can be used.

8.3.11
The use of |

measurement during creep crack growth testing. DC or AC potentiakdrop apparatus can be usec

manufacturg
determinati
Sections 8.4
monitor the
side-groove
values with

8.3.12

Preparing the specimens prior testing con§ists of spot welding thermocouples and Potential

(PD) wires.
manufacturg
(usually on
of the speci
test to test 4
signal stren
and is desci
method. Th
crack size a

prvation may be used as an auxiliary measurement method. Where there is oxidatid
bt the specimen the surface can be coated with a brittle high temperature paint which

extension [9]. However there are newer advanced techniques such as the

The use of Potential Drop (PD)
potential drop (PD) technique is however the most commonlyused method for crack

br's specifications should correspond with the stated accuracy for crack extel
n of + 0.lmm as stated above. The data calibration for crack length is describ
4 and 18.21.5. For the Feature Component tests.itn APPENDIX II there will be a ne
crack along a longer crack front as in these speeimens the crack front is not restricts
5. The best way to do this is to measure the, PD in different regions and to compar
respect to the final crack shape.

Preparing the specimens for PD leads

For advice on positioning of the wires advice should be sought from the PD equip,
pr. Failing that it is suggested that the input wires should place remote from the crad
top and bottom of the specimen and the output wires should be place on the oppositd
men aligned near the ¢rack tip. As long as the same relative positions are repeated
cceptable signal-repeatability will be obtained. The ideal condition is to achieve as
bth as possibl€.\Fhe linear interpolation method is proposed for estimating crack I¢
ibed in Section 18.21.5. Optical observation may be used as an auxiliary measure
e selected crack size measurement technique must be capable of measuring the av
cross.the thickness.
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8.3.13

pecimen setup

The specimens are set up in the loading rig using shackles designed specifically for the test rig with
fittings compatible with the geometry to be tested. This means that regardless of the type specimen
that is to be tested the machining precisions must be adhered to in order to reduce undue
misalignment of loading. The test rig must be calibrated in accordance with the manufacturers'
specifications. The test rig must in general be capable of achieving the test specifications outlined in
this Section.

8.3.14 Loading and creep displacement measurements

Loading and creep displacement measurements for all the specimens in APPENDIX | need to be
considered. Methods of measuring the Load-Line Displacement (LLD) or Crack Mouth Opening
Displacement (CMOD) throughout the test essential for the calculation of C* in Laboratory type
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geometries (APPENDIX I) but not so for feature specimens identified in APPENDIX II. There are a
number of methods that are available for making the displacement measurements. Direct capacitance
gauge in the furnace is also available for long term tests. The measurements can also be made
sensitive strain gauges from a point outside the furnace by measuring the CMOD by means of
horizontal ceramic rods in contact with the side of the specimen or at the pin LLD by means of
vertical metallic rods measuring separation at load-line. In all cases the accuracies to be achieved for
measuring the displacement should be within +1%.

8.3.15 Displacement gauge

The displacement gauge should ideally have a working range of no more than twice the d

isplacement

cted during the test. Accuracy of the gauge should be within = 1 % of the full wotk
auge. In calibration, the maximum deviation of the individual data points fromcthe fi
not exceed £ 1 % of the working range. Knife edges are recommended for friction{

expe
the g
shall

Ing range of
t to the data
free seating

of the gauge. Parallel alignment of the knife edges must be maintained to within.£ 1°.

8.3.16
Heat

Heating of the specimens
ing of the specimens in the furnace to the relevant test temperatute is by means (¢
furngce. Test temperatures could range between 300-1200 °C depending on the material §
The [criteria for heating should be that the temperature should be constantly monitore
position of the specimen and that the temperature should not-deviate from the range of +1
a twp or three zone furnace is used depending on the size of the specimen. The furnag
should be such that it will be stable for long periods*(up to or over a year) and the
controller is sufficiently sensitive that it will competisate the possible variations in th
temperature.

f a suitable
peing tested.
] at various
°C. Usually
e controller
temperature
e laboratory

8.3.17 Initial pre-load

An ipitial pre-load not exceeding 10%_of-the final load should be placed on the spe
assists in the alignment of the shackles @nd the specimen. The temperature should be kej
temperature for at least 12 hours in erder that all the monitoring signals stabilize. The applied load is
either held constant with time or at fixed displacement which has been pre determined using previous
knowledge of the material behaviour and fracture mechanics methods to estimate the required
lifetime. The load (or the displacement in the case of fixed displacement tests) is applied
incrgmentally and slowly\(éver about 5 minute) ideally using a hydraulic loader.

cimen. This
bt at the test

8.3.18 Monitoring the temperature
Monjtoring the_temperature continuously will ensure that it will be maintained to[ within the
allowable linits' of £1% during the test. The crack size, LLD and/or CMOD should be dontinuously
recofded digitally, strip-chart recorders or both, as a function of time. If servo-mechaniical loading
systgms are used to maintain constant load, or if tests are conducted under condition$ other than
cons hat for tests
conducted under conditions other than dead-weight loading, the user should compare the results and
verify the analysis to tests performed under dead-weight loading conditions.

- oDtTocr

8.3.19 Unplanned temperature excursions

Unplanned temperature excursions for any reason during the test must be logged. Any drop in
temperature will not invalidate the test whereas increase in temperature of > 10°C above the test
period for >10% of the expected lifetime may invalidate a constant temperature test or part of the test
depending on what information is sought.
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8.3.20 Initial pre-load

An initial pre-load not exceeding 10% of the final load should be placed on the specimen. This
assists in the alignment of the shackles and the specimen. The temperature should be kept at the test
temperature for at least 12 hours in order that all the monitoring signals stabilize. The applied load is
either held constant with time or at fixed displacement which has been pre determined using previous
knowledge of the material behaviour and fracture mechanics methods to estimate the required
lifetime. The load (or the displacement in the case of fixed displacement tests) is applied
incrementally and slowly (over about 5 minute) ideally using a hydraulic loader.

8.3.21 Specimen loading
Specimen lpading is by constant load for static creep tests and cyclic or dwell for creep/fa|tigue
testing. However constant displacement or constant displacement rate tests are also relevant’in CCI
and CCG tgsting. In some cases where the material is very brittle (& <10% uniaxial creep fgilure
strain) or very stress sensitive with the creep index n >> 10 it is advisable to perform corlstant
displacement tests rather than constant load tests. The accuracy of applied Jload of the tgsting
machine shall be verified regularly to meet the requirement of ISO 7500-2 [j;].

8.4 Data Collection

8.4.1 Detailed test and data monitoring
Detailed test monitoring throughout the test is essential so that a ¢lear history of temperature, PI) and
displacement is available. If servo-hydraulic machines are uséd-under constant load conditiong, the
load must be monitored continuously and the variations in the indicated load must not exceed # 1.0
% of the ngminal value at any time during the test. If either constant displacement rate or corstant
displacement loading is used, the indicated displacement must be within 1% of the nominal value at
any given time during the test.

8.4.2 Data logging
Data logging and taking additional readings at the beginning of the test when rapid changes ocgur is
important. Also when the test nears its final stage and CCG begins to accelerate additional reaglings
should be taken. A decision must_be made at some point to stop the test when CCG begins to
accelerate towards rupture. In thisway any damage that might occur to the furnace will be avoidgd. It
is ideal to stop the test just before failure or approximately when the specimen has reached 90195%
of life (see $ection 8.4.3)€or method of load displacement measurement during unloading in order to
obtain the elastic compliance).

8.4.3 Displacement measurements
The displacement data should be logged all the way to full load startlng from pre- load This
information : Hrethy h a4 K

and validation (see Section 9.3.1). Note should be taken of poss1b1e 1nstantaneous deV1at10n from the
elastic loading condition prior creep at or near zero time. This measure will give an indication of
crack tip blunting and/or plasticity at full load (see Section 9). In addition the load/displacement
measured will give the specimen's elastic compliance for the initial crack length. This information
will be compared with the elastic unloading that will be similarly logged at the conclusion of the test
prior final failure in order to quantify the extent of elastic to total creep displacement rate for the test.
Section 9.3.3 will use this information to check for validity of analyzing the data using C*. For this
purpose the values of initial elastic displacement A at full load and the final elastic displacement
A, during the final unloading (before the test is broken in half) should therefore be measured and
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logged in addition to the time increment 74 between the two readings and the corresponding total
displacement at the initial and final time (A, and A, ). It is also possible to perform a load/unload
operation once at sometime during the test if there was concern regarding a premature failure of the
testpiece. This information is used in Section 9.3.2 as a check for test and parameter validity.

8.5 Post-Test Measurements

Post-test measurements should be carried out on the specimen. Any dimensional changes, necking,
crack front shape and observing the fractured surface should be recorded in detail. Detailed

3 i i initiation is of
letion of the

test, fhalf of the specimen, normal to the crack plane, is cut using EDM and the othier half is broken.
In this way one half of the specimen section can be polished and observed using.metallography. In
somg cases for tests involving weld, HAZ or cross-weld specimens it is alsotuseful to thake micro-

meaqurement hardness in the region of the crack tip, if the equipment is available.

8.5.1| Measurement of the final crack front

An gccurate measure of the final crack front and crack size should be made when the
finally breaks or is broken open outside the furnace. Section Thectotal crack extension, A
by sybtracting the initial crack size, a;, from the value of the)final crack size, a. The fing
shalll be determined from surface fractography measurements where possible. The init
meadqured crack length is used to compute incremental ‘erack length in Sections 8.8.4-1

PD rheasurements obtained during the test.
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men showing faster crack advance;“This will depend on the stress state. Once the sj
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oroove. The crack size alsed is the average between the center and the surface crac
atio due to crack tip-bowing between the crack tip centre and the surface is >209
crack length a, shonld be recorded. The use of the longer crack length in the 4
iably give a mote,accurate estimate for CCG predictions. Consideration should alsg
incrgase or decrease.side-grooving in a subsequent test in order to obtain a straight fronte
meaquring instfoment shall have an accuracy of 0.025 mm. If there is failure to stop thg
making the measurements the observations should make use of oxide surface mar
fractpgraphy to identify the crack tip profile.
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8.5.
The crack extension of 0.5 mm is adopted as the 'engineering' limit for CCI. Thus if crack extension
Aa < 0.5 mm then time to CCI can be estimated and correlated in accordance with the method shown
in Section 11.2. When Aas> 0.5 mm, then both time to CCI and CCG rate behaviour (as described in
11.1 and 11.2) should be carried out. In both cases the test for steady state creep condition, as shown
in Section 9.3.1, should be performed and the times logged accordingly.

L . . .
Crucn CALETISION Criierid

8.54 Crack deviation criteria

If the crack deviation during the test is outside an envelope that encompasses the material between
the planes that are oriented at + 5° from the idealized plane of crack growth and that intersect the axis
of loading, the data are invalid by this test method. However the data should be logged. It is then
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possible by extending and/or changing size of side-grooving and geometry to alleviate this problem
in subsequent tests.

8.6 Recommended Minimum Number and Duration for Tests

Material property values are interpreted as constants which can be used to help characterize the
material in processing and design. Since material 'basis' values will always vary from one set of data
to the next, even if the material, conditioning, and test remain unchanged, treating them as material
constants is always an approximation. However, if the calculations are based on 'enough' data, the
basis values should be reproducible, to within engineering accuracy, across comparable data sets.
The objective of this document is to highlight problems associated by the small-8ample
reproducibility and to provide guidance on how many data are necessary in basis value calculafions
in order for|these values to be approximately reproducible. How many data are 'enough" dépends on
many factors, including

1. The statistical model which is used to approximate the population, fromy which the dqta is
samplej{,
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interest. This may involve substantial number of tests

8.6.2

Minimum test requirements

The requirements given in this Section are made for laboratory tests and not feature component tests
as it is unusual that material basis properties are derived from such tests. It should be noted that the
main objective of the exercise in to derive the mean line of the data at the first instance. This will
need less number of tests. The true upper-lower bounds of a dataset would usually need substantial
numbers of tests and it is usual to perform limited numbers of tests and to subsequently perform a
simple statistical analysis to derive the standard deviations from the mean. There are two kinds of
data sets that need to be considered. The first is a single point data derived from a single test such as
creep uniaxial rupture tests and CCI test and the second are the tests that produce numerous data
points such as the creep strain rate in a uniaxial test and FCG or CCQG rate tests.
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8.6.3 Single point data per test

The decision regarding the minimum numbers for single point tests are dependent on the quality of
the derived mean value using the least squares best fit. The data points should ideally spread evenly
within the required range or duration of data (ideally in creep tests they should spread evenly over 2
or more orders of magnitude of time). For an ideal condition a minimum of 10 tests per batch and
condition is recommended [64-69]. However it is important to note for new materials or welded
specimens, where there is no prior knowledge of the specimens' behaviour, with respect to the load
conditions and their sensitivity to the stress or strain range, the failure times or number of cycles to
failure, the minimum number of tests that should be performed would need to be greater than 10. To

be canservative for new material and welds and cross/welds at the same ‘rpq‘ring canditi

on, as many

tests
planned in order to reduce the errors in the distribution of the data.

