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Abstract

The background to high temperature defect assessment methodologies is investigated and smilarities and
differences are highlighted. It is clear that Europe is a leader in this developing field. Comparison of the
existing European high temperature life assessment codes [1-9] lead to the conclusion that crack initigtion
is dedlt with in different ways by the codes whereas creep and creep/fatigue crack growth are considered
using the same modds for andysis. At the same time whilst increasing sophigtication isimplemented in the
andyss a the deterministic leve insufficient emphasis is placed on the effects of the senstivity and

applicable bounds of the various parameters and material properties. The survey showed that for the
same methods of analyss, widdy different results can be derived depending an the choice of materid

properties, method for caculating K, reference stress s« and C*. The reason for the differences and the
sengtivity to them is highlighted in this paper. The resulting conclusons suggest a methodology based on
an expert system using both deterministic and probabilistic techniques would be beneficid. An outline of a
defect assessment code sructure, taking account of the mgor European codes, is presented which
dlows flexibility in terms of input of materid data as well as the models used. The Structure and the
further development of the HIDA Knowledge Based System (KBS) is based on the concepts presented.
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Introduction

Components in the power generation and petro-chemica industry operating a high temperatures are
amogt invariably submitted to static and/or combined loading. They may fail by crack growth, net section
rupture or a combination of both. The present paper considers the defect assessment regime of falure.
Figure 1 shows a schematic diagram of the range of crack initiation and growth bahaviour that a cracked
component might show. A number of defect assessment procedures (e.g. the British Energy R5 and the
French A16, BS-7910 [1-6] and the German FBH and two-criteria method) [7-8] based on
experimenta and anaytical models are available to assess crack initiation and growth and to determine
the remaining ussful life of such components.

It is clear from these assessment methods that the correct evauation of the relevant fracture mechanics
parameters, upon which the lifetime prediction times are dependent, is extremely important. It is dso
evident that the detailed calculation steps, which are proposed in these documents, do not in themsdaves
improve the accuracy of the life prediction results. In any event as these procedures have been vaidated
for limited sets of geometries and materid data their use in other operating conditions will need careful

judgement.

Comparison of the present codes

The development of codes in different countries has moved in smilar directions and in many cases the
methodology has been borrowed from a previoudy available code in another country. The early
approaches to high temperature life assessment show methodologies that were based on defect-free



assessment codes. For example ASME Code Case N-47 [9] and the French RCC-MR [10], which
have many amilarities, are based on lifetime assessment of uncracked structures. More recent methods
make life assessments based on the presence of defects in the component. For example the German flat
bottom hole approach (FBH) considers crack detection and characterisation and the German two criteria
method [7,8] regards initiation as the important factor in life assessment and does not dedl with the crack
growth regime. The more advanced codes deding with defects over the range of creep and creep/fatigue
interaction in initiation and growth of defects are the British Energy R5 [3], the French A16 [4,5] and
BS-7910 [6] which have clear amilarities in terms of methodology.

The two British high temperature codes BS-7910 and R5 attempt to ded comprehensively with
assessment and remaining life estimation procedures that can be used at the design stage and for in
savice Stuaions. They dress a life assessment gpproach that dlows the expert to decide upon the
gpplicability of the predictions in relaion to the operating circumstances. The concept implies that the
codes need to show that they are both reiable and undergandable over arange of materia and loading
conditions that may not been have previoudy examined or vadidated by the code developer. This is
particularly important as new higher strength stedls, for which little or no long-term materia properties
data are available, are developed or used by the power industry.

Therefore the trend in the development of the codes is suggesting that increased flexibility in deding with
the information and the andyss is an important factor. This acknowledges the fact that cdculations
however detailed and sophigticated will not necessarily come up with the correct predictions due to
various unknowns in assessment procedure. These unknowns can be attributed to a number of factors,
many of which are beyond the control of the engineer using the code. They are as follows:

The available materid property data for the andyss are invariably insufficient or crude and
since they are usudly taken from historicd data, results from different batches of materid or
tests in different laboratories with insufficient number of test Soecimens, are likely to contain a
large scatter.

