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ABSTRACT

The current Thesidescribedgor the first time based on extensive industrial deta
small specimen creep testitechniquesan be applied within a practical and depldgdife
assessment framework and in conjunction with other assessment techniques. The current state
of the art for small specimen creep testing is critically reviewed; a review of traditional
techniques used on site for the metallurgical assessment afahedadition is also included,
with examples from site investigations and assessment campaigns in both conventional and
nuclear plant applications. The work describes how small specimen creep testing methods and
other complementary tools can be usedew and structured approach to life management.
This specifically refers to the potential to develop and implement novel life assessment models
that take advantage of the significant amount of site data currently routinely acquired during

plant outage ovdauls.

A novel predictive lifing model for these of hardness datadsvelopedIn fact, a
novel, phenomenological, relationship between room temperature hardness and creep data,
obtained by uniaxial creep and impression creep tests, has been foundeanébr an
innovative lifing approach that includes hardness data in a modified Liu and Murakami creep
damage model. The latter is discussed with a description of how it could be practically

implemented and validated-gervice.

The capability of impressi creep testing method in determining the minimum creep
strain rate data by use of conversion relationships that relates uniaxial creep test data and
impression creep test data is demonstraBmhsequences of possible geometry inaccuracies
in the positio of the indenter were investigated and some general comments on the conversion

relationships are also provided.

The creep damage evolution of anrsetvice CrMoV pipe section is investigated in
order todemonstrate how normally acquired industry data dath obtained by small
specimen creep tests could be used in a real situation. Theestydyasisethe importance
of correlating the operating conditions (temperature and stress) of power plant components

with the results from metallurgical examinatiomslamall specimen creep tests.

The current research also reports a novel investigation of the applicability of
Chakrabartyés theory, for membrane stretchin
punch creep test and determines new ranges oicapility of the CEN Code of Practice
CWA 15627.
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1 INTRODUCTION

It is common that high temperaturewer plant components are now working
far beyond their original designed life. Therefore, establishing thegrivice material
properties has become a matter of significant concern for power generation companies.
In particular, repair ranking and replacemh strategies require acquisition of creep
data of inservice components (both static and rotating) operating at high temperatures
and pressures. One dfet main aims opower generation companiesto maximise
plant availability and profitability, whitsmaintaining safety. In order to achieve these
objectives they must be able to understand, with good certainty, the remaining life of
the assets at any time during their operation so that it careffestively plan future
inspections, refurbishments areplacements as required. ltastandard practice to
use different approaches and diverse data sets, sucHaadéind odoad monitoring

to evaluate component conditions.

Although the characterisation of the full creep curve of materials for power
plant applications can be accomplished by use of standard size uniaxial creep tests,
shortage of materials to be tested has led to the development of unconventional creep
testing techniques, which include miniature creep testing specimens. The latter can
also be very useful to investigate material creep behaviour of critical regions of power
plant components, including, for example, welds with heat affected zones and pipe
bends. Nonethelessdre is the need of a new holistic condition assessment approach
that integrates small specimen testing data with data acquired from existing inspection
procedures, e.g. hardness measurements, along with material or component behaviour
models that utilise Hservice operational data, such as steam temperature and@ressu

which are routinely acquired.

The aim of theresearch reported in theresent thesiss to develop the
aforementioned new holistic condition assessment appraadho improve the

understandingf the capabilities o$mall specimen creep test

Thus,Chapter2 presents a Literature Review that describes creep phenomenon
and its implications for power plant components. The current condition assessment of
those components is also briefly illustrated. Moreoweryiew of the need of

developing a new holistic condition assessment approach, hardness techniques and



miniature specimen creep testing techniques are reviebregp fatigue and creep
buckling are also recognised failure modes for components operatimigtat
temperature and pressure, but @éewed elsewherfl-4]. In view of the findings
arising fromthe Literature Review, challenges and research gaps wetdiettand

they areaddressed in the subsequent Chapters of this work.

Chapter3 describes the development of a new approach for life assessment of
power plant materials through miniature specimen creep testictiniques and
hardness tests. A novempirical relationship between hardness and minimum creep
strain ratehas been identified and used to develap imnovative method for

monitoring of power plant components. Case studies are also reported.

Chapter4 investigates the capabilities of impression creep testing techniques
by correlating converted minimum creep strain rates obtainedgrgssion creep test
of disparate power plant ste&h the corresponding uaxial dataThe Chapter also
includessome comments on the converspamameters and explores the consequences

on their determination when the indenter is not perfectly aligned with the specimen.