8.6.4
For 1
each
rate

mate
hom
optir]

Multiple points data per test
multiple data point tests, to derive the mean line, it is suggested that'asminimum (
with a minimum of 10 data points, at different loads should be performed for FC
fests. These should overlap and cover at least two decades of crack growth in dur
rials exhibit such factors as irregular voids, large grains, weld, X-weld, HAZ and
pgeneities the minimum number of tests should be incteased to 10 in order td
nized values for the mean and the standard deviation-of/the data. Also more test
perfarmed if the material CCG behaviour exhibits increased scatter regardless of the re
varigbility. If there is insufficient availability of the material or if there are other re:
would restrict multiple testing then the results should-ti€ considered with increased cautio|

8.6. Test duration requirements
A ndte regarding the duration of test times.is*appropriate at this point. Due to the tim|

as 20 and some with repeat loading, evenly spread over the required stress range

, should be

f five tests,
(G and CCG
ation. If the
| other non-

obtain the
s should be
hson for the
isons which
n.

e-dependent

natuge of creep and its non-linear behaviour it is essential to obtain data that can be described as

'long-term'. In practical terms this could mean test times ranging from 1000 to 10,000 w}
lower when compared to most component design lives. It is obviously preferable that a
time|as possible should be achieved in order to obtain stress state conditions and materij
which are closest to the long tetth component data. This is not always possible, and shoy
not he an essential objective; since predictive CCI and CCG models and life assessm
should be used to take this‘difference into account. However in order to apply the predic
mechanics models correctly it should be ensured that the CCI and CCG test timg
referpnces stress l¢vels are in same range as the uniaxial material properties data that is f
the nhodeling process.

8.7 | Sensitivity and Accuracy Limits of the Results

hich are still
5 long a test
| properties
1d therefore
ent methods
tive fracture

range and
0 be used in

It is

vital that due care attention is p]nnpd on the test and measurement fpnhnir}npq no

‘der that the

limits of accuracy are maximised. Due to the stress sensitivity in creep any error in testing is
magnified in the analysis. This can be dealt with using upper/lower bound or statistical methods to
analyse the data.

8.7.1 Effects of data variability on correlation for FCG, CCG and CCI

The correlation of da/dt versus C* or K or any other parameter is a function of inherent material
properties, variability as well as errors in measuring crack size, temperature, creep displacement rates
and applied load levels. The required precisions stated in Section 4.4 are readily attained by modern
creep machine equipment and by servo-mechanical test machines. However any deviations and
scatter beyond the stated accuracies should be dealt with statistically.
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For example, based on average creep properties, a + 1 % variation in load can lead to about +4 to 12
% variation in the value of C* and 1% variation in K. This translates to = 3 to + 10 % variation in
da/dt, at a given C* However, in general the crack size and displacement measurement errors cause
a more significant contribution to the variability in da/dt although this contribution is difficult to
isolate since it is coupled to the analytic procedure for converting a versus ¢ and A versus ¢ to da/dt
and dA/dt, and to the inherent variability in the material. Nevertheless, it is clear that the overall
variation in da/dt is dependent on the ratio of crack size and displacement measurement interval to
measurement error. Furthermore, an optimum crack size measurement interval exists because of the
fact that the interval should be large compared to the measurement error (or precision), but small in
comparison r the
recommend,

ta tho (% gradiont of tha tact cnocimane Thaca ~ancidoratione forny tha hacio £
tO—tH G OO ot O tH ot OOt S P o oS SO T CO I O St O ST O e Padto—

ed intervals for data reduction.
8.8 Prepgration of Test Data

The test in
detailed. In
of points an|
as follows.

formation collected during a long term creep test will invariably,be. substantial and
some cases the logged data which will be at short time increments eofild exceed thoysand
d will usually contain a degree of noise. The steps taken to perforiy the data reduction are

8.8.1 Data collection

The data thjat are collected in increments of time and will consist of the potential drop for ¢rack

length estiny
temperature
higher for t

jation, the load-line displacement or the load in thé<ease of fixed displacement tests
details are also logged for checking purposes..The rate of collecting this data shou
ne early and the final stages of the tests as varidtions of the data during these period

The
Id be
s are

rapid.

8.8.2 Time at which the test should be stoppéd

The test shpuld be stopped as soon as both-the potential drop and the displacement measure
indicate that the tertiary stage of crack growth has begun and that final failure of the specimien is
imminent. Ih this way the necessary unleading measurements can also be taken (see Section 8.3.15).
The crack |extension can be determined from the electric potential reading using the linear
interpolatioh method as shown in 8.8:4.

ment

8.8.3
It is recom
stable and i
position of
primarily du
From this o
18.21.5toe¢

bmoothing the PD output data
hended that theyvalue of PD be extrapolated back to zero time from where the sigpal is
ncreasing in'd steady manner. This smoothing operation can usually be performed from a
about (05AV; on the PD versus time plot (where it is clear that the PD response is
e to crack growth). This operation could lead to an adjustment of the initial PD valye V..

beration the initial and final PD values are identified. This information is used in Section
ctimate the crack extension increments

N

8.8.4 Deriving the crack length from the PD output

The crack length is usually derived from the PD output. The initial and final PD values (Vi and V)
need to be determined to estimate crack length using Section 18.21.5. Usually the PD signal is stable
and consistent. However there are occasions where anomalies or intermittent signal loss or jump may
occur for which the cause must be sought. Also in the early stage of the test (usually the first few
hours any change in the PD response would be due to loading, and initial crack tip blunting that may
occur). It should be noted that in some cases the initial PD readings at the beginning of the tests
could drop before stabilization and eventually increase with crack extension. Conditions of initial
loading, plasticity, excessive creep and damage and crack tip oxidation could affect the extent of this
drop in the PD. Therefore there is a likelihood of increasing scatter in crack size measurements

22 © 1SO 2007 — Al rights reserved


https://standardsiso.com/api/?name=74aa9d5baeedbb76edc8437cce9463f8

ISO/TTA 5:2007(E)

during the initial periods of testing. Judgment may be needed in preparing the PD data. Sections
18.21.5 and 18.21.6 in APPENDIX V describe the method for calculating crack length from the
available PD output.

8.8.5 Recommended number of data points

Once the incremental crack length and displacement values have been derived the number of data
points over the test time should realistically be reduced to a workable level of 20-40 whilst at the
same time making sure that no relevant information is lost. This is especially important at the early
stages of the test. This can be done either by smoothing the data by eye or using the various available
data fit software. In both methods care and judgment should be exercised to make sure that the fit is

reprg
or dq
analy
cyclg

8.8.6
da/d
data

and 1
Subs|

9 1

Expr
prov
at th

sentative of the actual data and anomalies scatter are individually checked and eithe
pleted. Valid reasons for the deletions should be given. In cases of creep/fatigue
rsis is performed at the maximum load readings. However the upper/load levels, R
shape and frequency should all be recorded.

Calculating cracking and displacement rates

and dA/dt, which have been checked for validity in Section 9, @r¢ derived from th
using the seven-point reduction technique specified in Section, 18.21.3. The data ft
inal periods of the test should be at shorter increments as<¢these regions show large]
equent analysis for CCI and CCG can be carried out as specified in Sections 9 and 1

DATA ANALYSIS PROCEDURES

essing da/dt as a function of an appropriate crack growth rate correlating paramet]
des results that are independent of specimen'size and planar geometry for the samg
e crack tip. Thus, the appropriate correlation will enable exchange and compari

obtajned from a variety of specimen configurations and loading conditions. Moreover,

enab
desig

les creep crack growth rate data:-tQ,be treated as a material property and to be ut
n and evaluation of engineering structures operated at elevated temperatures

- left as data
loading the
-Ratio, load

le smoothed
r the initial
r variations.
.

er generally
stress state
son of data
this feature
lized in the
vhere creep

deformation is a concern.

9.1 | Choosing an appropriate CCI or CCG rate Correlating Parameter

9.1.1| Choice of parameter for correlating CCG

The [collected andcreduced data is correlated versus relevant fracture mechanics para
detaills of the pafameters and their derivations are given in (12). The choice of the most
crack growth(rate relating parameter depends mainly on whether the material exhibits g
or crgep-brittle behavior9.3). In this procedure emphasis is place on the use of the C*, K
Fatigue) parameters as they are the most validated parameters in use.

meters. The
appropriate
reep-ductile
or AK (only

Fracture mechanics parameters K and C* are by far the most prevalent method that are employed for
the analysis of the data [27]. More recently parameters such as K., [see APPENDIX Il :(TDFAD)], [61]
the O* [APPENDIX IIl: The Q*] [49-53] and the Local Crack—tip Displacement (CTOD) approach [see
APPENDIX IV: Local CTOD Approach | [42,43] have been proposed which may be appropriate for
analyzing crack initiation and growth data. Outline of these methods are presented in appendices II,
III, IV (Sections 15,16,17).

9.1.2 Choice of the C* term for CCG rate

Steady-state creep crack growth rates in creep-ductile materials, exhibiting extensive creep, are
correlated by C*() which degenerated to the steady state C* (as identified throughout this
document). In the small scale creep region the parameter C; [3,7,10] could also be used. However it
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has been found that for most practical situations in laboratory test-pieces, it can be assumed for the
range of crack lengths observed, that C*() = C, (see Sections 9.2.6-9.3.5). Given also the fact that
the differences between C; and C*(?) are at worst below a factor of two (see Sections 9.2.6-9.3.5). it
can be seen that within the overall scatter spread of CCG data observed [64-69] the detailed analysis
in a multi-point test (see Section 8.6) using either method will not affect the overall trends in the
data. In fact when analyzing CCI data which uses only one point per test ((see Section 8.6)) there is
even more scatter [64-69] making the effect of choice of C* choice insignificant. Therefore this
procedure, in order to unify the output of results from different laboratories, will adopt the steady

state C* for

use in the correlation of the data in the valid region described in Section 9.3.

Note 2: At
most practi
distribution

9.1.3 (
Initiation o
estimation (
the shape a1
time to a sj
extent. The
'engineering
times are in|
will apply a

9.2 Defin

9.2.1

Stress inten
for Mode 1
found in the

N

high loads the time to redistribution is further reduced due to plasticity. Therefor
ral circumstances it is found that the steady state C* adequately describes(the |
ahead of a growing crack for most of the testing period.

Choice of parameter for CCI

f the crack (CCI) could constitute a major portion of the time-to failure. Def
f the early stages of cracking rate, especially the 'tail' section, rémains to be clarifi
nd period of the tail needs further clarification [9,70]. By using K or C* to correlat
pecific crack extension following loading this problem can be circumvented to a
refore the data for initiation times to a crack extension/of 0.5 mm (described a|

versely proportional to the parameters. Same conditien regarding the validity of K ¢
5 specified for CCG.

itions for the relevant Fracture Mechanics Parameters

btress intensity factor, K

ity factor, K is the magnitude of the'ideal crack tip stress field (a stress-field singul

in a homogeneous, linear-elasti¢c body. There are extensive description and analysis
literature [55-59]. K is a function of applied force and test specimen size, geometry

e for
tress

ailed
bd as
e the
good
5 the

“initiation” limit' for CCI) can be correlated versus. K or C*. In most cases initigtion

r C*

Arity)
for K

, and

crack lengtlh, and has the dimensions~of force times length™ " tabulated in APPENDIX I are the K

formulae fo

9.2.2
J-integral is
one crack sf
front. The J
deformation
Therefore fi
stress-strain|

Y

F the specimens described in Section 13.2.