The scatter and sengitivity in cregp properties inherently produce a large variaion in the
caculations. Upper and lower bounds are therefore introduced which give widdy different
life prediction results.

The evauations of the rdevant parameters such as K, limit load concepts, reference stress
S« and C* are different according to the method of derivation.

The use of short-term smdl laboratory data for use in long term component life predictions
further increases the possibilities of awrong prediction.

Difficulty in ascertaning the leve of crack tip condtraint and multi-axidity effects in the
component will reduce the accuracy of crack growth predictions by about a factor of 30.
Unknowns in moddling the actud loading history, component system stresses and additiona
unknowns such as little or no knowledge of past service history, resdua stresses etc., act as
sources of error in predictions.

Limitations of nondestructive (NDT) methods for measuring defects in components, during
operation and/or shutdown and insufficient crack measurement data during operétion, are
likely to add to the errors.

All these factors suggest that however detailed sophidticated and accurate a particular calculation is the
results will till need to be treated with caution. In addition the smilarity of the gpproaches in the various
codes do not necessarily imply that caculations by the different methods will give the same predictions. It



may be possible that under certain controlled and validated circumstance, such asthe A16 evauation for
the 316 LN dainless stedls used in the fast reactor industry, the predictions can be optimised. In this
latter case the detailed modd of the creep behaviour of 316 LN sted is used for the andysis [11]. It is
clear that a critical comparison is only possible when the same method is used on another materid and
condition or the same test cases are examined by the different codes.

To ded with these unknowns in the life assessment al codes employ safety factors to a greater or lesser
extent though the origin of these is not dways admitted. These factors are based on bounds of
experimenta data and the levels of accuracy that the parameters can be calculated to. Another gpproach
is to use statistical methods to produce upper and lower bounds of the data and the parameters. But if
proper judgement is not used in such cases, the life estimations could become extremely conservetive
and hence possibly usdless for both design and operationa purposes. Therefore both quditative as well
as quantitative judgement is needed to make a meaningful life assessment.

L oading and stress analysis

The principles of stress definition in cregp and fatigue crack growth are smilar between the codes. The
procedures define primary stresses in tenson and bending (which are not relaxed in operation),
secondary stresses (which are relaxed) and pesk stresses (which are locd and sdlf equilibrating). The
relevant nomina dressis input into the codes for evauating the fracture mechanics parametersK, J, S«
and C*. Solutionsfor K and J are available in the literature for most standard component shapes. For
more complicated structures finite eement anayss is used. Limit load andyss methods are used to
determine s« USNQ

P
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where P, is the collapse load of a cracked body and s isthe yield stress. The vaue of P . will

depend on the collgpse mechanism assumed and whether plane siress or plane strain conditions apply.
The s« istheused to caculate C* in components using [2]
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where €.« Is the cregp dran rate a the reference dress. In this case numerical, anaytica and
experimentd information can be employed to evauate the parameter C*. The R5 and A16 procedure
aso contan compendia of the fracture mechanics parameters for relevant cracked geometries and
suggests that the main parameters can be caculated using appropriate finite eement analyss. The FBH
gpproach for stress estimation is in accordance with the German standards (TRD, KTA) and aso the
ASME pressure vessdl and piping code Section 111.

The reference stress approach [2] is based on the concept that deformation in a structure can follow the
same route as deformation in a uniaxiad test a an gppropriately chosen stress defined as the reference
dress. Its smplicity is based on the fact that detailed finite ement caculations are not needed since it
uses the limit load andysis concept to calculate the reference stresses. However the solutions for C*
using equation (2) which use K and, more o, S« are a substantiad source of difference which determines
the outcome of the defect assessment results [12], since different methods of evauations will yied widdy



different results. A different solution is used to caculate s« in each procedure depending on the yield
criteria employed.

