T73303: Perform High Temperature Fractur e Assessments Using R5 Volume 4/5 and 7

Mentor Expectations Guide— Structural AnalysisGroup / ATG
A Companion to the Mentor Guide T 73S03:

Perform High Temperature Fracture Assessments Using R5 Volume 4/5 and 7
Compiled by Rick Bradford, Last Update: 6" December 2011
These Expectations Guides are a record of what the author of the Mentor Guide had in mind in posing the
guestions in the Knowledge & Skills Acquisition Activity Section. They are not necessarily a definitive
statement of the ‘right” answer.
The references to R5 herein relate to Issue 3 (June 2003)

1.0 Define the creep fracture parameters C* and C(t) and explain their relevance

C(t)=LIM_q { J {ch dy - ojj c:ji n; dsH where U represents displacement rates, and € represents strain
X
Tr

rates, and W._ is defined by W, = jcijdé; . The parameter C* is defined as C* = LIM,_,,, {C(t)} . Since |

secondary stresses will have relaxed in the long time limit, it follows that C* depends only upon the primary
stresses. In contrast, C(t) depends upon the primary and the secondary stresses, and hence is time dependent
whilst redistribution and/or relaxation are taking place.

The relevance of these parametersisthat, with certain caveats, they control the near crack tip stress and
strain-rate fields. Hence they can reasonably be claimed to control creep crack growth. See tutorial session
39 on this site.

1.1 State the contour integral definition of the creep fracture C(t), including suitable contours to employ in
its evaluation.

See above. Unlike J, which is (with certain caveats) contour independent, C(t) is defined with referenceto
sufficiently small contours near the crack tip, i.e., within the region controlled by C(t). The reason is that
one of the caveats on the contour independence of Jisthat stress reduction does not occur. Thisis amost
aways violated in creep due to relaxation/redistribution. Hence contour independence of C(t) is not
expected (and a unique definition is obtained only by specifying a small contour). See tutorial session 39 on
this site.

1.2 Draw atypical graph of C(t) versustime for: (a)primary loading only; (b)secondary loading only;
(c)combined primary plus secondary loading.

Seeillustrationsin tutorial session 39. The key features are, (a)that the asymptotic value of C(t) for
sufficiently long timesis C*; (b)if there is no primary loading this asymptote is zero (in theory, but in
practice relaxation effectively ceases at some non-zero stress); (c)when there is secondary loading the initial
C(t) is due to the combined primary and secondary stress and hence reduces over time due to relaxation of
the latter; (d)even if thereisonly primary load, the initial C(t) exceeds C* and then diminishes due to
redistribution; (e)plasticity can strongly ameliorate the initial C(t) by causing redistribution before creep
starts; (f)primary creep can enhance the initial C(t) in all cases.

1.3 Describe algebraically, using the contour integral definition of J, why C(t) is not in general equal to
dJ/dt.
This question is slightly unfortunate because the Jin question is not the conventionally defined J of R6.

What is meant is a time dependent J define by J(t) = I{Wepcdy - 0 % n ds} where, W, = [o;de;; and
r
gjj = gi‘j* + gijp + 5”9 . Taking the time derivative of this J(t), those parts of the derivative of the integrand

which involve the strain rate or displacement rate just reproduce the integrand in the definition of C(t),
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Tr
stresses. During primary creep, or transient creep (redistribution or relaxation), the stresses do change, so
their time derivatives are not zero. Consequently C(t) is not equal to dJ/dt. However, in the long time, steady
secondary creep limit the stresses become constant and these terms vanish leaving only the terms equivalent
to C(t) — and in thislimit C(t)— C*. Hence,

~ dy, . , , I
C(t)=LIM_o { I {chy - 0jj % n; dsﬂ . The remaining terms involve the time derivative of the

aJ
C*=LIM . {CH=LIM,, {a}

But thisisonly true in the limit of steady secondary creep when all secondary stresses have relaxed. See
tutorial session 39 on this site.

1.4 State the contour integral definition of the creep fracture parameter C*, and hence show that C* = dJ/dt.
Discuss the implications of this for the possible contours to employ in afinite element calculation of C* and
contrast with C(t).

Most of this has been addressed above. Note that C* = dJ/dt isonly true for very lond times such that all
secondary stresses are relaxed to zero — an idealisation which is unlikely to be realised in practice. In respect
of the required contours, the relationship between C* and J suggests that C* evaluations might be much
more forgiving than C(t), i.e., much larger contours may give good, contour independent results. Off hand |
don’t know if thisis borne out in practice.

1.5 State the form of the crack tip stress and strain fields for power-law creeping materialsin terms of C(t)
(assuming a stationary crack and no plasticity).

. . . C(t) ([nm1,
These are the creep version of the HRR fields, i.e., o; (t) = 50! &;(6.n) and
r
n

C(t)
B(t)I,r

g,f = B(t){ }nﬂ &jj (6?, n) assuming a Norton creep behaviour with arbitrary separable primary
e N c 3 —n1 o
creep: £ = B(t)o" (uniaxid), §&; ZEB(t)G S; (multiaxial).

1.6 State the expression for C(t) in terms of J, and hence K, for sufficiently early times.
These are listed in tutorial session 39. They are,

No Plasticity
K2
For secondary creep as t—0: C(t) > C +T(1))T¢E -%— @ j1)¢ %
. 1- mK2 —
For primary creep as t—0: C(t) —>( (nm)l)(gET .%: ((1n T)J %
+ -
With Plasticity
£n Er (1) £Ss (t
Ast—0: C(t)%m:)—rEfKTZOTz refp()EJ

Eref Oref Eref

However, if the plastic strain is far larger than the elastic strain then this becomes,
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-C
Eref

Ast—0 andif &2 >>ef - C(t) > KZor

O ref

See tutorial session 39 for an explanation of the terms. Thelimit t — 0 means &7 << &y . Notethat

assessments do not commonly use these short-time expressions. The C(t) estimates which are more
commonly employed are addressed in later sessions.

1.7 State the main mechanisms which might lead to creep crack initiation in BE plant.
Cracks may initiate due to the following processes involving creep,

(@) Reheat cracking;

(b) TypelV cracking (ferritic weldments);

(c) Coarse HAZ cracking in ferritic weldments;

(d) Creep-fatigue, where load cycling is significant.