[-integral

a mathematical‘expression of a line or surface integral that encloses the crack front

hrface to the other it is used to characterize the local stress-strain field around the

rintegral coneept is related to creep analogously relating deformation in plasticity to
assuming the stress distribution at the crack tip remains the same by going either 1

pr & work hardening material and a creeping material following Norton's creep lay

from
track
Creep
oute.
v the

fieled, due to plasticity) is identical to the stress-strain rate field due to creep. There are

available in the Titerature [59] numerical expression of J for the geometries shown in Section 13.2.

9.2.3

The C* parameter

The C* integral has been widely accepted and used as a parameter for correlating CCG and CFCG
under steady state creep conditions [1-11]. The theory behind the correlation of high temperature
crack growth data essentially follows those of elastic-plastic fracture mechanics theory. Various
aspects of the characterization of creep crack growth have been reviewed and this document only
give an outline of the C* derivation and its link to plasticity.

The parameter relevant to creep crack growth is given as the C*(?)-Integral consisting of a line or
surface integral that encloses the crack front from one crack surface to the other. C*(z) is used to
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characterize the local stress-strain rate fields at any instant around the crack front in a body subjected
to extensive creep conditions. The C*(?) expression for a two-dimensional crack, in the x-z plane

with

the crack front parallel to the z-axis, is the line integral:

C*(t):I[W*(t)dy—T.%dsj

(1)
where:
W*() = instantaneous stress-power or energy rate per unit volume,
[’ Fpathrof themtegrat; thatencloses tthat 1s,; comntains ) the crack tip;
ds ¥ increment in the contour path,
T = outward traction vector on ds,
U =+ displacement rate vector at ds,
X, ¥, £ = rectangular coordinate system and
o
T.—0s
Ox )
is th¢ rate of stress-power input into the area enclosed by 7/ a¢ross the elemental length d
of C[f(t) from this equation is path-independent for materials. that deform according to th
consfitutive law that is separable into single-value time and stress functions of the form:
&= fi(t)fy(o) (3)
wherne f; and f; represent functions of elapsed.fime, ¢, and applied stress, o, respective

5. The value
e following

ly; ¢ is the

straip rate. For materials exhibiting creep, deformation for which the above equation is path-

indej
with
diffe
appli
state
prod

9.2.4
Cree
front
scale
creef
ataf

pendent, the C*(?)-integral is equal to-the value obtained from two, stressed, ider
infinitesimally differing crack atéas. This value is the difference in the stress-poy
rence in crack area at a fixed value of time and displacement rate, or at a fixed value]
ed load. The value of C*(t)\corresponding to the steady-state conditions is called
is said to have been dchieved when a fully developed creep stress distributid
iced around the crack tip:

Creep zone

p zone boundary-the creep zone boundary is defined as the locus of points ahead
where the-equivalent strain caused by the creep deformation equals 0.002 (0.2%).U
creep conditions, the creep zone expansion with time occurs in a self-similar mant
) zone,size, r. [6-8], can be defined as the distance to the creep zone boundary from
ixed*angle 0 with respect to the crack plane.

tical bodies
ver per unit
of time and
C* Steady-
n has been

bf the crack
Inder small-
ner thus, the
he crack tip

9.2.5

Steady state creep

Under steady state creep conditions, the crack tip stress and strain rate fields are characterized by the
parameter C* and linear elasticity may no longer be applicable [28]. For a power law creeping

mate

©1S0

rial, the stress and strain rate in the vicinity of the crack tip are given by,
C 1/(n+l)
o, =0, ———— o.(0,n
! ’ ‘c"‘OO-OInr U( ) (4)
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C*
£,00l,r

n/(n+l)
] £;(0.n) (5)

where » and @ measure distance and polar angle relative to the crack tip respectively, 7, is a
parameter which depends only on the creep exponent, 1, and 6, and &, are dimensionless functions.

9.2.6
Parameter,

infinitesimaj

power per
value of tin
and is ident
than a facto

9.2.7
Under small

N

The C; parameter
C, 1is a parameter equal to the value obtained from two identical bodies

e and displacement rate, or a

e and applied load for an arbitrary constitutive law. The value of C, is path-itdeper
ical to C*(?) for extensive creep conditions (see Section 12) and further differs by

- of 2 for the wide range of C* applicability.

bmall-scale creep
-scale creep conditions, C*() is not path-independent and is related to the crack tip {

and strain fields only for paths local to the crack tip and well within the creéep zone boundary. U

these circun
considerablg
into the smd
regime, cor]
scale to extq
K can also ¢

9.2.8 1
In most cas
numerically]
material bel
energy reles
(see Sectiorl

nstances, C; is related uniquely to the rate of expansion ofthe creep zone size. Th¢
> experimental evidence that the C; parameter which extends the C*(z)-integral cos
11-scale creep and the transition creep regimes and is €qual to C*(z) in the extensive

relates uniquely with creep crack growth rate in_the entire regime ranging from sl
pnsive creep regime. In addition it has been showir'in a VAMAS special edition [11
orrelate CCG where creep brittle conditions dominate.

nterpretation of C* parameter
bs under steady conditions the parameter C* is used (see Section 9). It may be obt

laviour. However for the purpose$ of this CoP the C* parameter will be interpreted
se rate analogous to the enérgy definition of J and by using the reference stress mg
s 16.5.2,14.3,14.5.2).

c __ldU
B da

(6)

where a is the crack léngth, B is the thickness and U* is the potential energy rate. This form cj

used in the
addition a r

laboratery tests, rather than use the line integral definition or Equations ((4)-(5
pference stress creep strain rate interpretation method can also be used to derive C*

experiments

with

ixed
ndent
more

tress
Inder
re 1S
ncept
treep
mall-

that

hined

from a path independent integral-and is analogous to the J integral for rate indepepdent

hs an
rthod

in be
). In
The

Icand the reference stress methods are put forward in this CoP (see Section 12.) a

s the

proposed method Tor deriving C+. However validated numerical methods for the derivation can also
be used.

9.2.9 Time Dependant Failure Assessment Diagram (TDFAD) for CCI

The TDFAD is based on the Option 2 FAD (failure assessment diagram) specified in R6 [31] which
involves a failure assessment curve relating the two parameters K, and L,, and a cut-off L. The
derivation of a creep toughness parameter K, is taken for the simplest case of a single primary load
acting alone [60-62]. The details of definition of K, are as explained in Section 15. The method is
appropriate for analyzing CCI data.
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Note 3: TDFAD method for crack initiation has been incorporated into R5 [30]. However it has not
been fully validated for all the geometries in this CoP.

9.2.10 The Q* Parameter
O* which is a thermal activation based parameter describes creep-ductile and creep-brittle [49,51]
steady state region of creep cracking rate using the general expressionda/dt = A exp(Q*). Q* is a
non-dimensional function of applied force, test specimen size, geometry, crack length, activated
energy, gas constant and testing temperature and is proportional to the local elastic or the elastic-
plastic field depending on its mode of use. The details of definition of O* are as explained in Section
16. Ithas been validated for cracked notched specimens

Note 4: The O* method has not been validated in the present version of this CoP.

9.3 | Criteria for Validity Checks of C* and K

Oncq s in Section

12 v§

the calculations of the parameters are completed in accordance with the guideling
lidity checks should be performed which are outlined in this Section:

9.3.1
Thes|

Check for validity of C*

no 1
actus
crach
subs

e conditions establish to what extent K or C* parameters are valid at the crack tip.
jeans rigorous as there are a number of unknowns in _play such as the variability i
| plasticity, variability and changes in creep properties (used in deriving #7) due t
ing rates. Given these factors all data should be examined regardless of these
pquent judgment should be made to identify the important trends such as the stead

They are by
1 estimating
b stress and
criteria and
y state CCG

regiqn and the times taken to CCL

A ch
fulfil

eck for validity of the steady state «C* parameter consists of a number of condjtions being
led. The details are set out in the following three Sections. The criteria are as followyg.

his can be
L LLD, AP

[a] Upon initial loading ‘specimen does not undergo extensive plasticity (
determined by making sure that the initial crack-tip deformation measured a
or CMOD, A““@Piwould be <0.05 W).

[b] During thetest the specimen does not undergo extensive creep (this can be| determined

by making)sure that the total deformation during the test measured at LLD ¢r CMOD is

<0.051%).

[c] The( ratio of creep displacement rate/total displacement rate
N, ) (A, — A, )=0.5. (see Section 12.1).

[d] Experimental test times #>>t7 to make sure that steady state C* is valid.

t

A/N >0.5 or

see Section

-2 AN
937)

9.3.2
Throughout the test the total displacement rate A’ is measured. Section 12.1 identifies the creep,

Components of displacement rates

elastic and plastic components of the displacement and suggests the appropriate values that should be
used in the C* analyses. Generally it can be said that the criteria for the applicability of C* are put in
place to ensure that extensive creep, or plasticity or elasticity ratios which reduce the applicability of
C* in the analysis are identified.
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Therefore by disregarding plasticity (except where it is extensive at high loads (see Section 18.20)
then creep and elastic displacement rates (A° and A° ) can just considered hardly affecting the value of
C* calculated. There are available numerical estimates of A° (at LLD or CMOD positions) [i]. For
the geometries listed in Section 13 using elastic stress intensity factor Equations (A.I.29)(A.1.29 to
(A.1.42) (see APPENDIX 138) it is possible to derive the elastic component for the displacement. The
allowable condition for applying C* steady state to apply in this case is that A°/A'> 0.5 should be
met throughout the test. This can be tested by incrementally checking A° and calculating the
A° component_from_either the compliance of the specimen or numerical calculation of A° and

plotting A° Y A" versus test time. Alternatively an experimental check (if the measuring equipt¢nt is
sufficiently [accurate) over a length of crack extension or time increment can be made by-using the
unloading measurement suggested in Section 8.4.3 and checking to see if the increméntal ratipn of

creep displacement given by

Ac(e/ e, ) = (Ate/ _Ate,»)_(Aee/ _Ai, )

(7).
Gives
c t t
Nl (A, =X, )20.5 )
or as derivefl incrementally
i s
A /IN>0.5 )

Once eithef criteria are met the right condition is established for steady state C* estimation.
Subsequently using the formulae in Sections 14.3-14.5 C* for the data analysis can be determined

using the tofal measured displacement rate A' .

9.3.3 Validity criteria for C* for highly ductile materials
When workiing with highly ductile materials it is important to determine the extent of plasticity at
initial loadihg and also creep,during the test. With reduced constraint and increased creep dudtility
C* is unlikg¢ly to give a geod description of the crack tip stresses. The extent of plastic deformpation
can be estimpated using;available plasticity calculation to estimate the deflections (see Section 1§.20).
However this is difficult as the analysis is extremely sensitive to the tensile properties data that is
used. More [conveniently if data acquired upon loading shows that the initial LLD or CMOD ex¢eeds
0.05W, whi¢chzwould be due mainly to plasticity, then the analysis using C* is considered invalid (see
Section 9.3 .4y~ Thrsusuatty occursat highrtoad-or very ductite comditions dueto ptastic properties at
the relevant temperature.

Note 5: Extensive creep during the test giving CMOD or LLD measurements in excess of 0.05/W
would render the C* analysis to correlate CCG rate as void.

In both cases increased deformation suggests that stable CCG would not be achievable with the
combination of material, geometry, size and temperature chosen. The most probable method of
failure would be failure by rupture in these instances. The suggestion would be either in increase
specimen size and/or side-grooving or choose a highly constrained geometry or reduce test
temperature to overcome the problem.
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Note 6: For creep ductile situation the parameter K, (see Section 15) could also be used in
correlating CCI data. However these are not fully validated in the present version of the CoP.