For standard laboratory testing [12-14] where fracture mechanics specimens are employed to produce
materid crack growth properties at elevated temperatures, C* is derived experimentdly using the load-
line creep digplacement rate [ 13] giving

C*= ﬂ F (3)
BW

for a specimen of thickness B between side-grooves, width W and subjected to aload P. In this

expresson D s the experimentaly measured load point cregp displacement rate and F is a non
dimensiond factor which depends on the stress sengtivity of creegp n and crack lengtha [12-14]. Most
data bases for experimental cregp crack growth use equation (3) for andyss but without proper
vadidation between the two methods there may exist a clear discrepancy between results obtained from
equation (2) and equation (3).

The evauation of If),éf used in egns. (20 and (3) which are derived taken from experimenta load

displacement, stresg/strain rate or stress/rupture plotsis aso factors which will determine the accuracy of
life assessment results. Findly both cregp uniaxid and cregp crack growth data will inherently contain
experimenta scatter bands that will need to be considered in alife assessment procedure [15].

A unified method for life assessment

From the review of the present codes it emerges that life predictions based only on purely procedura and
determinigtic calculations specified by the codes will not necessarily give correct answers. It isimportant
that a new procedure should adopt a comprehensive and open agpproach by adopting different
methodologies for the prediction of cregp crack initiation and growth based on both deterministic and
probabiligtic techniques. It is aso important that the new procedure would have to be more dependent
on a knowledge base and user experience gpproach. In such a case the information and relevant advice
would ‘build up’ over time from experience gained in ether previous andyses or from new tests and
databases or direct from plant experience. The computer programme R5-code based on R5 has moved
towards such a methodology. This type of ‘sengtivity’ andyss can be conveniently developed using
inter-active computationa methods. The different stages of calculations would be as follows,

Stagel) Inputl Problem specification — design or life assessment

Stage2) Input 2 Material properties/details from database or other sources- actud
/mean/upper and lower bounds data.

Stage3) Input 3 Geometries. Laboratory test/feature tests'components.-crack shape, size

Stage4) Input 4 System stresses/loading/loading history/resdud stresses- actual/mean/upper and
lower bounds data.

Stage5) Output Cdculaion of K/DK/J/s & /C* a different crack lengths — upper/lower bounds
depending on the eva uation method

Stage6) Checks-  Static check for fast fracture and collgpse

Stage7) Checks-  Ligament rupture cregp andyss

Stage8) Andyss1 Creep or cregp/fatigue initiation

Stage9) Andyss2 Fatigue crack growth



Stage 10) Analysis3 Creep crack growth
Stage 11) Andyss4 Creep/fatigue interaction
Stage 12) Andyss5 Sendtivity andyss'comparisons /probabilistic andyss

These stages can be developed in detall to ded with different materid as well as loading and sructura
variaions. They are further described asfollows

Initial material information - Stages 1-4

Stages 1-4 are the input of information stage where it is important to remind the user of the bounds and
the accuracy of the data that will be employed in the cdculaion stage. In remnant life assessment
procedures the emphass, where materia properties are concerned, should be based on five aress.
These are asfollows,

Building up a comprehensive materids database from the test program to complement the existing
information avalable.

Interpretation of data from feature and component tests if available.

Interpretation of higtorical data from the actua component if available.

Acquiring the rlevant materid properties needed for the moddling stage.

Detailed knowledge of service history

Calculations—Stage 5

The rdevant nomind dress is evduated using information about the primary stresses in tenson and
bending, secondary stresses, and pesk stresses. Loading and temperature history need to be taken into
account as well. This information is used for evauating the right nomind stresses revant to cadculating
the fracture mechanics parameters K, J, s« . Equations (1) and (2) are used for the calculation of C*. In
this stage as there is no universally accepted fool proof method of determining the parameters it is
essentia that the user is given bounds and different methods of caculating the parameters, where
possble. The avalable methods for evauating the rdevant fracture mechanics parameters should aso
provide levels of sendtivity of these parameters with respect to the find caculations. Thisinformation can
be built up when vaidations are performed for a particular Situation.