In addition, the following non-creep mechanisms of crack formation may lead to a crack which
subsequently grows by creep,

e Original sin of many kinds which lead to sharp features, especially welding defects (e.g., lack of fusion,
sharp toe features, hydrogen cracking, etc);

o High-strain fatigue due to service cycles;
e High-cyclefatigue, e.g., dueto vibration;
e Thermal fatigue of several types,

» TTIBC/ thick-section thermal fatigue

» Header ligament cracking

» Small bore condensate refluxing
e Defectsdueto IGA (intergranular attack) - agqueous
e Defectsdue to SCC (stress corrosion cracking) — aqueous or wet steam
e  Other corrosion morphology (e.g., pits) — aqueous or damp gaseous
e Intergranular oxide fingers— gaseous (air, CO,, anything oxidising)
e Fretting damage

1.8 Define what is meant by “Type IV cracking in low alloy ferritic weldments. State the key factors
leading to Type IV cracking. State the best means of mitigating against Type IV cracking.

Type IV cracking is defined as cracking in the inter-critically refined HAZ of low alloy ferritic weldments.
It is (one of) the end-of-life creep mechanisms of such weldments. It is generally associated with large
system stresses, particularly in systems which have had repairs without care to maintain the proper cold
pull. Mitigation is to ensure system |loads are not excessive via correct design, maintenance of pipework
supports, and correct restraining and heat treatment procedures when carrying out repairs to the system.

1.9 Describe the reheat cracking mechanism and the key contributing factorsto its occurrence. Compare and
contrast the reheat cracking threat for ferritic and austenitic weldments. State the phase of operating lifein
which theinitiation of reheat cracking is most likely for both ferritic and austenitic materials under AGR
plant conditions. State the best means of mitigating against reheat cracking.

Reheat cracking is defined as creep cracking which occurs on being raised to creep temperatures some time
after welding and which is driven predominantly by welding residual stresses. It can occur in service only if
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the weld was not stress relieved. Alternatively a badly conducted heat treatment can itself cause reheat
cracking (though it might then be called something else).

Reheat cracking can occur in both ferritic steels and austenitic steels. However it has been rare in ferritics
since the late 1970s because design codes call for heat treatment of ferritic weldments. In contrast, the codes
frequently (still) permit austenitic welds to enter service without heat treatment. Thisis the reason why it
has been austenitic materials which have been associated with reheat cracking over the last 20 years — not
necessarily because they are intrinsically more prone to reheat cracking.

Reheat cracking is an early to mid-life phenomenon. After sufficient time at temperature in the creep regime
theinitial welding residual stresses will have relaxed and the threat of cracking, if it has not already
happened, recedes. The time after which the threat becomes low depends, of course, on the temperature.

Proper post-weld heat treatment reduces the threat of reheat cracking to essentially zero.

1.10 State what is meant by ‘creep-fatigue initiation’. State under what conditions a creep-fatigue crack is
likely to initiate.

Creep-fatigue is the mechanism which results from a synergy between creep and fatigue. The principal
deleterious feature is that load cycles result in elastic-plastic stress-strain hysteresis |oops which cause the
stress during steady operation to be re-set to a high level despite creep relaxation. Each cycle therefore
involves arenewed period of creep relaxation and associated creep damage. The creep fatigue mechanism is
most serious when the structure is outside of strict shakedown, so that plasticity occurs on every cycle. This
will be exacerbated by poor creep ductility and/or alarge number of cycles.

1.11 Describe the threat from thermal fatigue cracking, for BE and conventional power plant, in respect of:
(a)the bore of main steam pipework; (b)the ligaments of superheater headers; (c)thick section components
such as steam chests, turbine casings, valve bodies and tubeplates; (d)small bore branches on steam pipes or
headers. State the best means of mitigating against these threatsin each case.

TTIBC: mitigation would be to (a)reduce the severity of the thermal transients; (b)reduce the number of
load cycles; (c)reduce the operating temperature. Conventional power plant relies on (a) because (b) is
constrained by the reguirement to two-shift, whilst (c) is undesirable due to the reduced power output
(though possible). For AGR plant, (b) and (c) are both benign and hence TTIBC is not a problem. For
conventional plant TTIBC has lead to the need for very widespread weld repairs.

Header Ligament Cracking: Mitigation isthe same asfor TTIBC. Thereis atheoretical problem for
AGRs, but probably not real (due to conservative assessment of the creep component of damage). On
conventional plant, many main steam headers have been replaced. (Often using P91 — out of the frying pan
into the fire?).

Steam Chests, etc.: Cracking common on conventional plant, but often self-limiting so no need to replace.
Unlikely to be a problem on AGRs.

Small Bore Condensate Reflux Cracking: | do not know whether conventional plant has suffered from
this (though | don’t see why not). On AGRs there have been quite afew instances in the past, especially at
DNB in the early 90s. But also afew isolated instances more recently at other Stations. Mitigation isto re-
run the small bore lines under the main line lagging to keep them hot, and/or to ensure that valve
configurations prevent refluxing.

1.12 Discuss other fatigue crack initiation mechanisms and the applicability and limitations of R5 to their
prediction and/or assessment.

High-strain fatigue — R5 is applicable
High-cycle fatigue — R5 is not applicable — use R2
1.13 State the prescription within R5 Volume 4/5 for determining whether creep is significant

For cracked structures, the (in)significance of creep depends upon the crack depth and the loading. The
criterion differs from the criterion for uncracked structures. The criterion isthat creep isinsignificant for a
period of time t,, defined as the time to accumulate a strain equal to 1/50™ of the creep ductility (capped at

10%) at the relevant reference stress and operating/assessment temperature. (In addition, t,, islimited to
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the LOIC time for the uncracked structure). The use of the reference stress in the definition of t,, iswhat
causes the crack size dependence.

Hence, unlike the uncracked LOIC, t,, dependsin genera upon the loading of the structure as well asthe

crack size. However, for 304ss and 316ss, Figures A6.6 and A6.7 in R5V4/5 Appendix A6 give load
independent versions (essentially generalisations of LOIC to the cracked case).

1.14 Describe the conditions required by R5 for cyclic loading to be considered as insignificant, both as
regards the uncracked ligament and the crack tip region.

There are six criteria, all of which must be met if cyclic loading isinsignificant in R5V4/5:-

[1] The greatest elastic Mises stressrange, Ay max » ISl€ssthan the sum of KgS, at the two ends of the
cycle,

The structure is within strict shakedown;

The elastically based fatigue damage is less than 0.05;

B W N

Creep behaviour is unperturbed by cyclic loading.

5!

The fatigue crack growth does not exceed 10% of the creep crack growth, and,

=

The cyclic plastic zone at the crack tip is small compared with the characteristic dimensions (i.e., the
crack size, the ligament size and the thickness).