9.34 Validity criteria for creep brittle materials

In creep-brittle materials (usually with uniaxial failure strain & <10%) which constitute a small
portion of the observed component creep behaviour, C* might not be valid. When A° /A’ <0.25 or
A/ (N - A, ) < 0.25 for which the data are classified as being creep-brittle the candidate parameter is
K rather than C*

Note 7: For creep-brittle situations parameters K, (see Section 15) and Q* (see Section 16) might
also pe used in correlating the data. However these are not validated in the present version of the CoP
and further advice should be sought.

9.3.5 Transition time criteria for C*
The [final condition to allow the application of C* is that it must be established that tgst times are
greafer than the transition time, >>¢7, beyond which point it is assumed-C*=C*(t)=C,. Tlo determine
the tfansition time ¢ the following estimation is employed;

__K1-v?)
" E(n+1)C*(t,) (10)

The galculation of #7 varies with the value of C*(#7). For-each test time increment startirlg from zero
the ipstantaneous transition time ¢'7 is calculated and plotted versus C*(¢7). The transitipn time ¢7 is
then [the first peak value of #'7 in the data set. Data; for which time exceeds the transition|time, 77, are
corrglated by C* as calculated in Section 14.3.

Alsofexpression C; which exists [10] for.small scale creep analysis can be approximated tp C*(?) as

n-3

L\ | A
C = H(Tj C*(19 (10

This|relationship suggests that for most circumstances the values of C*(?) is at most lowey by a factor
of 2 pompared with-C; which can occur when 7~ ¢ (see also Sections 9.1.2-9.2.6).

Note 8: The-ddta for which time is 7 < 7 are correlated only by C*(z), C, or K°,.... Howeyer these are
not fullyvalidated in the present version of the CoP.

Note 9: If there 1s found to be some extent of plasticity upon loading of the specimen it can be
assumed that 77 estimated from the above equation will be conservative as plasticity itself will assist
in the relaxation at the crack tip. However extensive plasticity in itself will deform the specimen and
render the CCG as invalid (see above Section9.3.3).

Note 10: The analysis of data and the two methods of estimating C* are shown in Section 12.

© 1SO 2007 — Al rights reserved 29


https://standardsiso.com/api/?name=74aa9d5baeedbb76edc8437cce9463f8

ISO/TTA 5:2007(E)

10 REPORTING PROCEDURES
10.1 Details of test information to be reported

Generally since creep tests last for long periods substantial amount of information is logged. In order
to have available all relevant data it is sometimes necessary to keep information which may at the
time not be regarded important or misleading. Therefore the requirements are that all data should be
kept and recorded regardless. Data reduction can then be carried out and used subsequently for

analysis. Detailed below is the type information that needs to be logged.

10.1.1

Renart of findinegs
I JJ [&)

The users a
formulae gi
the data usi
better and |
data.

10.1.2 ]
Pedigree of

of manufacture (for example, sheet, plate, and forging) and position ofZspécimen extraction. Det

dimensions
dimensions

10.1.3 )
All availabl
example ter
stress ruptu
data could b

10.1.4
Description
CMOD sho

y

10.1.5 J,
Details of |
cracking wg
the frequen
were steppd
crack exten

Test machine description

Fe advised, in any event, to correlate FCG, CCI and CCG data with K and C* uSin
ven in Section 14.5.2 and report their findings without deleting any data. The. plotti
ng both methods would also act as a guide as to which methods will correlate the|
ow the cut-off criteria described for CCG in Section 11 would affect, the trends i

Pedigree of the material
the material, material composition, heat treatment, history, blécks size orientations,

of the specimen after machining should also be recordéd’to compare with the not
All information should be labeled and specimens numbered.

laterial properties to be logged
e material properties both at room and at testing temperature should be reported

e index, creep failure strain should be awvailable. If this is not possible generic ma
e substituted when defect assessment ‘analysis requires this data.

of the test machine and equipmeént used to measure, temperature crack size and LI

Details of starter crack

pre-cracking or startet notch performed such as EDM or pre-fatigue. If fatigue
s performed thémthe terminal value of K, P, Puin, the pre-cracking temperature
by of loading,and the number of cycles used for fatigue pre-cracking. If pre-crack

pion at_the/final load level. If an EDM notch is used in-lieu of a fatigue pre-crack, 1|

o the
ng of
data
n the

type
ailed
ninal

For

sile properties such as the Young's modulus, yield strength, failure strain, creep ipdex,

terial

D or

hld be available. The precision with which measurements were made should be specified.

pre-
and
oads

d-down, state the procedure employed for the loading method and give the amount of

eport

the root radius and the length of the notch. The size of the pre-crack extension from the machined
notch shouldcbe no less than 5% of the totals crack size and not less than 1.3 mm. Care mujst be
exercised during pre-cracking by either method to avoid excessive damage at the notch rule.

10.1.6 Details for loading

Details of loading, static or cyclic, and experimental variables such as room temperature and test
environment should be specified. For environments other than laboratory air, report the chemical
composition of the gas should be specified.

10.1.7 Report of data analysis

Report data analysis methods, including the technique used reduce data and to convert crack size and
deflection data into rates and the specific procedure used to correct for discrepancies between
measured crack extensions on the fracture surface with that predicted from the electric potential
method.

30 © 1SO 2007 — Al rights reserved


https://standardsiso.com/api/?name=74aa9d5baeedbb76edc8437cce9463f8

ISO/TTA 5:2007(E)

10.1.8 Plots of data

Plots of corrected crack length versus time, total displacement versus time should be made available.
After analysis plot of CCG rate ( da/dt), versus C* or K and for FCG rate (da/dN) versus AK should
be made using log/log axes. It is recommended that C* or K be the abscissa and the cracking rate, be
the ordinate. Estimated times to CCI versus C*, K or K“,,,, should also be plotted using log/log axes.

10.1.9 Tabulation of results
It is desirable to tabulate test results when using this test method for presentation of results. In
addition to recording the load, temperature, the following information should also be tabulated for

eachtest: g ¢t A da/dt dA/dt C* K tr s time taken to reach Aq=0S5mm _The values of initial

crach
loadi
that

10.1/
It is

 length a; and elastic loading displacement 4; and the final crack length arand the
ng displacement Ay should also be tabulated for checks to be performed in Section
yiolate the validity criteria should be reported and identified in appropriate tables and

10  Photographic/micrographic evidence
useful to have photographic/micrographic evidence for the différent stages of t

example it would be useful, but not strictly necessary to have details on features

labot
(inte
crach

10.1]
Desa
beha]
equij
shou
11 ¢

Crac

atory set-up, the untested specimen, the failed specimen, the surface feature, the mo
Feranular for creep), and any special surface markings onthe fracture surface due
(s or temperature.

11 Treatment of anomalous data

ription of any occurrences that appear to be related to anomalous data (for examp
vior following test interruptions or changes\in load-levels, temperature or possiH
pment should be made available. The facts‘Surrounding the event and possible reasq
|d be stated.

CORRELATING CRACK GROWTH USING FRACTURE MECHANICS

k growth in creep (CCG)wcan be described in various ways using different

parameters. However two parameters; the stress intensity factor, K and C* have been wid

27],
temp
cyclg
and

both in test data and“in life assessment codes to correlate CCI and CCG data
eratures. In fatigue-Cracking FCG the stress intensity factor is used to correlate crack
as a function of-the AK. The region of interaction for creep and fatigue is known t
t has been found, where cyclic loading occurs at high temperatures [20,30,34] tt

linear summation-rule is sufficient to add the two components. A short description of th|

appr
11.1

ppriate parameters is given below the following Sections.

€CG rate analysis

final elastic

9. All data
plots.

he test. For
howing the
de of failure
to damage,

le, transient
le errors in
ns for them

correlating
ely used [1-
at elevated
- growth per
o be limited
Jat a simple
¢ choice for

Crack growth in creep and fatigue can be described in various way using different correlating
parameters. However parameters such as the stress intensity factor, K and C* have been widely used,
both in test data and the codes to correlate creep crack growth rate data at elevated temperatures. The
correlations of steady state crack growth rate with K, reference stress and C* can be represented by
straight lines of different slopes on log/log plots and expressed by power laws of the form

a=D,C""

(13)
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where 4, D, m and ¢ and are material constants. A steady state relationship between crack growth
rate and the parameters in Equations (12),(13),(14) and, physically imply a progressively accelerating
creep crack growth rate. The elastic stress intensity factor K and the C* parameter have generally
been proposed for creep-brittle and creep-ductile materials, respectively. However it is necessary to
verify the suitability of any of these parameters with respect to crack growth prediction in different
materials.

The choice of the most appropriate crack growth rate relating parameter depends on whether the
material exhibits creep-ductile or creep-brittle behaviour. Validity Criteria will be described in
Section 9.3.1

11.2 Crack Initiation (CCI) Analysis

When a strycture containing a defect is first loaded the stress distribution is given by the elastjc K-
field or the|elastic-plastic J-field. Therefore, time is required for the stresses to-redistribute tp the
steady-state| creep stress distribution controlled by C* In addition, a period ,of time is needed for
creep damage to develop around the crack tip [9]. During this period, transient-conditions exist which
are not unifjuely defined by C* Furthermore due to the practical limitations of crack detection
equipment, |the initiation of crack growth is difficult to determine precisely. Typically, this ranges
between an| extension Aa of between about 0.1 and 0.5 mm depending on component and ¢rack
dimensions| ASTM E1457-01 [i] identifies an extension of 0.2 mm for tests on C(T) specimens to
cover the eftire transition time to steady state conditions. This distance also takes into accourt the
resolution qf crack monitoring equipment. In this procedute; it has been determined that tirthe to
Aa=0.5 mmp is a suitable value to adopt as an 'enginegering' limit for CCI in fracture mechpnics
geometries.|From Equation (1) it may be expected that¢he time, ¢, to initiate a crack extension of Aa
can be expressed as giving:

t. £ D, -C** (14)

where D; dnd ¢ are material constants.” For steady-state cracking D; is expected to be given
approximat¢ly by Aa /D with ¢ = -gand hence Equation (14) can be re-written as follows:

(429 cx (15)

D
These equafions assume‘that the entire initiation period is governed by steady state C*. This cannot
be expected| to be trfie)during at least part of the initiation period #. For the CCI correlation, theftime
to 0.5 mm ¢rackegrowth versus C* or K should be plotted and for CCG correlation a plot of ¢rack
growth rate| da’dt, as a function of C* or K should be presented after Section 9 has be us¢d to
validate the'results:

11.3 FCG rate Analysis

For fatigue crack growth it is assumed that the mechanism is time and temperature independent. At
room temperature under cyclic loading conditions, crack propagation usually occurs by a fatigue
mechanism where the Paris Law can describe crack growth/cycle (da/dN), in terms of stress

intensity factor range AK by

(da/dN), = C'AK"™ 16)
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Where da/dN is fatigue crack growth rate per cycle, C’ and m’ are material dependent parameters,
which may be sensitive to the minimum to maximum load ratio R of the cycle. At elevated
temperatures combined creep and fatigue crack growth may take place.

11.4 Creep/fatigue crack growth rate analysis

In most cases the crack growth rate at elevated temperature is described in terms of Equation (13).
The cracking per cycle due to fatigue is calculated from the Equation (16). The predictions made
using these equations may be over conservative where the stresses at one end of the cycle are
compressive. If the margins against failure are insufficient, the fatigue crack growth calculations can

be rq
cyclg

Whe
have
inter.

12 Methods for Calculating the C* Parameter

The

expe
meas
accu

12.2
prop
the ¢
the ¢
is an
deriy
from|
diffe
shorf

Note
two 1

12.1

tfined using the method given in the British Energy's R5 Procedure. Total crack
, (da/dN), is given by

(da/dN) = (da/dN)¢ + (da/dN), (17)
re this linear summation combines creep and creep/fatigue components. Previous
shown that a simple cumulative damage law can be applied’ to describe d
Actions.