Pre-analysis checks-Stages 6-7

The pre-andys's sage is where the structure is checked againgt catastrophic ligament fracture and plastic
and creep collapse. These stages check incrementaly the status of the structure with respect to collgpse
and creep falure. Universaly acceptable methods [2] are avalable to ded with these stages of
cdculation. However the checks made and the limits advised are dependent on the accuracy of the
materid properties and the methods of caculaing K and s« Following this stage, stages 8-11 ded with
the crack initiation and development of crack growth in a cregping materia under static and cyclic loading
conditions.

Modelling I nitiation — Stage 8

The methods of andysis for initiation are outlined below. The variables needed should have dl been
checked and completed in the previous stages. The basic assumption in the andlysisis the presence of a
defect and the extension of it due to cregp and/or fatigue. Stage 8 assumes that the initiad part of the life of
the component is taken up by damage development where the crack does not extend beyond a pre-
determined length. The length is taken from ether the accuracy limits of NDT measurements or set by a
sandard (usudly chosen in the range of 100-500mm). For purely laboratory testing ASTM E1457



recommends 200mm, which is found to be within the seady Sate cracking [12] region for most
engineering materias and loading conditions.

As shown in Figure 1 this initition region could be a substantia period of life and as aresult of the flat
dope followed by a sharp crack extenson, it is rdatively insengtive to crack length. The present codes
ded with this region with widdly different methods. It is usua for the codes to discount initiation when
fatigue is present. The methods proposed have been successfully employed in different European
assessment codeq1-9]. Since little universa vaidation exig to judtify the choice of one method over
another it is proposed to implement four models for crack initiation at this stage. It should be noted that
as experience and vdidation and moddling techniques develop, for a particular methodology and
materid, then thisinformation can be included as advice to the user eg. Asasuggestion for the preferred
choice of andydsfor aparticular Stuation. The different models proposed are as follows,

Method 1: Sigma s p approach

The principle is based on caculating damage accumulation by cregp and fatigue in a cracked dructure
[4-5] and this method is an extenson of the same methodology for un-cracked structures with the
exception that a specific stress sp is defined at a specific distance from the crack tip. The method to
determine strain ranges De, , the stress s, (accounts for elagtic + plastic strains +creep strains) &t the

distance D, which is materia dependent and usudly taken as 50mm, from the crack tip. Fatigue damage
Is determined by calculating strain ranges for al cydesin the life N, . Number of cyclesto failure at each

drain range is determined from fatigue endurance data.
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Figure 1. Schematic behaviour of acrack at elevated temperature

Findly dl ratios of the numbers of cycles experienced a each strain range over the maximum number of
cycles at that strain range are summed. Calculation of the cregp damage is the same as for fatigue but
damage cdculation includes eadtic, plastic, and creep strains. Cregp damage is determined for al cycles
and rupture time used up is determined from the fraction as the sum over al ratios of numbers of cycles.

If the fatigue and creep fraction points (Dfa, DC,) lie within the fatigue-creep interaction diagram no



initistion occurs as shown in Fgure 2. If initiation did occur then the initigtion time t, is determined

through an iterative procedure. The last point at the intersection boundary to initiation determines the
timed cydlesto initiation.
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Fgure 2: Example of afatigue-creep interaction diagram

Method 2: Thed, /C* approach for initiation

In this method nonlinear fracture mechanics based modelling is employed to andyse the initiation period
of a amdl crack extenson [1-3]. This method uses the reference stress method for evaluating C* and
assumes that the crack tip stresses can be described by steady state C*. If experimentd datais available
theinitigtiontime t, iscalculated