Chapter5 invedigatesthe creep damage evolution of ansetvice0.5CrMoV
pipe section through impression creep test and metallurgical inspection data. The study
emphasises the importance of correlating the operating conditions (temperature and
stress) of power plantbomponents with the results from metallurgical examinations
and small specimen creep tests. The research seeks for a correlation amorahicro
macrehardness measurements, surface replicas data and minimum creep strain rates
(obtained by impression creggsts) of the parent material of the pipe section. Also,
optical and SEM micrographs have been used to assess possible metallurgical
differences through the thickness of the pipe section. This investigation shows how
impression creep testing data could fdractically used in the holistic approach,
developed in ChapteB, for the evaluation of life consumption of power plant

components.

Chapter6 proposes mimprovemem of the CEN Code of Practi¢8] for small punch
creep testwhich allowsf or t he f ul | characterisati on

curve In fact, increasing the understanding of the small punch specimen during the



creep test is of high importance in order for this technique to begadactised in the

novel the holistic approaateveloped in ChapteX.

Chaptef7 discusses the challenges and research gaps addressed in th€fapters,
draws same conclgions on the presented researchanogposes some future work that

couldlead topossiblemprovemens of the methods presented in this thesis.



2 L ITERATURE REVIEW

2.1 CREEP

Creep is a phenomenon that oswhen a component is subjectedatstress
at a temperature above 0.8f the absolutematerial melting temperaturém[2]. The
materialcreepstrain ¢, dependonthe applied stress aiid temperaturd;, andon
the exposure timd,[1]. Creep deformatiorsiunrecoverabland generally occurs at
stress levels far below the material yield stfds$]. Abe [4] defines creep as slow
and continuoupermanentieformatiornof materials ger extended periods under load
The operating temperature, expressed as a fractidm, determines the mechanisms
that govern the creep deformatioimetalsatamicrostructural level2]. In particular
in metals when 0.30,0TO  0Tm @€e®p deformation is due to the motion efettts,
e.g. dislocations, prevented by sofjtprecipitategrain boundaes and/or by other
dislocationd 2, 7]. Temperatures between 0Igband 0.4, allow the atoms energy
level to be high enough for the dislocations to move away from the encountered
obstacled2, 7]. When 0.Zn<TO Untte secalled creep recovery process take
place. Insuch situationgd i s | oc at i o ntteobAtacles bethuge atomsin the
vicinity of the obstacles can diffuse away from thi@x7]. At temperatures up to 0.8
Tm and above creep occurs by pure diftun[2]. Such temperatures are outside the

range of engineering imest[2].
2.1.1 Creep under constant uniaxial stress

Typical creep testsra carried out bytaticallyloading in tension a uniaxial
specimen at constant stress and constant tempef&urdhe test output is the
characteristicstrain versus timsigmoid curvepresented irFigure 1. The uniaxial
sample is initially instantaneously deformeith either elastic or elastiglastc strain
depending on the stress levéhen its deformation undergoes the classical three
regions of the creep curve: primary, secondary and tertiary creeprstiwe primary
creep regiorthe strain ratedecreases with timehe dislocation density aneases,
making the strain hardening to be the governing mechamite diffusion governs
creep recoverthat generates dislocation moti#) 6-8]. In the secondargegion,the
strain ratds constant with time&lue to the balandeetween the rate of generation of

dislocations (hardening) and the rate of recovering (softeiagy, 6-8]. As

4



illustratedin Figurel, isolatedcavitiesstart to nucleat®n grain boundarie®wards

the end of the secondary creep redigh In the tertiary creep regiothe strain rate
increases with time because more cavities nucleate at the grain boundaries together
with micro-cracks that propagates as macracks and lead the specimen to fail at the

so-called rupture the ¢rin Figurel).

Fracture

\‘ n/_‘_‘_-:
Isolated e Macro-
Y ———
cavities . S ’ cracks
\ Micro-
/ cracks
/ Aligned
___________________________________ - cavities

€0
O|Primary Secondary Tertiary t
creep creep creep
tr
Figure1. Ty pi cal uni axi al creep test oolstthe imstantaneoustseamms o f

The creep degradation through life is also presented. Adapted frofl F83f.

The secondary creepregibnas been al soskanbwandasefiét

this notation has now been overcome for engineering creep resistant steels and alloys
[10]. In fact,the material microstructaralways evolves during creep, suggesting that
there is no dynamic microstructural equilibrium for those materibts, on the

contrary, characterizes the secondary region of simple metals and afidykerefore

the steady state may never be readded1]. Some advanced materials, for example

those used for gas turbines, do not have a recognised steady state phase and the creep
curve is completely nefinear. However, power plant components areigites to

operate in the secondary region of the cregein order to avoid sudden failures

that may happen in thtertiary regiondue to a quick increase of the creep strain rate

[12].