C* parameter may be estimated in different ways. These include analytical,
rimental or a combination of these. With laboratory testspieces where the load-defe
ured it has been found that an experimental measure for the parameter convd
Fately estimates C*. Whereas for feature components the reference stress method
has been adopted as the method of choice: 1deally if the right input values for unia;
prties are used the two methods should-give the same C* values. In practice this i
ase. The 'Benchmark' material properties data is taken as the C* which has been d
xperimental methods as described-also in ASTM E1457 [i]. As the measured displg
instantaneous measure of the material/geometry response at the crack tip it is assul
ed C* using Equation (18) gives an accurate reflection of the crack-tip stresses. Aj
these properties with(respect to C* experimental, therefore, must be explained
rences in material uriaxial properties used, and effects of constraint due to size and |
description for th¢ZC* derivations follow in Sections 12.1and 12.2.

11: It should-be noted that for the geometries shown in APPENDIX | the values de
methods were found to be at worst within a factor of 2.

Experimental Estimates of C*

growth per

studies [20]
reep/fatigue

numerical,
ction can be
niently and
see Section
kial material
not usually
erived from
cement rate
med that the
1y deviation
in terms of
beometry. A

rived by the

Directly, C* may be defermined from the creep load-line displacement rate. Estimates of C* can be
obtained by experimental, numerical and limit analysis methods. Following ASTM E1457-01 C* is
given by the following equation:

_ PA 7
B, (W-a)

*

(18)

where P is the applied load, W-a is the remaining ligament ahead of the crack and B, is the net
thickness (= B for a specimen without side grooves) and F is a function of the materials creep
properties and a geometric factor. The details of estimating F for different geometries are given in
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Section 13. In APPENDIX | all the relevant information is given to calculate the parameters described
in this Section. In Equation (18) A is the measure load-line displacement rate and is ideally used as
A° = A where A° (the creep displacement rate). This assumes small amounts of elastic and plastic

components giving the corresponding rates as approximately:
. . . . . aB | 2K°¢
Ac:At_Ae_ApzAt_ n
P { E' } (19)

where 4,

crack growt
any event th
as C* Als
geomteries

displacemer
test conditi
Hence the c

/
The errors |
experiments

any given o
and compar

12.2 Refen

Where load
adopted in |
12.2). Refel
tests where

Cx L

Where ¢,

b for lengths of crack extensions (usuallyl-10 mm) that have been @bserved i

listed in Section 13 it is found that the range of the glastic portios
it 4° << 4° in creep ductile conditions. It is therefore appropriate that for most pra
ns in extensive creep conditions [24,54] it can be assumed that 4 >>A? and A°>
reep strain rate where creep is dominant is calculated as 4’ making

= (20)

| scatter inherent in CCG data which have beén found to be as much as a factor of
he batch [64-69]. This simplification therefote is not expected to affect the overall ¢
sons in the CCI and CCG or CFFG rate analyses using C*.

ence Stress Method of Estimating C*

Hline deformation rates are not available the proposed method, which has been w|
ife assessment codes [30-35], is one based on the reference stress concepts (see Se
ence stress procedures are employed to evaluate C* for feature and actual comp
the load-line deformation rate is not a measurable quantitatively) by determining;

21

is“the creep strain rate at the reference stress, o,,r and K is the stress intensity f3

the

ctical
> ¢

nvolved in this assumption are at most a factor of’2 for creep which falls well within the

"5 in
sults

idely
ction
nent

ictor.

y e « et 4 1 Lo | M Toios
Usually 1t 1S mMostconvententto cMproy it anarysts—to-ootany

p— (D/D ) 1 D
Oref — Oy(1 71 [/, WICTCT -

s the

collapse load of a cracked body and o; is the yield stress. The value of P, will depend on the
collapse mechanism assumed and whether plane stress or plane strain conditions apply. o, can be
derived from either limit load solutions [71-73] or directly from numerical calculations using
elastic/plastic finite element analysis. When the creep strain rate ¢ at an applied stress o can be
described in terms of the Norton's creep law:
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where 4 and n are material constants at constant temperature. Thus, Equation (21) can be rewritten as

* e 2

Cy=40, K (23)

The typical value for n is between 5 and 12 for most metals. In addition, the concept of the average
creep rate, € 4., obtained directly from rupture data, has been proposed [9] to account for all three
stages of creep as an approximate method for estimating the average creep rate &4,.. Hence the

average creep rate, ¢ ,, is described schematically and is defined by

) &y e " "
= — = _ = A A
T 50(00] " (24)

I

whete & is the uniaxial failure strain, #. is the time to rupture and ois the applied|stress. The
varigbles¢,, o, A4 and n, may be taken as material constants. When Equation (24) is| used in the
analysis to estimate C* it is found that the value of C* could increase by as much as a factor of 2-3.
Thergfore depending on the level of conservatism that thécuser is seeking in rerpaining life
assegsment the use of Equation (24) is likely to predict th€’shorter lives compare to the minimum
straif rates.
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13 APPENDIX I

13.1 Test Specimen Geometries

In this Section the geometry definitions for standard laboratory specimens and feature component
tests are presented. The fracture mechanics functions used in the analysis Section are also provided
for each specimen.

13.2 Geometry Definitions for Laboratory Specimens

This CoP 1
and CFCG
they may n
instructions
drawings ar
Table A.L.1
lengths, sid
been found

The abbrev
Table A.I.1

Table A.I.1

testing. This does not mean that different variations of geometries are invalid_buf
ped further verification. This annex presents the geometries, dimensions and jmach

pgrooving B, (between 10-20% (each side), see Section 8.3.5) and’ thickness and
bo be a practical size for testing.

entires seven specimen geometries that have been verined 1or the purpose or CCJ,

for the geometries listed below. Figure A.1.2 show the schematic figures,)eéngine
d suggested displacement measuring positions respectively. The dimension suggest
for specimen sizes would give applied loads between 10-50 kN ‘depending on

ations which are to be used to denote the specimen geenjetries examined are give

Specimen abbreviations and allowed relative sizes

W mm B mm H. L, Ry (mm)

C(T)

Compact Tension 50 W72—Ww/4 H=12W

CS(T)

C-Shaped Tension 25 W/2—W/4 R=2W

SEN(T)

Single Edge Notched Tension 25 W/72—W/4 L=2W

SEN(B)

Single Edged Notched Bending 25 W/72—W/4 L=2W

DEN(T )

Double Edge Notched Tension 25 W/2—W/4 L=2W

M(T)

Middle Tension 25 W/72—W/4 L=2W

Where H is
(T).SEN (B
side) to prd
Figure A.l.2
configuratig
an arbitrary
specimen (g

half height of C(T), Ry is the outer radius of CS(T) and L is the half length of
, DEN(T) and-M(T) specimens. Allowable sidegrooving B, (between 10-20% on ¢
duce a straight-fronted crack. An illustration of each specimen geometry is shov
In this~figure the specimen dimensions are defined together with the lo3
n. The-Joad line displacement, A, and crack mouth opening displacement, A"
pifi loaded geometry are defined in Figure A.L.2 shows a schematic of a SE

h
7

CCG
that
ning

ering
ed in

rack
have

n in

SEN
aqch
bn in
1ding
D of
IN(T)

pin-loaded and (b) loaded under uniform displacement.
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Figure A.L.2: Schematic drawings for the fracture mechanics geometries showing the loading
directions, and the load-line (LLD) and crack Mouth opening (CMOD) measuring positions

© 1SO 2007 — Al rights reserved 37


https://standardsiso.com/api/?name=74aa9d5baeedbb76edc8437cce9463f8

ISO/TTA 5:

2007(E)

14 SPECIMEN FRACTURE MECHANICS PARAMETER SOLUTIONS

In this Section a detailed list of fracture mechanics parameters (K, C*, 7, o;,) used in the analysis of
the data are presented for the specific geometries quoted in Section 13. These are verified solutions
which can be used in the analysis of creep and creep/fatigue crack growth data.

14.1 Stress Intensity Factor K

The linear elastic K is appropriate for creep brittle analysis (see Section 9.3.4), cycle dependent

fatigue (see

Section 7.5 1) as well as for estimating C* for components (see Section 149 ) an

also

¢ q
K, . (see S

ection 15) and Q* (see Section 16). Therefore it is important to have an accurate-me

of K. Fortunately there are numerous references which tabulate or quote K values for-diff

components

The general

whereo the

geometry w|
be acting oy
given by

where B, 1S

Equations (]
loaded undq
nominal bef]

Where anal
calculated f

where J,, =

[55-58].

equation for stress intensity factor is given by
K=Y (a/W)oa (A125)

applied nominal stress and Y (a/ W) is a function of geometty and a, crack length an

idth, as defined in Figure A.L.2. When a specimen is side-grooved, the applied load|
rer a shorter crack front and the stress intensity factor of a side-grooved specimen A

K, =K /ﬁ
B}’l

the net specimen thickness.

(A.1.26)

A.1.29) to (A.1.43) also include equations the membrane bending moments for spec
br a tensile load P and for_specimens subjected to a constant bending moment |
iding stress at the surface,

ytical expressions de, ot exist or where an alternative solution is sought K c
rom the associated®EPRI J [59] integral:

psure
crent

d W,
will
[, 1S

mens
I the

hn be

K=EJy (A.127)
J\_given by the following formula:
e N+l
J=O'080(W—a)h1 ? (A.I.28)
0o

where P, is the limit load and the A, functions are tabulated in the literature [59].

14.2 Solutions for the Y function

Solutions for the function ¥ and o for the geometries listed in APPENDIX | Section 13 are given

below.

38
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14.2.1 Y factor for C(T)

W[ 2+alw

- a{ (1—a/W)>?

}f(a/W)

f(a/W)=0.886+4.64(a/W)—13.32(a/W)* +14.72(a/W)* =5.6(a/W)*

P
o=—"-
BW

ISO/TTA 5:2007(E)

(A.129)

(A.130)

(A131)

14.22 Y factor for CS(T)

Y= %{%+1.9+1.1(%H {1+0.25(1—%}2 [l—]%j:lf(a/W)

fla/wy=—J"T"__ "“/W3(3.74—6.3(a/W) +6.32(a /W) —2.43(a/W)3)
(1-a/w>

P
o=—"-
BW

(A.1.32

(A.133

(A.1.34

whete R; and R, are the inner and outer radii, respectively, and X is the loading hole offset, as defined

in Figure A.1.2.
14.23 Y factor for for SEN(T)

3
W anl F2 ) 0752+ 2,02 % ) +0.37] 1—sin[ 7 cos| 2L
a oW w W 4

P
o=—-
BW

~
I

14.24 Y factor for SEN(B) (3 Point Bend Specimen)

For $pan =4W i.e. L/W=2

(A.135)

(A.136)

Y= (1+2a/W)1(1_a/W)% _1.99—%(1—%}{2.15—3.93%+2.7(%sz

3PL
O' =
BW?
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14.2.5 Y factor for DEN(T)
¥ = 2% tan[ Z94) 140122008 F4 (A.139)
a 2W 2W
o= P (A.1.40)
2BW
For DEN(T) specimen the width W is replaced by 2.
14.2.6 Y factor for M(T)
2 4
Y= |msec| 25 || 1-0.25| < | +0.06] < (A.L41)
2w /4 /4
o= P (A.1.42)
2BW
14.3 C* Solutions