1.15 State the conditions under which it is necessary to apply fatigue crack growth data obtained from tests
including creep dwells.

Fatigue crack growth data from tests including creep dwells must be used if creep is perturbed by cyclic
loading but the fcg is less than 10% of the ccg.

In addition, it may be necessary to adjust the fcg law used if propagation is through material subject to
heavy prior creep damage.

1.16 State how the stability of the crack, e.g. against fast fracture, should be determined.
Using R6.

1.17  Discusstheinputs required for an assessment (including: effective historical creep temperature;
future temperature; rate of cycling; assessment period; stress classification; defect idealisation; relevant
material s/’zones to be assessed, etc)

e The historical temperatures, most conveniently expressed as an historic MECT (generally a best
estimate);

e The projected future operating temperature, aso most conveniently expressed as an MECT (generaly a
best estimate with a dlight conservative bias);

¢ Normal operating loads (for creep);

¢ The peak normal operating loads (maximum and minimum) defining the fatigue cycles;
e [Fault loads for the crack stability (R6) assessment;

e Past and projected operating hours;

e Past and projected cycling rate;

e Load categorisation (primary or secondary);

e Defect size, shape, position and orientation (actual or hypothesised);
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e Material/weldment zones in which cracks occur or are to be postul ated;
e Eladgtic follow-up factor(s), Z.

1.18 Definethe elastic follow-up factor, Z, and state two ways in which the value of Z for a crack growth
assessment to R5V4/5 may differ from that for an initiation assessment to R5V2/3.

Ec — gc,ref

The usual definitionof Zis Z =8—_° , but actually a better definitionis Z' = ‘
|Agd| |A£e||

the primary creep strain at the rupture reference stress. This definition is consistent with the recommended

where £l is

!

relaxation equation, % : ‘L—f = —(E(e, 5 T) - Eu(en 0k T)).

There are two (potentially) significant differences between the Z used in R5V2/3 and that used in R5V4/5:-

[1] The R5V2/3 Z refersto the stresses and strains at the point being assessed for crack initiation, e.g., a
surface point. In R5V4/5 the Z is used in the equation specifying the relaxation of the reference stress.
Hence the relevant Z in R5V4/5 relates to the gross section, i.e., the reference stress.

[2] The R5V2/3 Z refersto the uncracked structure whereas the R5V4/5 Z refers to the cracked structure.
The presence of the crack will generally increase the effective Z (at least for points near the crack tip,
but thisis not so clear as regards the gross ligament).

In the absence of better information, R5 Issue 3 (2003) advises that the uncracked Z be increased by 1 for an
R5V4/5 assessment.

However, the current view isthat in many cases the Z to be used in R5V4/5 need not exceed that which
would be used in R5V22/3. In fact, | would argue, that if thereis a surface stress raiser which elevates the
value of Z relevant to a crack initiation assessment, then the Z appropriate in R5V4/5 might actualy be
smaller.

1.19 Itemisethe key materials data required in an R5 creep-fatigue crack growth assessment
[1] Elastic moduli, E, v;

[2] The lower bound 0.2% proof strength and UTS (for R6 and for the shakedown assessment), and the
whole monotonic stress-strain curve if the sigma-d incubation procedure is used;

[3] Fracture toughness,
[4] The shakedown factor, Ks;

[5] A cyclic stress-strain curve (to determine the cyclic plastic zone size around the crack tip aswell as
for constructing the hysteresis cycle, if relevant, and also potentialy required in asigma-d
incubation assessment). The distinction between the cyclic and monotonic stress-strain curvesis

[6] Creep rupture data/equation;
[7] Creep deformation data/equation, including the creep index, n;

[8] Creep ductility, including its dependence on strain rate and stress triaxiality, and possibly dwell
stress (to assess ligament rupture via ductility exhaustion and possible for aMethod |1 creep-fatigue
crack growth law, which uses D, at the surface);

[9] For incubation assessments, either (i)critical incubation CTOD; or, (ii)creep toughnessif the
HTFAD is used (though this can be approximated from the ccg law); or, (iii)fatigue endurance if
sigma-d is used (in addition to creep rupture).

[10]  Creep crack growth law;
[11]  Fatigue crack growth law (Paris Law or small crack law, as appropriate);

1.20 Describethe cyclic stress-strain behaviour of structural metals. State how this behaviour might
change due to (a) repeated cycling, or, (b) prolonged exposure to high temperatures.
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When a material istaken around aload cycle involving yielding in both the tensile and compressive senses,
the stress-strain cycles do not immediately over-plot. It takes at least several cycles (maybe many cycles) to
shakedown to the stable cyclic state so that the hysteresis |oops overplot. When they do, the shape of these
loops is hot the same as the monotonic stress-strain curve — asillustrated by Figure 1. During the transient
period before the steady cyclic state is attained, the hysteresis loops may either move to higher stresses or
lower stresses, asillustrated in Figure 2. Thisis cyclic hardening or cyclic softening respectively.

Figurel
c A

Tension

"

Hardening --_-

Compression

Softening -

Long dwell times at high temperature will tend to reduce the degree of cyclic hardening. Advice on thisis
included in R66.

1.21 Define “strict shakedown” and “global shakedown”. Discuss how these might influence creep-
fatigue crack growth, and how thisisincorporated into the R5 procedure

Strict shakedown refers to a structure which, possibly after someinitially plasticity and possibly after some
further plastic straining over the initial load cycles, eventually settles down to behaving purely elastically
during load cycling.

For a structure which does not strictly shakedown, global shakedown refersto the establishment after some
initial cycling of a stable elastic-plastic hysteresis cycle. Subsequent load cycles cause any given point of
the structure to follow the same stress-strain hysteresis loop repeatedly with no net accumulation of plastic
distortion. Global shakedown isthe logical negative of ratcheting.

Regions of a structure which are outwith strict shakedown and hence subject to elastic-plastic cycling will
have their creep dwell stress reset to the same starting level on each load cycle. The benefit of stress
relaxation is therefore confined to asingle cycle. Thisis the essence of the creep-fatigue mechanism.
Moreover, plastic cycling may also enhance creep rates at a given creep strain. Consequently structures
outwith strict shakedown will be subject to much more onerous conditions, as regards both crack initiation
and crack growth.

However, one benefit of plastic cycling on creep crack growth is that plastic strains will suppress the
magnitude of Cft).
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1.22  Identify the provisions within R5 specific to displacement controlled |oading.