L2
Ro= o2 @
S ref g
S, /RYM s, D
tI = ? n l:' (5)
g s’

Where d, isthe crack opening displacement &t initiation (material dependent), E isthe Y oung's modulus

and D, n, p are creep materid properties. Incubation time is measurable from test specimens and
comparing the experimentd results from the gpecimen with the component gives

.. * .. nf(n+1)
%Ioomp 9 _ & spec 0

t B C*comp ﬂ
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where ticomp IS the unknown time to initition of the component, s is the known time to initigtion of the
specimen, C’ g is known parameter defining creep crack propagation rate of the specimen and C’ oy, is
known parameter defining creep crack propagation rate of the component. If fatigue is present then
initiation time is taken as zero.

Method 3: Two criteria approach

This method [7,8] is only relevant to creep initiation and does not consider fatigue. Initiation is given if the
point lies in the specific two criteria dagram, which depends on materid or a least materid group
properties. It compares ligament damage againgt crack tip damage (Figure 3)
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Figure 3: Example of the two-criteria crack initiation diagram
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and wheres , is the nomind dress in the far-field of a pre-cracked component (fully redistributed
stresses), R, isthe creep rupture strength of a smooth tensile specimen (function of time, e.g. taken at
10*h), K isédadtic K-vaue at the crack tip of the component and K, isK-vaueat creep crack initiation

experimentaly determined as a function of time, (e.g. taken at 10°h). If fatigue is present then initiation
time is taken as zero.

Method 4: C* Transient method
This method aso uses fracture mechanics principles to determine the time taken for cregp damage to
accumulate at the crack tip sarting from firg initid dadtic loading [12,16]. Essentidly the steady Sate
creep crack growth rate & can be corrdated satisfactorily in terms of C* by the relation

a=D,C*f

(1)

where D, and f are materiad constants which can be measured experimentaly using the NSW model
[14] based on a creep zone modd. Equation (7) can be approximated to

*
€¢

ag =

(8)

where &, isthe steady crack growth rate in mmv/h, Ef* isfalure strain as a fraction and C* isin MJnt h.
The relevant ductility needed for crack growth is ef*:ef (the uniaxia ductility) and it could be reduced

in the limit by a further factor of ef* =ef /30 in the plane strain regime. This range describes the effects of
congtraint on crack growth due to both materia properties and size/geometric factors.

The initid stage of cracking prior to Steady growth exhibits a transent phenomenon [12-16] due to the
build up of damage at a crack tip prior to the onsat of steady state behaviour. This can lead to an
incubation (as shown in Fig. 1) period before measurable crack growth can be detected [16]. If the
minimum crack extension that can be resolved reliably is Da then the incubetion period tj is given by
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where dr is distance from the crack tip. Bounds on t; can be obtained by representing cracking rate by its
initid value &, and its Steady State value &, . The initid cracking rate can be approximated to the steady

sateratein egn. (7) by
a, =a,/(n+1) (10)

The vdue of n for most engineering materials is usudly in the range 510, which suggest that &, is

approximately an order of magnitude less than its steady State vaue. Thus egn. (7) for steady state
conditions gives alower bound incubation period of

t, =Da/DC* (11)
or using the approximate egn. (8)

Dae;

tiL = 3c*0.85

(12)
Alterndtively if the incubation period is caculated from the initid trandent cracking rate a, determined
from egn. (10) the approximate upper-bound t;y to theinitiation time becomes

_(n+1)Dae;

iU 3C %085 (13)

In egn. (11-13) the incubation period is proportional to Da. The limit of reliable crack detection is at
best £100 um (which isthe level set for sandard CT testing in ASTM E1457-98) and can sometimes be
aslarge as 0.5 mm. Thisrange is examined in the investigation.