Estimates o
experiments
in Section 1

where A is
is a functiof
from limit 4

f C* can be obtained by experimental analysis methods as outlined in Section 12.1] The
1 procedure is applicable to laboratory specimenscas specified in this document as shown
3. Experimentally C* is calculated from the general relationship,

el A _ !
C*=(PA /(W -a)B, )F (AL43)
rhich

hined
W is

the load-line displacement rate((see Section 12.1), F' is a non-dimensional factor W
1 the uniaxial creep properties 7 and a geometry dependant factor (which can be obt
nalysis techniques), B;, is-the net thickness of the specimen with side-grooves and

the width. |n general, Equation(AJ1.43) is used to estimate the values of C* using A = A'|(see
Section 12.1) for tests in the laboratory.
The factor & can be gived.by,
FlL__n W dP, __.n 1 dm
il P, da n+1md(a/w) (A.L44)
Where m isthe yield load ratio and P _is the [imit load. Hence, C+ can be re-expressed as
* PA n
= n
B,(W—a)n+1 (A.L45)
where
_ 1 dm
=" dlaw) (A.146)
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The 7 functions from Equation (A.1.46) for each geometry can be derived analytically which has been
found to be unsatisfactory [77]. Using the Finite Element method to derive 7 [63] for the geometries
shown in Figure A.1.2 a more accurate representation of 7is derived. The results of these
calculations are given in Equations (A.L1.65) to (A.1.92). This allow solutions for C* to be derived
from 7 calculated from elastic-plastic FE analysis (see Section 14.6), and the experimental load-line
displacement rate. For this reason the expression for C* given in Equation (A.1.43) is referred to as
experimental C*,

14.4

A g9
writt]

whe

Limi
plang
Whe
ratio
side-
thick

Reference Stress (o) Solutions
neral expression for the reference stress, o, of a structure subjected to a tensHe\l
en as
O, = P o}
“op. (ALL47)

load solutions are given below based on the von Mises yield criterion for both plan
 strain conditions, enabling the reference stress, o;.,{ovbe obtained from Equati
re necessary, the limit load solution is validity range in-terms of crack length to speq

grooved specimens B should be replaced by the net-section thickness, B,, or by t
ness B given by

B, (A.148)

e P is the applied load, P;¢ is the limit load value of a cracked body of yield stress op.

a/W, is specified. Solutions are given for plain sided specimens of thickng

bad may be

e stress and
bn (A.1.47).
imen width
ss, B. For
he effective

The following common notation is-used
a a 2
x:W’yzl—W’)/:ﬁ. (A.I.49)
14.411 Orer for C(T)
B 2 Plane
(I+yx)+ (1+}/)(1+7/x ) Stress (A.L.50
B
BWao,
7/[—(1+1.702x)+\/2.702(1+1.702x2)} gtlf;i (A.L51)
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14.4.2

Be _
BWo,

14.4.3

BWo, -

14.4.4

2P,
BW?a,

14.4.5

42

¢

¢

q

Grey for CS(T)
-y l+x —3+\/1[7/(1+2x)+3]2+(1—x)2 Plane (A.1.52)
2 2 \4 Stress o
1 3 1 2 2 Plane
1.267[—7 (2+ x]—z + \/4[7(1 +2x)+3] +(1-x) ] Strain | (AT33)
brer for SEN(T)
oy x<0.146
Plane
y+1 2 y—1 x>0.146  Stress (A154)
| =y (l+y)xy —yx+—
2 2
y(l—x—l.232x2+x3) *<0.385
Plane
02 ~0.794 + y X 0.545  Strain (A.L55)
i 2 2
+40.794 — y= +0.5876 y
Dref for SEN(B) (3 Point Bend Specimen)
1.072> x>0.154 gtlfensz (A.156)
x>0.177 Plane
1218y y* Strain AL
bver for-DEN(T)
(1 +0 RAY)V v <0286 -
7y x> 0.286 Stress (A1>%)
1-x/2 Plane
1+1
7/){ + n( 5 ﬂ x<0.884 Strain (A.L.59)
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14.4.6 Gy for M(T)

Plane
y Stress (A.1.60)
Pe  _
2BWo,
Plane
7y Strain (A.Le6l)

14.5| n Functions for cracked geometries

The py functions, used to evaluate C* (see Section 14.3), have been derived and validated
the fracture mechanics specimens shown in Figure A.l.2. The results“have been d
numerous finite element studies which have calculated 7 for a range of ¢onditions such
mesh sizes, specimen dimensions and loading boundary conditions; plane stress/strain

[73-74] for
erived from
as different
conditions,

matefrials with a range uniaxial creep properties with creep indiceSn between 3-20. As

t was found

that ho single trend existed between these variable the best lin€ar values of 7 for appropriate range of
crack lengths were chosen. The deviations from the mean were found to be about £50% for a/W <
0.3 gnd +25% for a/W > 0.3. This suggests that testing.short crack length is likely to give a wider

scatter compared to long crack lengths. DEN(T) is the@xception where there is a wider d
long|crack lengths compared to short crack length®"“The mean values for 7 are given 3

vergence at
s Equations

(A.Lp5)-(A.1.92) and are also in a tabulated with respect to C* as 77L D (Table A.L 2] and nCMOD

(Tahle A.L.3) with respect to crack length.

14.5{1 Nomenclature (see Figure Acl:3)

a Crack length

a Crack growthirate

B Specimenrthickness

B, Specimen.thickness between side-grooves

Cc Expérimentally determined value of C* parameter

E Elastic modulus

E' Effective elastic modulus, £/(1- v*) for plane strain and E for plane stress

F Geometric function

F* LD, F€ MOD, Geometric function derived from LLD or CMOD displacements

L Specimen half length

n Power-law creep stress exponent (£ oc o )

P Applied load

R, Outer radius of CS(T) specimen

R Inner radius of CS(T) specimen

/4 Specimen width or half width

AHEP - AHED Load line displacement, load line displacement rate

ALLD Component of the load line displacement rate directly associated with the accumulation
¢ of creep strains

Zl,.LLD Component the load line displacement rate directly associated with instantaneous strains

ACMOP - ACMOD Crack mouth opening displacement, crack mouth opening displacement rate

7P Geometric factor to calculate C* from load line displacement rate

© 1SO 2007 — All rights reserved
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Geometric factor to calculate C* from CMOD rate
Poisson's ratio

Solutions for creep crack growth parameter, C*

C* can be calculated, as previously stated in Section 12, from the load-line displacement rate or
crack mouth opening displacement rate using the following equations

P Z‘LLD

or

Solutions fd
(A.L1.65) to

Solutions a
Equations
Figure A.1.4

The AP dnd A“M°P are provided as a function of.relative crack depth, a/W. For some |

geometries,
height, L/W|

range of n
CMOD
A as a

values of a

The load lir
and a time-
The instants

4 LL
Ai

= FMPptP (A.L62)
D \VV - Lt}
«CMOD
B(W - a)

: LLD 'MOD LLD 'MOD . . . .
r the functions F*“2, FEMOP - AP and A™MOP for test speciméns are given in Equations

A.1.92).

e given for plain sided specimens of thickness, B..For side-grooved specimens
A.1.62) and (A.1.63) should be replaced by B,>(as shown in Figure A.L3

).

LLD CMOD
A A

the value of and is sensitive~to the creep exponent, n, and relative spec
This variability has been taken into account here through the use of a mean value
ind L/W values and an uncertaintycwhich quantifies the potential variability in A"
function of geometry and mafterial. Calculated values of #*? and " for spq
J7 are given in Tables respectively.

e displacement rate, A7, can be partitioned into an instantaneous (elastic) part, A
Hependent part that.is“directly associated with the accumulation of creep strains, A

neous load ling displacement rate is calculated as

&

2K?
E!

_aB
R

(A.L64)

B in
and

track
imen
for a

and
ecific

LLD

LLD

where a is the crack growth rate, P is the applied load, B is the specimen thickness, K is the stress
intensity factor, and E' is the effective elastic modulus (E/(1-y*) for plane strain and E for plane
stress). For side-grooved specimens B in Eq. (A.1.64) should be replaced by B,,.

In Equation (A.1.62) A™" and A“M°P are the total load line and crack mouth opening displacement
rates, respectively. Thus it is assumed that steady state, extensive creep conditions prevail, and that

the data can

44

be classified as being creep-ductile (i.e. Zlf,w / AMP >0.5).
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14.5.3 Best fit solutions of n from finite element calculations

The numerically driven solutions of 7-factors for a range of fracture mechanics geometries (shown
in Figure A.1.2) are presented in this document. The load-line displacement 77**” and the crack mouth
opening displacement UCMOD are presented with respect to normalised crack length a/W. The results
are derived from numerous analyses and cover a range of creep properties and stress states [73,76].
The values of 7" (Table A.L 2) and 7P (Table A.L3) or Equations (A.L.65) to (A.L92) are the
mean values and advice is given in Sections 14.5.4 and 14.5.5 on the appropriate use of the factors.

Note 12: It should also be possible also to derive C* for 'feature' components (examples of which are
showrrmrT1 T T ified.

14.54 Choice of n for evaluating C* for material CCI and CCG properties
For thaterial CCI, CCG and CFCG properties with respect to C* the mean values-of 7°°|(Table A.L
2) and 7M°° (Table A.L3) or Equations (A.L65) to (A.1.92) shouldVbe used.| These are
recommended values that can be used to calculate both J and C* solutions for the rarjge of crack
lengths shown.

14.55 Choice of n for evaluating C* in life assessment
For |ncreased conservatism in C* calculations when performing remaining life assesfment using
Equdtion (A.1.62) the values of 7 may be multiplied by 25% for crack lengths of a/W > 0.3 and by
50%| for crack lengths of a/W < 0.3, to take into consideration unknowns such as mgterial creep
properties, plane stress/strain conditions at the crack tip and variation the dimensions from the norm.
Therg is a direct proportionality between 7 and C*(see Section 12) and therefore the dffect due to
the unknowns in 7 is well below the ranger of experimental scatter observed in the data.

i Sl

I AL D £ - 1 1 1 - 1 et - D 1D
T'Igulc AL D, UCHCTIC CUEC CIdCKTU SPTUHITICIT UCLIIIIE D alll Dy.
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14.6 7 Function Equations

14.6.1 7 functions for C(T)

FHD % (A.L65)
ntP =22 04<x<0.7 (A.L66)
n™MoP =22 04<x<07 (AL67)
14.6.2 f7 functions for CS(T)
FUP = ﬁi (AL68)
ULLD =Tal/W —0.64 02<x<04 R/R, =035 (A.L69)
ntP =0.4a/W +2 04<x<055 XW=05  (ALT0)
LLD -
=4.6—-1.6a/W R/R,=0.5
7 0.2 <x<0.55 (AL7T)
X'W=0.5
14.6.3 n functions for SEN(T)
Fre =1 ALT2
o+l (AL72)
0.1<x<05
n"” =5.0x-0.06 (A.173)
1 <L/W<3
0.5<x<0.7
77LLD 044 (A.1.74)
1 <L/W<3
FEMoD n’i 1 (A.L75)
0.1<x<0.7
77CMOD ~1.0 (A.L.76)
1<L/W<4
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14.6.4 n functions for SEN(B) — 3PB
gl _ " A.L77
Cn+l (A.L77)
ULLD =4.06x+ 0.60 0.1 <x<03 (A.L78)
"’ =0.56x+1.65 0.3 <x<0.7 (A.179)
2L n
FEMOD _ — (A.L.80)
UCMOD =0.92-0.46x 0.1 <x<0.7 (A..81)
14.65 n functions for DEN(T)
FLub _ n—1
= 2(n+1) (A.1.82)
0.1 <x<03
n"? =1.43x+0.15 (A.183)
2<L/W<4
0.3<x<0.7
" =0.53x +0.42 (A.1.84)
2<L/W<4
n—1
FEMPP = 2] (A.L.85)
0.1<x<0.5
M =1.26 =0:80x (A.1.86)
2<L/W<6
0.5<x<0.7
n“MPP20.86 (A.1.87)
2<L/W<6
14.6.6 n functions for M(T)
FLLD _ n—1
——2(n+1) (A.1.88)
LLD
n =2.32x+0.18 0.1<x<0.35 (A.1.89)
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2<L/W<4
035<x<0.7
77LLD — 099 (AI90)
2<L/W<4
CMOD n—1
F = 2(n+1) (A.1.91)
0.1 =x=<0.7
nMP =16x-0.36 (A.192)
2<L/W<6

48
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Table A.I 2: Calculated values of #* for specific values of a/W