Advice on displacement controlled load can be found in R5V4/5 Appendix A3, 8A3.5.3, and also in R5V4/5
Appendix A4, 84.4.3.1 for transition joints. However, it islikely that the more recent advice of Ainsworth,
Dean & Budden E/REP/BDBB/0059/GEN/04, Rev.003, could now be used for displacement controlled load
since this incorporates load reduction due to cracking and follow-up effects.

1.23  Discuss which material properties may be affected by prolonged exposure to high temperatures.
The following may be affected by thermal ageing, possibly exacerbated by environment,
» Creep rates (thermal ageing at lower stress)
» Thetensile strength (ferritics tend to soften),
» Thefracture toughness (adverse effect on austenitics, especially weld),
» Thecyclic stress-strain curve,
» Thefatigue endurance (ferritics),

1.24  Discuss qualitatively the distinction between creep-brittle and creep-ductile behaviour with respect
to the characteristics of how cracks form and grow.

Creep brittle materials will have very low creep ductility and fast creep crack growth rates. Cracks will
grow with little or no apparent non-linear strains, hence tight cracks with sharp tips.

For Questions 1.17 to 1.24 to see:http://rickbradford.co.uk/T73S03TutorialNotes44B.pdf

1.25 Describe the “critical crack opening displacement” method for calculating the incubation time of a
crack.

This method works by exploiting a relationship between the reference creep strain and the crack tip opening
displacement, CTOD. It is assumed that incubation occurs at a critical value of the CTOD, ¢;, which must
be obtained from experiment for the material in question. Formulae are given in R5V 4/5 which allow this
incubation CTOD to be converted into aincubation reference strain. The time at which the reference strain
equals thisisthe incubation time.

The drawback of the method is that the User must have datafor J;, which is often not available in practice.

1.26 Define how a Failure Assessment Diagram may be devised for creeping conditions, and outline how
the creep toughness may be found. Hence explain how this approach may be used to calculate the
incubation time.

The cop-out answers are, “see R5V4/5 Appendix A5” or the session 40B notes at

The High Temperature Failure Assessment Diagram (HTFAD) extends the FAD approach of R6 to creep. It
can be used to assess both incubation and creep crack growth. In place of the 0.2% proof stress from short-

term tensile tests, the stress o, to produce 0.2% inelastic (plastic+creep) strain is used to define the Lr
Es/y L? 52

c c
I-r Oo2 2E‘9 ref

7
parameter. The HTFAD isdefined as K, ={ } , just asin R6, but where &/ isthetota

reference strain from the mean isochronous creep curve at astressof L, o, and for the time and

temperature being assessed. The Kr parameter is defined using a creep toughness, rather than the usual low
toughness. Thisis essentially an extension to the concept of the Jg torn toughness, but now the tearing is

actually creep crack growth. Hence, The “creep toughness” is defined viaccg testsby K, = 1/E'Jep + EJ,
where J, isthe usual elastic-plastic J for the specimen and J, can be defined viathe same J-integral but in
which the strains are all creep strains. In practice J,, isfound experimentally using
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J.=7 n P A.,where A istheload line displacement due to creep. Hence
n+1)B,(w-a)

* d\]
C = ¢ = 77 n
dt n+1)B,(w-a)
time and temperature and also upon the crack growth, Aa. The (Lr K, ) assessment point is plotted on the

HTFAD. If it lies within the diagram then the crack growth isless than the value Aa assumed in the above
calculations. If it lies outside then the growth is greater than Aa. An incubation assessment is carried out
using the HTFAD method by setting Aa to some suitably small vaue, e.g., 0.2mm.

A isthe usual empirical formulafor C'. The creep toughness depends upon

1.27 Explain the o4 method for calculating the incubation time of a crack under creep-fatigue loading.
Contrast the value of ‘d’ with the conceded crack increment.

The cop-out answers are, “see R5V4/5 Appendix A6” or the session 40B notes at

Incubation is conceded if an element of material at a characteristic distance, d, ahead of the crack tip is
assessed to ‘rupture’. The distance, d, is usually taken to be 50 microns. The stress at this point is estimated

from the LEFM stress given by K /\J22d , but Neuberised to account for the stress reduction due to
plasticity. (The full procedure includes several refinements, but thisis the overall concept). Thisresultsis
the stress o4 which is entered into the uniaxial rupture equation. The time to rupture isidentified as the
incubation time (lower bound rupture giving lower bound incubation).

For Questions 1.25 to 1.27 seehttp://rickbradford.co.uk/T73S03TutorialNotes40B.pdf

1.28 Describe the basic experimental arrangement used in creep crack growth tests and the raw data
measured.

The specimens used are broadly similar to those used in low temperature fracture toughness J-testing, e.g.,
compact tension specimens, but the load applied is not sufficient to cause plastic stable tearing. However the
load is held constant for along duration, perhaps tens of thousands of hours, during which time the crack
grows due to creep. The key datathat is collected is,

o Load,
o Load line displacement;
e  Crack length increment.

The displacement is generally measured using a capacitance gauge. The crack growth is monitored in real
time, usually using DCPD.

1.29 State how the creep fracture parameter C* is estimated from the raw data measured in a crack growth
test. Discuss the errors to which this estimate is subject.

Theintention is derive agrowth law in the form a= AC™Y, sothe objective isto measure both & and c".
The former is provided by the slope of the crack growth versus time curve obtained from DCPD. To afirst
order approximation C’ is estimated using,

«  PA
C =n—
A
where, P isthe (constant) load, A isthe net section area, A= B, (W— a), and A isthe displacement rate.

There can be refinements of this estimation formula, such as subtraction of the elastic component of
displacement rate and a material dependent factor, H. Hence a sequence of pointsonan a—C’ plotis

obtained as time increases. In the regime where the growth obeysthe law a= AC™? then this trajectory will
be linear on alog-log plot, with slope g. Potentia sources of error are the accuracy of the displacement and
crack growth rate measurements. The instrumentation, its set-up and its calibration can introduce errors.
However, perhaps the chief source of inaccuracy (in austenitics, at least) is caused by crack growth being
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discontinuous and the problem of estimating the correct el astic-plastic displacement rate to subtract from the
total. These two problems may or may not be closely related.

1.30 Describe how the crack tip opening displacement (CTOD) is measured at any time during a creep crack
growth test, and hence how the critical CTOD for crack incubation is defined.

CTOD cannot be measured directly in a non-destructive manner but only inferred indirectly. One way isto
infer it from the crack mouth opening displacement, e.g., by assuming CTOD:CMOD isthe sameratio as
the respective distances from some pivot point roughly mid-ligament. A better way isto use a correlation of
CTOD with J, where Jis based on the total displacement (including the creep). Hence the critical CTOD can
be estimated since the crack growth is being measured (e.g., by plotting CTOD versus Aa, asper aJr
curve).