Modelling creep and creep/fatigue crack growth -Stages 9-11

As this paper is exclusvely concerned with crack initiation and crack growth procedures the following
sections will ded mainly with comparing the different codes with respect to their methodologies of dedling
with the problem of creep crack initiation and growth under static and cyclic loading. The rdationship
given in equation (7) for crack growth predictionsisthe samein dl codes.

At room temperature under cyclic loading conditions, crack propagation usudly occurs by a fatigue
mechanism where the Paris Law can describe crack growth/cycle (da/dN), in terms of stress intensity

factor range DK by
(da/dN). = cDKm (14)

Where C and m are materid dependent parameters, which may be sendtive to the minimum to maximum
load ratio R of the cycle. At eevated temperatures combined creep and fatigue crack growth may take



place. Previous studies [17] have shown that a Smple cumulative damage law can be employed to
describe this behaviour. The law states that the total crack growth/cydle (da/dN ) can be obtained from

a6 yem,d (15)
adN g f

where f is frequency and a isthe cregp component of cracking which can be determined from equation
(7) or any of the previous modds of creep crack growth [12]. Therefore by determining the crack
growth rate according to egn. (7) egn. (15) becomes

th
?éf—;—gc = ga[c* (@t (16)
where the vaue of the parameter C* can be taken at the start of the holdtime as an upper bound but
expressons are avalable for its determination under displacement-controlled conditions. The two
contributions in equation (15) are summed over the operating cycles, updating the crack sze as
necessry. This linear cumulative damage law has been used in the analysis and assumes little or no
interaction between the time dependent creep and the time independent fatigue component of cracking.

Review of results and sensitivity analysis-Stage 12

Comparisons, checks and advice for the user should be included at every stage. Thisstageistermed as
the sengtivity andyss sage where the user is urged to evauate the results by varying the input and the
method of caculaions in stages 1-5. The use of mean/upper and lower bounds will identify for the user
the sengtivity of the predictions. The implementation of probabilistic assessment methods [19-20] isan
option that the KBS should implement. The KBS in the HIDA project][see acknowledgement] is written
in such away S0 asto dlow flexibility in implementing additiond ‘modules in order to extend the anadlyss
and prediction capabilities of the KBS for the future. In particular when probabilistic methods are
developed the KBS should be able to be adapted to ded with the new caculations.

Conclusions

It has been shown that there are many smilarities between the various European codes, which ded with
defects in components. The German flat bottom hole gpproach (FBH) concentrates upon crack detection
and characterisation as an important factor in the life assessment. The German two criteria method
congders only initiation of a crack for life assessment. The more sophisticated approaches of the French
A16, the British Energy’s R5 and BS-7910 crack initiation and growth assessment codes have been
developed based on clear smilarities. However their range of vaidation based on long-term datais good
for specific usage but islimited in most other circumstances.

The use and the evauation of the relevant fracture mechanics parameters need to be reviewed and the
ranges of ther gpplicability more cearly defined. The use of different techniques of modelling and
assessing a problem is important, as it will act as a sengtivity andyss for the predictions. In addition
when a defect is discovered or where a hypotheticad defect is assumed, the codes should be able to
check the flaw sengtivity of a proposed design and it should be possible to benefit from the
initiation/incubation period before the crack starts to grow. The consstent way of criticaly comparing
gpproaches is to implement a comprehengve sengtivity analyss a the cdculation stages, which will give
the user additiona confidence in the accuracy of the caculations.



Since most codes have been developed as a result of experience gained from materia specific programs
it is suggested that improvements to the codes can be made by smplification of the methodology [18]. It
will aso dlow the codes to be more gpplicable to a wider range of materids and geometries. The
gpproach in life assessment should to set confidence limits on the predictions based on deterministic and
probabilistic methods. Findly as assessment codes are invariably goplied a plant leve the smplification
for their use can best be accomplished by using a computerised Knowledge Based System [21] in which
the user is advised a every stage of the procedure and is given the opportunity for comparing the
anayses.
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