ISO/TTA 5:2007(E)

nLLD
a/W SEN(T) M(T) DEN(T) SEN(B) C(T) CS(T)
0.10 0.44 0.41 0.29 1.01 — —
0.12 0.54 0.46 0.32 1.09 — —
0.14 0.64 0.50 0.35 1.17 — —
0.16 0.74 0.55 0.38 1.25 — —
0.18 0.84 0.60 0.41 1.33 - —
0.20 0.94 0.64 0.44 1.41 — 0.76
0.22 1.04 0.69 0.46 1.49 — 0.90
0.24 1.14 0.74 0.49 1.57 — 1.04
0.26 1.24 0.78 0.52 1.66 — 1.18
0.28 1.34 0.83 0.55 1.74 — 1.32
0.30 1.44 0.88 0.58 1.82 — 1.46
0.32 1.54 0.92 0.59 1.83 — 1.60
0.34 1.64 0.97 0.60 1.84 — 1.74
0.36 1.74 0.99 0.61 1.85 — 1.88
0.38 1.84 0.99 0.62 1.86 — 2.02
0.40 1.94 0.99 0.63 1.87 2.20 2.16
0.42 2.04 0.99 0.64 1.89 2.20 2.17
0.44 2.14 0.99 0.65 1.90 2.20 2.18
0.46 2.24 0.99 0.66 1.91 2.20 2.18
0.48 2.34 0.99 0.67 1.92 2.20 2.19
0.50 244 0.99 0.69 1.93 2.20 2.20
0.52 2.44 0.99 0.70 1.94 2.20 2.21
0.54 2.44 0.99 0.71 1.95 2.20 2.22
0.56 2.44 0.99 0.72 1.96 2.20 —
0.58 2.44 0.99 0.73 1.97 2.20 —
0.60 2.44 0.99 0.74 1.99 2.20 —
0.62 2.44 0.99 0.75 2.00 2.20 —
0.64 2.44 0.99 0.76 2.01 2.20 —
0.66 2.44 0.99 0.77 2.02 2.20 —
0.68 2.44 0.99 0.78 2.03 2.20 —
0.70 2.44 0.99 0.79 2.04 2.20 —
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14.8 Table for MO

Table A.L3: Calculated values of %P for specific values of a/W

”CMOD
a/W SEN(T) M(T) DEN(T) SEN(B) C(T) CS(T)
0.10 1.00 1.22 1.18 0.87 — —
0.12 1.00 1.22 1.16 0.86 — —
0.14 1.00 121 1.15 0.86 — —
0.16 1.00 1.20 1.13 0.85 — .
0.18 1.00 1.20 1.12 0.84 — N>
0.20 1.00 1.19 1.10 0.83 — 428
0.22 1.00 1.18 1.08 0.82 — 425
0.24 1.00 1.17 1.07 0.81 € 422
0.26 1.00 1.17 1.05 0.80 Z 4.18
0.28 1.00 1.16 1.04 0.79 — 4.15
0.30 1.00 1.15 1.02 0.78 — 4.12
0.32 1.00 1.14 1.00 0.77 — 4.09
0.34 1.00 1.14 0.99 0.76 — 4.06
0.36 1.00 1.13 0.97 0.75 — 4.02
0.38 1.00 1.12 0.96 0.75 — 3.99
0.40 1.00 1.12 0.94 0.74 2.20 3.96
0.42 1.00 1.11 0.92 0.73 2.20 3.93
0.44 1.00 1.10 0.91 0.72 2.20 3.90
0.46 1.00 1.09 0.89 0.71 2.20 3.86
0.48 1.00 1109 0.88 0.70 2.20 3.83
0.50 1.00 1.08 0.86 0.69 2.20 3.80
0.52 1.00 1.07 0.86 0.68 2.20 3.77
0.54 1.00 1.07 0.86 0.67 2.20 3.74
0.56 1.00 1.06 0.86 0.66 2.20 —
0.58 1.00 1.05 0.86 0.65 2.20 —
0.60 1.00 1.04 0 R6 064 220 —
0.62 1.00 1.04 0.86 0.63 2.20 —
0.64 1.00 1.03 0.86 0.63 2.20 —
0.66 1.00 1.02 0.86 0.62 2.20 —
0.68 1.00 1.02 0.86 0.61 2.20 —
0.70 1.00 1.01 0.86 0.60 2.20 —
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14.9 Geometry Definitions for 'Feature' Type Specimens

This Section only gives details and information on geometries that have been tested and analysed
[21,29,38-41,50,52] and will therefore not list the wider range of 'feature geometries' that may be
possible. However the user is not restricted in testing and analyse new geometries providing
appropriate stress intensity factors, reference stress solutions and material properties are available or
can be accessed in the literature from sources such as in R5 [31] or API 579 [35].

14.9.1 Details form Pipe, Plate and Notched bar 'feature specimens’
In this Section the geometry definitions for 'feature' specimens are presented as shown in
Figufe A.14. It is usual that for most cases only a few test of this kind would be -atfempted and
therdfore they normally serve the purpose of bridging the information gap betwepn standard
labotatory testpieces and the real component.

a) Pipes l
« @ Lo r f—»
= v
5
v .
b) Bend-Pines Pre-machined

cracks
-circumferential
-axial
-semi-ellintical

Loading types
-Pressure
-Tension
d) 4 -Bending
Notched

c) Plates Circumferential

A—A crack

Semi-elliptical D
crack

L
—_A.
ZyY —

v Range of notch
angles and

Figure A.L.4: Schematic drawings for the 'feature type' specimens.

It should be noted that there will be a range of dimensional, loading, crack size, shape and materials
that would combine in any one 'feature test'. Whilst it is appropriate for the user to follow the present
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guidelines both in terms of testing and analysis, set in this document the user should be in a position
to validate the relevant parameters for each condition. In Section 14.10 there are quoted specific
formulae for the pipe, and plate and notched bar geometries that are quoted. However they are only
appropriate for the specific range described and should be validated for other conditions. Therefore
parameters such a K, C* o and the creep uniaxial material properties should be derived
independently. It is suggested that the user should follow the experimental and analysis methods
proposed in this CoP and use appropriate solutions from the literature to derive C*.

14.10 Fracture Mechanics Functions for Feature Components

The large njmbers of feature component and actual component geometries present a very wid¢ fange
of options which cannot be dealt with individually within this CoP. However it has been found that
for most cages the analysis of a semi-elliptical crack in a plate or a pipe would cover most/situgtions
that industry is faced with. The loading and boundary conditions will need to be considered in detail
for every ngw case but the principal remains the same. Section 12.2 deals with the derivation gf the
reference stress estimates of C* for components using

2
. .| K
(* =0, by | —— ) (A.1.93)

and by identifying the appropriate 'global’ solution of referenee’for a particular component and the
right stress [intensity factor formulae it has been found [34,37-38,69] that conservative estimated of
C* can be derived. The extent or otherwise of the conseryatism depends not only on the choice af the
formulae byt also on the appropriate material properti€s used. It should also be noted that the yalue
of C* using Equation (A.1.93) is relatively insensitive to K but is far more sensitive to the refefence
stress formyla chosen.

By highlighting the analysis for a pipe and @ plate geometry which have been validated extensivgly it
is suggested that the methodology cantbe used for other geometries and the results compargd to
standard laboratory specimens. Howeyer it should be noted that a user who wishes to test pther
geometries heeds to compare and verify the data by testing standard C(T) geometries as well, bgfore
the results can be used in life assessment cases.

14.10.1 solutions for pipes and plates
In many cages solutions€Xist for a range of geometries and loading conditions [54-58] which can be
accessed quite easily from open databases and available literature. Stress intensity factors for $mall
elliptical cracks inplates and large diameter pipes can be derived from solutions for K due to [Raju
and Newman-[55]. The stress intensity factor has also been derived for elliptical cracks in [large
plates. Thete—are—inthe literature several formulae todetermine the stress—intensity factor 1 A16
[Commissariat a 1'Energie Atomique, 1995][32-33], and BS 7910 [British Standard, 1999] [34], API
579 [35] and R5,R6 [30-31] are all derived from Raju and Newman [55] original calculation which
take the form:

T-a

O riue (A.194)

KI :FKPlate [O-m +HKPlate 'Gh].

where the equations for Fx piate, Ok plate and Ok piae are given in A16 [32] and BS 7910 [m]. As for the
pipes, no major differences are expected between the difference stress intensity factor solutions and
so the BS 7910 [m] formula has been chosen due to its simplicity to be implemented in any software.
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14.10.2  Reference stress solutions for pipes

It has been shown previously that although different life assessment codes [30-35] employ the same
methods of analysis often different formulae are used to evaluate K and o, Greater sensitivity of C*
and cracking rate to reference stress than to K is expected from Equation (A.1.43). It has also been
previously demonstrated that 'global' collapse solution represent best the cracking behavior in pipe
components [64]. 'Global' solutions of reference stress are based on collapse of the entire cross-
section at the site of a defect. For a semi-elliptical axial defect in a pipe subjected to an internal
pressure p, R6 [31] gives:

p

.bate(a,c)+ln(ReR - "] (AM1.95)

i

O-ref Pipe —

R, —a

wherg bate(a, c) is given by :

bate(a,c) = a

c’ (A.1.96)

\/1+1.61-[(Re —a)-a]

whertle a is crack depth, c is half crack length at the surfacé-and R; and R, are the internal aind external
radii|of the pipe, respectively.

Henge by substituting Equation (A.1.95) in Equation (A.L1.93) it is possible to derive |[C* for pipe
components. The additional information that is“heeded is the stress intensity factor K (see Section
14.10.1) and the uniaxial creep strain rate.

14.10.3  Reference stress solutions_for plates
Simillar to pipes, several reference. stress solutions exist for plates. It has been shown, in fthe past, for
small partially penetrating defects in plates subjected to combined tension and bending [loading can
signifficantly over-estimate ‘efeep crack growth rates [74]. In this present document, |a reference
stresp, which is based on-a global collapse mechanism, has been chosen [74] and is gxpressed as
follows:

| :(Ub+3.}/-O'm)+{(0'b+3-}/'O'm)+9‘0,i'[(1_7)2+2'7'(a_7):|}% (A.1.97)
ref Plate 3'{(1_7/)24_2'7/_(0[_7/)}

whetleyr=(a-c}/ (W]} and ¢ =a/ W and a iscrack depth,cis-half crack length at the surface, IV is
the thickness of the plate and / is the half-width of the plate, respectively.
Hence by substituting Equation (A.1.97) in Equation (A.1.93) it is possible to derive C* for plate type

components. The additional information that is needed is the stress intensity factor K (see Section
14.10.1) and the uniaxial creep strain rate.
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Stress intensity factor K for the round notch bar

The expression for calculating K for circumferentially notched round bar specimen is given below:

2a

_j} (A.L98)

D

rad
D

14124322 036323 + 073144 1+0.11/2—“ -
2" 7% D

Where Ligament crack length: d=D-2a and A=d/D

The net-section stress oy, for the round notch bar is given below:

14.10.5 ¢

The definitjon and calculation method of C* parameter is described in this (Section for the 1
shown in Figure A.l.4. The magnitude of C* parameter for circumferentially nofched

notched ba
round bar sj

Creep expoy
the creep te
performed t

For circumf

*

C 3

In Equation|

Section 12.1.

d *

N
D -2a

Jnet_ 2
T
(%3*)

[* parameter for the notched bar

(A.1.99)

ecimen can be determined as follows:

2n—1 dA
= O-t
2n+2 " dt

(A.1100)

nent 7 in the relationship between minimum créep rate and applied stress is obtained
5t data using smooth bar specimens in accordance with ISO 204. If creep tests can n|
he accepted value of n for the specific material taken from literature may be used.

erentially notched bar specimens in-tension following equation, therefore, can be use

| 2n-1 PA
2n+2 z{(D-2a)/2}f

(A.101)

(A.I101), A used i§ the load-line creep displacement rate and is calculated as shoy

ound

from
ot be

vn in
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15 APPENDIX II :(TDFAD) K@ approach for CCI

mat

Time Dependent Failure Assessment Diagram (TDFAD) approach and the evaluation of a time
dependent creep toughness K used to analyse CCI

mat

15.1 Introduction

Conventional methods for assessing incubation and the early stages of creep crack growth are
generally based on the evaluation of parameters including crack opening displacement, 5, and crack
tip plarameters C and C(7J Tfogether with experimental data describing creep crack ifjcubation or
growth. However, for low temperature fracture, the simplified R6 procedure ([31]] has been
developed, which uses the concept of a Failure Assessment Diagram (FAD) to’ avpid detailed
calcylations of crack tip parameters. In recent years, FAD approaches have been extdnded to the
creep regime [60-62] and the high temperature Time Dependent Failufe( Assessment Diagram
(TDFAD) method has now been formally incorporated into the RS high temperature| assessment
procgdure [30]. A key requirement of TDFAD approaches is the evaluation of time depgndent creep

toughness, denoted K¢

mat ’

and a number of methods for defining this parameter have been| proposed.