1.31 State the validity requirements on specimen dimensions. Hence describe how an upper limit to the
valid creep crack growth could be obtained.

ASTM E1457 does not specify an explicit size requirement in the same way that toughness testing standards
do. Instead it requires that the time to achieve steady creep (C*) conditions be small compared with the test
duration. Thisis ensured in EDF Energy practice (McLennon & Allport) viavarious criteria. These criteria
require vetoing invalid data, such as data prior to steady C* controlled conditions being attained. This
means that data before a certain time (the incubation or redistribution time) are ignored. It also means that

data after a certain time, when the crack is growing too fast, are aso ignored. Thisis based on an upper limit
2

ao
to the dimensionless crack velocity A = —r*ef , namely 0.5. This might indirectly define an upper limit to
ref
crack growth, or such an upper limit would follow from the valid range of the SIF solution or the parameters
in the C* estimation formula.

However, note also that R5V4/5 Appendix Al, 8A1.4.5.2 recommends explicit size requirementsfor aCTS
in direct analogy to J-toughness testing, i.e., that the key dimensions (a,, w— a,, B,) be greater than 25

timesthe ‘initiation’ CTOD (defined at 0.2mm growth).
1.32 Explain what side-grooving is, how side-grooved specimen tests are interpreted, and why side-

grooving may be desirable. Describe the variation in creep crack growth rates for progressively thicker or
more deeply side-grooved specimens (at the same C*).

CT specimens invariably employ side-grooves. Usually thisinvolves 2.5mm deep grooves with a Charpy V-
notch profile on both sides of the specimen. A 25mm thick CTS is thuslocally reduced to a net thickness of
B,, =20mm, only 80% of the gross thickness. The benefits of side-grooves are,

e Thecrack isconstrained to grow along the ligament (9 = O) rather than veering off to one side, making
the interpretation more difficult;

e Thecrack front of a non-side-grooved specimen tends to adopt a “thumb-nail” shape, due to the greater
constraint in the middle of the section compared with the free surfaces. This again makes interpretation

difficult since there is no unique crack growth measure, Aa. The sidegrooves create high constraint
aong the whole of the crack front and promote a straighter crack front.

Because side-grooving promotes constraint, the crack growth rate may be higher for deeper side-grooves.
The sameistrue for progressively thicker specimens.

1.33 Describe how the results of a creep crack growth test are presented graphically. Discuss how these
results are used to derive a crack growth rate law. Describe the ‘tails’ in the graph, and explain how they
arise with reference to the creep deformation behaviour of the material.

Results are generally presented in the form of an a—C” plot, from which the parameters A and q in the

growth law a= AC 9 are then derived. When the early datais plotted onthe a— C” plot it does not initially

fall along the ultimate trend line described by a= AC™9. Instead the initial data most often liesat low a but
high C*. This produces points which lie below the trend line and far to the right. Astransient creep dies

away, the a—C” trajectory moves towards the trend line, with & increasing but with the value of C*
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derived from the empirical estimation formula decreasing (though, at this stage, thisis not really C*). When
the trend line is reached the tragjectory changes direction to join the trend line, so that C* is now increasing.
Theinitial trajectory off the trend line is known as the “tail”. However, tails are very variable and can even
occur above the trend line, particularly if test conditions are changed or the material is pre-conditioned in
some way. Thetrend line is achieved when steady C* controlled creep is reached.

1.34 Indicate typical plant C* or C(t) values on atypical experimental graph of da/dt versus C*. Discuss the
reliability of theimplied extrapolation with reference to longer term creep crack growth tests, contrasting
ferritic and austenitic material behaviour.

Experimental C* values are generally >10° MPam/hr, although recent longer term tests on 316 have
achieved ~10”7 MPam/hr. This latter value has begun to bring the experimentally determined range within
that assessed for plant (10" MPam/hr corresponding to an upper bound growth rate of ~1 mm/yr in 316, for
example). However, more typically plant C(t) or C* values may be ~10® MPam/hr. Consequently
extrapolation of the datais still required — and this generally assumes the straight line in log-log space

implied by a= AC"Y% isvalid. Evidence to-date is that extrapolations to smaller C* values have proved non-
conservative for austenitics but conservative for ferritics.

1.35 Define the effective stress intensity factor range, AK; , used in R5 fatigue crack growth assessments.

Putting R= K., / K and then defining,
g=1 for R>0
_120SR - R<0
1-R
The effective SIF rangeis AK ¢ =0gAK

1.36 Define when plasticity correctionsto AK 4, are required. State the corresponding methodol ogy.

If there is widespread yielding then AK cannot be expected to be adequate to parameterise fatigue crack
growth, since it does not capture the plastic strain contribution. The relevant parameter is AJ , the range of
the elastic-plastic fracture parameter, J, which takes the elevated reference strain range into account. The fcg
law isthen re-expressed interms of AJ ,i.e,

@ _ a0
dN
The cyclic Jintegral, AJ , can be found by replacing stress, strain and displacement in the usual J-integral by

Ae
their ranges. A more practical tool for assessmentsis to use the reference stressformula, AJ = T AKZ .

O ref

Here the reference strain is the elastic-plastic strain corresponding to the reference stressrange Ao, . For
. . Ao-rerf AUref " 1 L

example, assuming a Ramberg-Osgood fit, Ag,« = = + A , Where n:E. However, itisaso

necessary to take account of crack closure effects. This can be done conservatively using,

1
AJ = q[% + %]AK 2

Thisis equivalent to R5V4/5 Equ.(A3.9). See R5V4/5, Appendix A3 for further details.
1.37 Definethe AK ; based method for calculating fatigue crack growth. State the criterion for this
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approach to be valid.
The Paris Law for fcgis,

da
— =CAKZ
dN ef

Thisisvalid if the crack tip lies beyond the cyclic plastic zone and aslong as AK  islessthan the
threshold, AK,. There may also be an upper limit on AK 4 due to the range tested experimentally.
However extending to AK <0.7K,. for brittle materialsor to o, <0.70 g, for ductile materialsis likely
to be acceptable (see R66). Thislaw isused if the crack extends beyond the cyclic plastic zone.

1.38 Discuss the threshold for fatigue crack growth.

Below a certain stress intensity factor range there is no fatigue crack growth at all. The AK whichis
required to produce non-zero growth is the fatigue crack growth threshold, AKy, or AK,. A crack cannot

advance by less than one atomic spacing. The fcg threshold AK, is effectively the SIF range which would
produce a growth of one atomic spacing. Hence AK, issuch that CAK (" = 2x 10~°m, which for
experimentally determined upper bound values of C gives alower bound threshold of AK, ~2M Pavm.