Althoughthe abovelarificationwas necessary for completeness of the present

dissertation, it is also worth to men that thesoc a | | e d staiesappeoxdndaian

Cc
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is an essential hypothesis for theldaling mathematical treatmentsuch as the

reference stress methdéscribed in sectiod.4.7.1

A generally accepted approximatioelates the creep deformation to stress,
temperature and time by separating the three effects as in eq(tion wher e

indicates the stres§,the temperature aridhe time[1, 2].
- Q, QYQO (2)

The temperature dependency is well represented by an Arrktgpiselation,
as shown in equatiof2), whereR is the gasconstant and). is the creep activation
energy(2].

QY Quwn VY )
The BaileyNorton law is able to describe primary and secondary creep stages
in a condition of constant temperatued constant stresas expressed in equation

(3), whereB, mandn are material constants depending ondperatinggemperature.
- 6, 0 3)

Figure2-a shows the effects of temperature on typical creep curve. In this case,
the instantaneous deformation daet depend on increasing temperature, while the
secondary creep rate increases and, consequently, the time to failure dddjeases
Figure2-b shows the effects of stress on typical creep curve; the secondary creep rate

and the instantaneous deformatinoreaseandthe time to failure decreasgy.



T increasing
o=const

o increasing
T=const

(a) (b)

Figure 2. Effects of(a) temperature and @b) stress on typical creep curve, from Réj.

2.1.2 Time hardening and strain hardening formulations

When the uniaxial creep test is carried out at constant tensiletheastress
continuously increasewith time and thenecking of the specimen craessction
significantly concur to stresgicrementduring creed4]. Many theories have been
developed to describe the creep behaviour of the uniaxial specimen under variable
stress, but none of them is completely satisfadb@gauseheywere obtained from
hypothetical generaations of creep equations for constant stf@ksin fact, the
creg behaviour of the specimen depends on both the current state and its past history
[1, 2]. Two of the most accepted theories are tinge hardeningand thestrain
hardeningformulationg 2]. Time hardening theorng derived from the differentiation
of equation(3) with respect to time, by assumiognstant stress or step variations of
the stress field with long duratipand it is here reported in equati@), where- is
the strain ratél, 7].

- 664, 0 (4)

The strain hardening formulation is obtained d®riving the time variable
fromBaileyNor t on6s | a wb) aa sherby substitging thatin emumtion
(4). Finally, equation (6) expresses the strain hardening formolati which is
generally more accurate than the time hardening approxinfdfion

o )

s, T - (6)



For several applications, e.g. power plant components designed to operate in
the secondary region of the creep curve,dbeondary state approximatican be
adopted and the cresprain ratds that ofsteady statereepr , thatcan be expressed
through the welknown Norton lawas in equatior{7) [1]. In suchhypothesisthe
creepstrainrate is assumed twot betime-dependenttherefore the time exponefrh
i 1) of equation(4) is equal to Q1].

RO )

2.1.3 Creep deformation unde a multi-axial stress condition

In the secondary creep regioneep deformatiorunder a multiaxial stress

condition can be modelled as in equat{8)p where- is the multtaxial creep strain
rate,S; is the deviatoric stress tensgr, is the von Mises equivalent creep strain rate

and, is thevon Mises equivalent stress.

OR o, Y

- —_—— _O” —_—

q, q \ 8)

Equation(8) is one of the possible relationships available for modelling creep
deformation under a muitixial stress conditiof2]. From experimental observations,
Kraus[1] reports that equatiai3)r e duces t o Nortonds | aw whe
occurs in the materiagthe volume of solid body is considerednstant during creep
the principal directions are the same for creep strain and ,siresthe hydrostatic

part of the stress tensor does not concur in creep deformation.
2.1.4 Creep continuum damagemodels

In order to assess creep remaining life of comptmeccurate knowledge of
secondary and tertiary regions of the creep curve is necessary and the secondary state
approximation is not acceptaldl4]. In the tertiary creep region,adelling of creep
deformation (under a uniaxial or a muléixial stress conditignrequires the
introduction ofa number ofinternal variables i, that take into account damage

accumulationin the materiabnd its evolutiorduring creepand that concur in creep



deformation together with stress, temperature and time, as specified in eq(8tions
and(10)[2, 13].