15.2| Nomenclature

a, Initial crack length

B Gross specimen thickness

B, Effective specimen thickness (defined here as B, (2 — B,/B) for consistency with RS [30])
B, Net specimen thickness

c’ Steady state crack tip parameter

C()| Transient crack tip parameter

Young's modulus

E' E/(1-v?) for planestrain conditions and E for plane stress conditions

J J integral

J. Elastic Jyalue

J: TotalJvalue

K Stress intensity factor

Kfnm Material creep. ‘rmlghnpqq r‘nrrpqpnnding toa givpn crack extension in a given time
K, K/K;,,

K, Crer /002

L Cut-off on the RS TDFAD; minimum of o, /05, and /0,
n Creep stress exponent

P Load

U, Creep contribution to the total area under the load-displacement curve

Elastic contribution to the total area under the load-displacement curve

Q
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U Plastic contribution to the total area under the load-displacement curve

Ur Total area under the load-displacement curve

w Specimen width

) Crack opening displacement

Cno Nominal stress (used in the Two Criteria Diagram)
e Reference stress

ox Rupture stress for the time and temperature of interest
o, Ultimate tensile strength

Cor 0.2% proof stress; stress corresponding to 0.2% plastic strain

Coa 0.2% inelastic strength; stress corresponding to 0.2% inelastic (plastic plus ereep) strain
o Shdrt term flow stress (= (o, +0,)/2)

Eres Totpl strain at the reference stress

Erey Elagtic strain at the reference stress

£, Elagtic strain at a stress of o,

Aa Crack growth increment

A, Creep component of load-line displacement

A, Elagtic component of load-line displacement

A, Plagtic component of load-line displacemenit

Ap Totpl load-line displacement

n Factor relating J to area under the‘load-displacement curve

15.3 Failure Assessment Diagram

The TDFAD is based on the ©Option 2 FAD specified in R6 [31] and involves a failure assessment
curve relating the two patameters K, and L,, which are defined in Equations (A.11.102) and (A.I}103)
below, and & cut-off L1 For the simplest case of a single primary load acting alone

K, =K/K\ (AIL102)

c
mat

where K is the stress intensity factor and K . is the appropriate creep toughness value, and

L.=0,,/ 002

(A.1103)

where o,,, is the reference stress and oy, is the stress corresponding to 0.2% inelastic (plastic plus

creep) strain from the average isochronous stress-strain curve for the temperature and assessment
time of interest, see Figure A.IL.5. The failure assessment diagram is then defined by the Equations
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Leyy + Log,
2E¢, .

r

-1/2
max
1 L <L

|

(AIL104)

C
L.og,

K, =0

r

L >L; (A.IL105)

In Equation (A.I1.104), £ is Young's modulus and ¢, is the total strain from the average isochronous
stress-strain curve at the reference stress, o, =L.0j,, for the appropriate time and temperature.
Thus, Equation (A.II.104) enables the TDFAD to be plotted with K, as a function of Z,, as shown

schel

whete o, is the rupture stress for the time and temperature of interest. However, for

with

Oo.,

the ulltimate tensile strength.

15.4

A ce

when used in conjunction with the failure assessmient diagram, ensures that crack gr

asScEy
cony

versys displacement information. This Seétion describes the latter direct approach fof

creef

Dire
can |

given in low temperature (fracture toughness standards. Consider a load-controlled

Srow

matically in Figure A.II.6. The cut-off, LT, is defined as

max __ c
L™ =0y /0y,

(A.IL106)

R6 [31], the value of L7 should not exceed & /o, where & is the'short term flo

is the conventional 0.2% proof stress. As in R6,6 may be taken-as (o, +o,)/2

Materials Data Requirements

ntral feature of the TDFAD approach is the definition of an appropriate creep tough

sment period is less than a value aq. Creep-toughness values may be estimated ind

) toughness values.

tt approaches for determining creep toughness based on experimental load-displa
pe based on methods usedStoderive critical J-integral and hence the material toug]

th test conducted ofi ‘a‘standard compact tension (C(T)) specimen resulting in a

consistency
v stress and

where o, is

ness which,
owth in the
irectly from

entional creep crack incubation and growth data or evaluated directly from experimental load

evaluating

cement data
hness, K,
creep crack
ypical load-

displacement trace of\the form shown in Figure A.IL.7. If it is assumed that the amoynt of crack

Srow
elast

th in the testy™Aq,is small, the total displacement, A,, may be conveniently part

¢, plastic and creep components, denoted A, A and A_, respectively, where

Ar=A +4, A4, (AIL107)

itioned into

Similarly, the total area under the load-displacement curve, Uz, may be conveniently partitioned into
elastic, plastic and creep components, denoted U,, U, and U, respectively where

©1S0

Up=U.+U,+U, (A.IL108)
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The ESIS fracture toughness testing procedure [hh] evaluates experimental total J values, Jr, using
the following relationship based on the total area under the load-displacement curve (Noting that
fracture toughness testing procedures do not include U,, the creep contribution to the total area under

the load-displacement curve)

nUr

JT S —
Bn(W_ao)

(A.IL.109)

where W is the specimen width, ay is the initial crack length, B, is the net specimen thickness and

for C(T) sp

The British
alternative

expression 1

where K is

n=2+0.522(1-a,/w) (A.IL110)

ecimens.

ipproach for estimating the elastic J value, J,. This results in the \following mod
or experimental total J values!

K_2+77(UT_Ue)

J. =
"TE T B(w-a,)

(AIL111)

the stress intensity factor and E'=E for plane stress and E'=E/(1-v?) for plane §

Standard [s] and ASTM E399 [f] fracture toughness testing protedures adopt an

ified

train

conditions. Values of creep toughness, K, may then be derived from creep crack growth testg as a
function of ¢rack growth increment, Aa, using
Ko =N EJ; (AIL112)
in conjunctipn with Equation (A.I1.109) or (A:I1.111). Thus,
1R2
c _ E’nUT
mat B (w—ay) (A.IL113)
based on the ESIS fracture-foughness testing procedure method for evaluating J7. However, it is
considered that the BritiSh*Standard and ASTM approaches for deriving the elastic contributior to J
based on K|*/E' are more robust than the ESIS approach based on U,, which implicitly assfimes
that the initfal porfion of the load-displacement curve accurately reflects the elastic compliance gf the
specimen. The“following expression for direct evaluation of creep toughness from experimental Joad-
displacement information has therefore been proposed
E’ 1/2
Ko, =|K*+——1 |y + " v
mat [ Bn(W_aO)( P CH (A.IL.114)

where the factor n/(n+1) is required for consistency with standard creep crack growth testing
procedures [i] as U, is defined here as

58

Ue=PA, (AIL115)
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where P is the applied load. Therefore Equation (A.Il.114) can alternatively be expressed as

E, U E' PA 1/2
Ko =|KPp——Te M BN (AIL116)
B,(w—a,) n+1B,(w-a,)

which only differs from the Equation (A8.4) of APPENDIX A5 of RS Volume 4/5 [30] in the use of
E'=E/(1-v*) rather than E and the inclusion of an additional second term in Equation (A.IL.116) to
incorporate the effects of plasticity during loading.

Stress

Stress-Strain Curve (t=0)

€t Isochronous Curve (t>0)

o
¢ €02
Co2

0.002 E o Total Strain

Figute A.IL5:  Schematic Isochronous Stréss-Strain Curves

10
— RG6 Option 1
N
0.8 \~ ‘.\l ———t=0
N,
NN\ e t=3000 h
\ N
. N
06 | \\ . —-—-t=300,000 h
K. «
N
\\
ﬁ.A
02 f
0.0
0.0 0.2 0.4 0.6 0.8 10 12 1.4

Lr

Figure A.I1.6: Schematic Failure Assessment Diagrams based on data from an Austenitic Type 316
Steel at 600°C
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Load

) A, Ae Ac >Total Displacemént

Figure A.IL[7: Schematic Load-Displacement Behaviour from a Constant Load ‘Creep Crack Growth
Test
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16 APPENDIX III: The Q* Parameter

Definition and derivation for the Q* parameter which is used to describe creep crack growth in creep
brittle or ductile materials has been previously published [41-51]. In principle it is suggested that
creep crack growth rate can be characterized by the parameter O* derived from a combination of
thermally activated processes and local crack tip stresses. For the cases in which the steady state
crack growth region occupies a large part of life such as in high strengthened materials it has been
shown that the steady state CCG rate could be represented as follows ;

da/di = A4 exp(QOF) and da =4 K, exp/— 2\

0l " P\ T R7 ) (ATIL117)
wherte Q is the activation energy, R is the gas constant, and 4 and m are material constant§.
16.1| Symbols and Designations
For the purposes of International Standard the following symbols apply

Symbol Unit Designation
a mm Crack length
dy mm Initial notch depth before testing
ay mm Actual finali'crack length when test is completeq
obtained\from fractography measurement
Ay mm Predieted final crack length from PD
y A% Initial value of output voltage
Wo A% Half distance between out put voltage leads
b mm Specimen diameter
Ji mm Ligament crack length: d=D-2a
L mm A=d/D
K KIN-mm Applied load
) Creep exponent of Norton's power creep law
d=A mm Crack opening displacement
dodt=dA/dt mm/h Crack opening displacement rate
da/dt mm/h Crack growth rate
Onet MPa Net section stress
K MPavVm Stress intensity factor (mode I)
K;, MPavVm Initial stress intensity factor when test started
0 J/Kmol Activation energy
R J/Kmol Gas constant
T K Absolute testing temperature
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16.2 Scope

This method has been used to evaluate creep crack growth properties in a notched bar containing a
circumferential crack (see Figure A.1.4) using an activation energy rate based parameter called O*. It
has been shown [52,53] in this specific of notched bar specimens that the crack growth rate, CCG
rate can be evaluated and compared in terms of the fracture mechanical parameter C*, O* and K. The
test procedure follows that of the other geometries shown in Section Al.1. It should be noted that
tests at different temperatures are needed in order to derive the activation energies needed to evaluate

o

16.3 Speci

The shape d
shall meet tl

16.4 Guidg

16.4.1 C

O* paramet]
martensite
producing ¢

men Geometry

ne requirement of creep test of smooth bar specimen in ISO 204.

line for Calculation of the Q* parameter

rack Growth Analysis

reep brittle conditions at the crack tip, is given as follows [15,50-53]:

f the notch bar specimen is shown in Figure A.1.4. Except for the notch the’ dimen

er for structural strengthened materials such as y’ Ni-base‘superalloys, 9-12Cr temiired
steel, or under multi-axial stress condition such as(rcircular notched bar speci

si0ns

en,

bT) 1S
crack

* Kin Q
Q +m log(?oj ~RT (AIIL118)
where, O is|the activation energy, K;, is the initial-stress intensity factor, Ky (normalizing fact
IMPam'?, i is power coefficient value of K, in'the equation of creep crack growth rate. Creep
growth ratelis the given by
da
- = *
5 = Aew@) (AIL119)
and
dal 4k expl -2 (AIIL120)
dt RT
by integrating Equation (A.III.120) creep crack growth life is given by :
e 0 1
A Rk (AIIL121)
and
1, C 1 0
InkK, =—in~ _;(l” Ly _ﬁj (ATIL122)
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