Thisisin good agreement with test data of the fcg threshold. A lower bound of AK ~ 2MPay/m is

generally used in practice. In truth such low values tend to occur only for high mean stresses. For small
mean stresses AK, may be afactor of 2 or 3 larger.

1.39 Discuss the effect of creep dwells on fatigue crack growth rates and when creep-enhanced fatigue laws
need be taken into account explicitly in assessments (see also 3.3).

Fatigue crack growth laws based on tests which include dwells at creep temperatures can be far more
onerous than those based on continuous cycling tests (e.g., by about an order of magnitude — compare R66
Sections 10 and 12). In practice the fcg laws based on continuous cycling are more commonly used because
the R5V 4/5 assessment itself takes account of the ccg part separately.

However, R5V4/5 89.3(i) specifies an exception. Thisiswhen creep is perturbed by cyclic loading but the
fcg islessthan 10% of the ccg. In this case the use of fcg data based on tests including dwells “relevant to
the service application” is recommended. Given that service dwells are likely to be of the order of 1000
hours or more thiswill be problematical! However, the use of R66 Section 12, as a minimum, appears
motivated.

1.40 Discuss the range of stress or stress intensity factors for which ‘Paris law’ fatigue crack growth
formulations are valid.

See 6.3

1.41 Describe the method for calculating fatigue crack growth for cracks embedded within the cyclic plastic
zone. State how the size of the cyclic plastic zone is determined.

If the crack lies entirely within the cyclic plastic zone of the uncracked body, r,, then the ‘small crack’ fcg
formula should be used. r, isfound using the methods of R5V2/3 (see for example R5V2/387.1.4). r, is
that part of the section which is outside strict shakedown (and hence subject to plastic cycling). This r,
should not be confused with the cyclic plastic zone which occurs at the tip of the crack itself, rf,rac" . The
small crack fcg law in R5 and R66 is,

9 _ga0 mm/cycle

dN

where aisthe crack depth in mm. R66 provides recommendations for the parameters B'and Q for arange
of materials. An upper bound for all these materialsis given by,
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Q=1 and B'=26,100As>®
for atotal strain range of Ag, . This bounds data obtained at high temperatures (550°C and above).

1.42 State the basic reference stress formula for estimating C* under primary stressing alone.

. PR

Eref 2
C=—r Ker
Oref

All quantitiesin this formula are based on primary loads alone.
1.43 Define “redistribution time”, t,«q, and how it is calcul ated.

The redistribution time is the time take for the stress and strain fields around the crack tip to reach their
steady creep values. However this does not provide an easy numerical definition. In practiceit is defined as
the time for the reference creep strain to reach the elastic strain at the reference stresslevel, i.e.,

eres (treg ) = &1

1.44 Write down the C(t) estimation formulafor primary loading alone, in terms of either time or strain.
Hence describe how C(t) varies with time under primary stressing alone.

Including the effects of plasticity the C(t) estimation formulais,

1+n c
)= (r)-C", where, f (r)=—L*7) S
& &
[(1+ o —1]+ gre‘;f ref
ref

The function f(r) causes C(t)>C" at times before the redistribution time, and hence before the creep
fields around the crack tip have achieved their steady conditions. This “C(t) spike” can be very marked and
is assessed to cause rapid growth initially (whether thisis actually true is another matter). The parameter ¢

isadimensionless time, essentially time normalised by the redistribution time. For 7>1 we get C(t)~C" .

1.45 Outline how the C(t) estimation formulais modified in the presence of significant plasticity and how
this may be taken into account quantitatively within the R5 procedure.

Plastic strain isincluded in the above estimation formula. If the plastic strain is small compared with the
elastic strain it makes little difference. However if the plastic strain islarge compared with the elastic strain
then it has the effect of strongly ameliorating the “C(t) spike”, i.e., weget f(r)~1 and hence C(t)~C
even at early times. Physically thisis because the plasticity does the redistribution immediately. However,

this prediction, and the above estimation formula, isrealy only valid if the plastic index is greater than or
egual to he creep index.

1.46 Describe the R5 V4/5 Appendix A3/ Ainsworth, Dean & Budden procedure for calculating arelaxing
reference stress under combined primary and secondary loading.

1.47 Describe in outline how the calculation of the relaxing reference stress from 1.46 is modified if the
crack growth isasignificant fraction of the remaining ligament.

The general formulafor relaxation of the combined load reference stress, o« , iS,

do_ref E . PR )+% . aGref
dt

= —— : — &
dt Z( c,ref c,ref oa
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. . : . K
Where the combined load reference stress, o, , can be estimate either by using o, =—2- o, or by
PR
inserting the total (primary + secondary) load resultants in a reference stress solution of the form

dgref

O =T (Nt M, N, M, a). The above expression for includes creep relaxation viathe first term
on the RHS and also the effects of crack growth viathe second term.

1.48 Write down the R5 V4/5 Appendix A3/ Ainsworth, Dean & Budden estimation formulafor C(t) in
terms of the relaxing reference stress under combined primary and secondary loading. Identify the physical
meaning of the two factorsin this expression with reference to the estimation formulae from 1.42 and 1.44.

1.49 Describe how the C(t) estimation formulain 1.48 is changed when account is taken of plasticity.
The estimation formula recommended for general use, and including the effects of plagticity, is,

C(t) _[O'ref éc,ref J (gref /‘9roef )”*1
(¢

* 7| _PR:.PR n+l
Gref 8C,I’€‘f ref /Eroef ) — (JPef /Egroef )

C

Oref €c ref
PR .PR
Oref Ec ref

aone (to which questions 7.1 & 7.3 relate) this term would be unity.

0 n+1
(gref [ &res )

n+1
(gref & ) - (O'Per | Esry )
both the primary and secondary stresses. In the case of primary loads alone this term reduces to the same
formulae stated under questions 7.1 & 7.3.

Plasticity isincluded in the above formulafor C(t) through the plastic strains which are included in
Eref =Ery TEN TEcq AN £y =53 +& . Hence the case with no plasticity follows by dropping the

Thefirst term, ( ] , accounts for the secondary stresses and their relaxation. For primary loads

The second term,

, isthe “C(t) spike” and hence models redistribution of

plastic strain terms. The effect of the plastic strainsis to ameliorate the “C(t) spike”. If gy << gr‘;f the C(t)
spike disappears altogether.

1.50 State the relationship between the power-law creep index n and the exponent q in the creep crack
growth lav a= AC(t)?. Explain why thisis relevant in estimating C(t).

g= Ll . Thismay be derived from a continuum damage mechanics/ ductility exhaustion model of creep
n+

crack growth (see session 42). The relevance of thisrelationship in evaluating C(t) isthat it may be
preferable to define the n which appears in the estimation formulafor C(t) via q than to use a creep
deformation based n. Thisis amatter of consistency since g will be used in the growth law itself.

1.51 Derive an expression for the creep crack growth in terms of K for sufficiently early times (t <<t )
starting from the law a AC(t)q . Discuss the temperature dependence of the resulting expression.

1.52 State the simplified C(t) estimation formulafrom R5 V7 applicable to primary plus secondary stresses.
Explain the main differences between the R5V 7 approach and that of R5V4/5A3 / Ainsworth, Dean &
Budden. State the plant features to which the R5V7 approach is applicable.

R5V7 applies only to similar weldmentsin low alloy ferritic materials under steady loading (no cycles).
The R5V7 law differs from that of R5V4/5in that,

e [t’streatment of secondary stressesis much simpler;
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e |t doesnot include relaxation;

e It doesnot include plasticity;

e Itincludesalowance for CMV weldment zone off-loading (the k factors)
The R5V7 estimation procedure is,

1+n - PR 2 EgcPR
C(t)=f(z)-C"; f(r)= +c) L CT =k E K2 r:( KPRJ Ecref

|(l+ T)1+n - l| o Kot ) koiR
1.53 Define the datum of time or strain to be used in calculating C(t) for a service induced crack.

1.54 State the form of the creep crack growth law in terms of C(t)
a=AC(t)*
1.55 State how to obtain estimates of the creep crack growth law, in the absence of such test data, in terms
of the creep ductility or the rupture time.
Thisisdiscussed in R5V4/5 Appendix Al, 8A1.4.6. Growth ratesin m/hr may be estimated using,

. 0.003C(t)*® . 0.0003C(t)*®

a=——7"— or a=

£ &, (lowerbound )

where ¢, isthe absolute uniaxial creep ductility. Alternatively, in terms of the creep rupture life,t, (hours),

K 2 0.85
a=0.00
O ref tr

In the above K isin MPam and C(t) in MPa.m/hr. A material-specific experimental a= AC(t)" is
preferable to either of these approximate methods.

a scoping calculation may use,

1.56 State the criterion for the da/dt-C* correlation to be valid, and define the dimensionless crack velocity.
Identify the approach to be used to assess creep crack growth if the C* correlation isinvalid.

. 2

a(o-ref )
EC(t)

dimensionless crack velocity is required to be les thanl (or less than 0.5, R5 and Ainsworth, Dean &

Budden give different limits). In the case of combined primary plus secondary loading the reference stress
used to define A4 should be the combined |oad reference stress.

The dimensionless crack velocity is defined asA = . For the da/dt-C* correlation to be valid the

For large dimensionless crack velocities (4 >>1) R5 advises a correlation of creep crack growth rate with K
(see R5V4/5 Appendix A2, Equs.(A2.28-29).

1.57 Describe the provisions within R5 V4/5 for taking account of enhanced crack growth rates prior to
steady cyclic conditions being attained (in the case of significant cyclic loading).
The reference dwell stress on first loading is denoted o 2~". It can be found using the elastic stresses for the

operating condition followed by application of the Neuber construction to account for initial (not cyclic)
plastic relaxation (see R5V4/5 A3.4.1).

R5V4/5 8§10.6 gives guidance on calculating t.,. , the time to establish steady cycling. It is estimated using

oy
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cyc=1 cyc=l )
Org T O 3 Z(O'ref O ref
i I E

For times before the steady cyclic stateisreached, t <t
810.7.1.3 advises thisto be,

cyc=1 cyc=1
g O ref + Oret . O et + O ref ’
C & R

B 2 2

oc » N average C-parameter is employed. R5V4/5

where R' = (K™ /o F)?. This average crack parameter is plugged into the usual growth formulawhich is
integrated over the dwell period to get the creep crack growth per dwell.

1.58 Describe the simplified means of accounting for the enhanced creep crack growth during redistribution
when the overall assessment time exceeds teg.

For times longer than the redistribution time C(t)z C” . Consequently at such times C* aloneis adequate to
calculate ccg. However it would not be correct to use C* only if integrating total crack growth fromt =0,
since C(t) isinitially larger than C*. R5 810.7.1.2 gives asimplified prescription in this case [if you want to
avoid the bother of integrating C(t)]. This consists simply of doubling the growth rate prior to t, , that is
putting a=2A(C")* for t<t,o, and a=A(C")' for t >t . Thissimplified method is valid only for
assessmenttimes t >t .

1.59 Describe the two methods for combining fatigue and creep crack growth. Explain how creep crack
growth istaken into account for cracks within the cyclic plastic zone.

Method | uses the Paris Law for fcg and an a= AC(t)? relation for ccg. It isvalid to use Method | when the

crack tip lies outside the cyclic plastic zone for the uncracked body. Otherwise Method |1 should be used.
This uses the growth laws,

da 1 ( da

da__ 2 _j where, (%J =B'a® mm/cycle
dN (1_ Dé;urface)2 dN ¢ dN f

Hence the creep crack growth is accounted for by factoring up the fatigue crack growth according to the
value of the surface creep damage in the uncracked body, D3,

1.60 Discuss how the effects of prior creep damage may be taken into account in the assessments of fatigue
and creep crack growth rates.

In principle the fcg and/or ccg rates can be accel erated through material previously damaged by creep [see
R5V4/5 §9.3(ii)]. One school of thought is that thisis relevant only for very heavy creep damage, i.e., if
D, > 0.8(BS7910). Another is that the fcg and ccg laws should be factored by 1/(1- D, ) at &l damage

levels. In either case it islikely to most reasonable to us the best estimate of D, for this purpose.

1.61 State the procedure within R5 for assessing defects which have initiated in-service.

The creep strain which enters the C(t) estimation formulais calculated from the time of initiation, t, . This

means that the peak of the “C(t) spike” isimmediately after initiation. However relaxation of secondary
stresses may be incorporated from the start of life (including before the crack initiates). Consistent with this,
the total creep strain from the start of life should be used to evaluate strain hardening of the creep rate. An
incubation period may be justifiable for non-creep induced defects in which case the effects of the “C(t)
spike” will be ameliorated.
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1.62 Describe the different microstructural regionsin aferritic weldment and state their relevancein
calculating local reference stresses

The ferritic weldment zones are described here, http://rickbradford.co.uk/T 73S06 T utorial Notes26.padh.

In an R5V 7 assessment, the distinction between the various ferritic weldment zones is addressed via the k
off-loading factors. However these make no difference to the reference stress. The same primary reference
stress is used in the estimate of C*, though C* itself is factored by k,

2PR

*_ c 2

C =k—5xKer
O'ref

Note in particular that the off-loading factor k is not used to factor the stress when determining the strain
rate used in C*. The weldment zone used to calculate the strain rate is as follows,

e  For hoop dominance the parent creep deformation should always be used (whatever weldment zone is
being assessed);

e [or axia dominance the creep deformation appropriate to the weldment zone being assessed should be
used (but Kk is, of course, 1 for all zones).

So the strain rate used to find C* never depends upon k. However the dimensionless time used to find
f(r)=C(t)/C" depends upon k through,

_| Kpr ’ Ee f R
o Kror ) kol
ref

1.63 State what tests can be used to confirm whether residual welding stresses are significant, (a)from R5
V4/5 A4; (b)from R5 V7.

R5V4/5 App.A4, 84.3.3 gives the following criterion for insignificant welding residual stresses (or, more
generally, the insignificance of any secondary |oads),

2
—secondary . K
Tna"_ o.](i] R=| K
E R Gref

Here ¢, istheincubation CTOD. If this criterion is obeyed then residual stresses can be neglected in the
calculation of creep crack growth.

The R5V7 criterion relates to the assessment of gross ligament creep rupture only. For low alloy ferritic
similar metal weldments the effect of residual stresses on rupture may be ignored if EITHER of the

following apply,

o A dtressrelief heat treatment to an appropriate procedure was carried out, leading to a high degree of
HAZ refinement (microstructural parameter « <1.5); OR,

k PR 2
o 20 [Kror | o1,
E \ Ker

For “appropriate” PWHT procedures see R5V7 App.A2, though conformance to a modern design code is
sufficient. Here ¢ isthe creep ductility.

R5 is not explicit about the applicability of the above criteriato austenitic welds but the second of the
above criteriais probably applicable. Design codes still do not generally require PWHT for austenitic
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materials, so the first criterion is not well defined. A full solution heat treatment (probably at >1050°C) is
usually taken to render the residual stresses negligible.

1.64 State the main features in a creep-fatigue crack growth assessment which are specific to adissimilar
metal joint.

1.65 State the main features in a creep-fatigue crack growth assessment which are specific to agraded
transition joint

Rupture and deformation will generally be TJ specific.

Rupture data should be that from cross-weld tests. For the rupture of the remaining ligament use the more
onerous of the homogeneous or the TJ specific reference stresses (the latter being specified in R5V6).

Deformation data for the ‘reference material’ (where cracks are likely to form) are TJ specific. For
conventional TJs amethodology is given in R5V4/5 App.A4 using the cross-weld rupture to estimate the
deformation behaviour. A specific formulation is given also for Jessop-Saville deformation.

However, the crack growth law would generally be that for the ferritic material.

1.66 State the two alternative procedures for assessing the remaining ligament life based on rupture data and
under steady creep conditions.

1.67 State the procedure for assessing the remaining ligament life when cyclic loading is significant and/or
under combined secondary and primary loading.

| think 10.1 isworded badly. | don’t think there are two methods both based on creep rupture data.
However, there are two methods: one based on creep rupture (time fraction damage) and one based on
ductility exhaustion (strain fraction damage). The former is sanctioned in R5 if secondary loads are
insignificant according to the criterion of R5V4/5 App.A4, 84.3.3. The time-fraction based definition of

creep damageis D, = J'i

rup

Otherwise R5 requires that a ductility exhaustion definition of creep damage be used. In R5V7 App.A4,
8A4.3.2, thisis expressed as the usual strain-ratio damage for the primary part plus aflat allowance for the
secondary stresses,

PR k PR 2
(My pal’aphras ng) Dc — I dgc n O ref ( KTOT J
o Es; | Ker

However, | suggest that aless conservative method would be the usual ductility exhaustion approach in
which the stress relaxes over time, i.e.,

| advisethat ¢, beinterpreted asthe creep ductility relevant to the state of stress, i.e., allowing for

triaxiality, though R5V7 is not explicit.

Actually the time-fraction method, D, = jl , can also be used for combined primary-plus-secondary loads
rup

so long as the rupture time is based upon the relaxing stress. This has been used in assessments though not

sanctioned in R5.

| believe that R5V4/5 does not call for any allowance for the influence of cyclic loading on gross ligament
creep rupture. If the User considers this to be a shortcoming then refer to R5V2/3 §87.5, and see,

thttp://rickbradford.co.uk/T73S04Tutorial Notes30.pdf.

1.68 State the procedures and sources of materials data for assessing the remaining ligament life for, (a)a
similar metal weldment, (b)a dissimilar metal weldment, (c)a graded transition joint.

The methodol ogies are as above, with the following TJ specific inputs:-
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| read R5V4/5 App.A4, 8A4.4 to mean that you should use the larger of the usual homogeneous primary
reference stress and the TJ specific reference stress given in R5V6 App.A2.

Cross-weld rupture data from representative TJ tests should be used.

1.69 State the combinations of materials data bounds that must be employed for creep strain rate and creep
crack growth law parameters, for (a)ferritic materias, (b)austenitic materials.

Ferritic Materials

R5V4/5 8§11.1 recommends a base case using BE / BE and sensitivity studies addressing LB / UB and UB /
LB combinations only.

Austenitic Materials

The R5 advice referred to above is not material specific. Hence the combinations BE/ BE, LB/ UB and
UB / LB should be assessed and reported. However, in the case of 316ss, EFEREP/BDBB/0040/GEN/03 has
advised that the combination UB(ccg) / BE(deformation) also be assessed and reported. In practice thisis
generally the bounding case. Whilst E/REP/BDBB/0040/GEN/03 is specific to 316ss, it is generally taken
as implying that the UB/BE combination should be considered for all austenitic materials. (The main reason
why the requirement has been recognised for 316ssis simply because this material has been subject to long
term ccg testing).

1.70 Discuss best practice in terms of what results should be presented, what sensitivity studies may be
desirable, and the relevance of validation evidence to the reliability of the results.

Cfcg assessments require BE/BE, UB/LB and LB/UB combinations of deformation/ccg data. For
austenitics, BE/UB is also required. For Validation see R5V4/5 Appendix A9 (though there will have been
additional validation in the 8 years, since R5 was last issued).
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