¢

. HY

9)

—| —| ” Fi’% ﬁ (10)

As mentioned in sectiof.1.1, in the tertiary creep region, the strain rate
increases with time due to creep cavitatimhich strongly depends on material and
loading conditiong11]. When this phenomen takes plae, the sample starts log
its load carrying capability7]. Cavities are an evident feature of the transition through
to tertiary creep for ferritic steels. In some materials, such as for example P91 steels,
the evidence of creep cavities s&etim be less pronounced; hence, those materials are
more difficult to assess just using discrete models based on cavity count; therefore, a
continuum damage model must be usedme, generally accepted, discrete models
are described ifiL1].

Kachanov (1958) and Ratmv (1969)have been the firsts to propose a
uniaxial form, acreep continuous damage mechanics model that describes the
cavitation damage and it is able to predict the sample failyré3, 14]. In the
conventional continuum damage mechanics, the damage parameseiniended as
the ratio between the damaged area, due to material deterioration, and the initial
undamaged aredy, and therefore it ranges from 0O, for an undamaged material, to 1,
for a failed/fractured material elemeimamage can thus be expressed by eqnati
(11), wherebais the undamaged area.

0 o
1 5 h 0T ] o

(11)

The multiaxial form of KachanolRa b ot n o v[8, 43] isrduealte Leckie
and Hayhrust and is here given in equatid®)and(13), wherg is the damage rate,
(1 is the maximum principal stres&upis the rupture stress defined in equatibh),
« andA are material constapandU i s a mater i al conetant

multi-axiality of the stress field



¢ P 1 . (12)

1 0 —=— (13)
, | Pl (14)

It should be noted that the rupture stress is a composition of the oraxim
principal stress and of the von Mises equivalent stress, summarising thaxrality
of the stress state in a single varigdlg). Ifthestres f i el d i s Wmd axi al

reduces tal.

During creep, as the damage accumulates and evolves in the material, the stress
is redistributed on those undamaged ligaments that can still carry sonj&]loale
effective stresslierr, Which acts on the undamaged material related to nominal

uniaxial stresSlhom andto damage through equati¢tb)[7].

— (15)

Anothercreep damage model that takes into account the-mdadlity of the
stress state is the Liu and Murakami creep constitutive damage [t8Hdliu and
Murakami based their model on those by Hutchinson and Riedel for materials
undergoing creeponstrained grain boundaries cavitatj@s, 16]. The former stated
that a damaged material contains a dilute concentration of Htriaos and, as a
consequence, the creep strain rate has a linear dependence on thanlcoamage
parameter[15]. Ri edel extended Hullute Imicrocsacke 6 s mo
assumption, demonstrating the existing of an exponential relationship between the
micro-crack damage pamseter and the creep strain rate for the uniaxial stress state
[16]. In the Hutchinsomimodel,the creep strain rate is expressed as the sum of the
dilatationalcreep components and the deviatoric creep components. According to Liu
and Murakami, the former components are negligible when the material constant
higher than 313]. By assuming th continuum damage mechanafinition for ¥
and by considering a cylindrical material cell, with the diameter and the height having

the same size, containing a penny shaped rui@ck, or, equivalently, a cavitated
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grain boundary facet, Liu and Murakami proved that the damage parameigr”
function of the length and the density of the micracks and does not depend on the
material constant [13]. Instead the micrarack parametey, is also a function af,

as showed in equatida6)[13].

(16)

Liu and Murakamh 6 s ¢ o n st | here teported in sypatiai®) and
(18), whereD, g2 andc are material constantglates the creep strain rate, to stress
and danage fieldsThe material constamd is defined in equatio(iL9). It should be

noted that the hydrostatic part of the tensor stress does not concur to creep damage.

T
_ o | ” Tn
O —@— 1 7] (17)
u P ¢ U
o
R L (18)
O &% p (19)

The rupture stress is defined as in equatia?). It is easy to denmstrate that
the material constanB n, ,' @ n dare the same for both KacharBva b ot onv 6s ar
Liu-Mu r a k aamiage snodels, 7].

2.1.5 Creep modelling and FE analyses

NortonBaileyd s i¢irclwded in finite element softwaeg. ABAQUS[17],
but it can be integrated only to obtain primaryg aecondary creep regions of the creep
curve KachanovRa b ot onv 6 #Mu raaldadahages models have been
successfully used for component assessment and material characterization by means
of finite element (E) analyses, but, when KacharBva b o t o ndel dssusedn o
convergence problemaris e as ¥ approaches i1 ts maxi mt
singularity in equation§12) and(13) [13, 18, 19]. Both the damage models can be
implemented in ABAQUS through the use of a CREEP User Subroji]ndn
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particular, equatioil3) can be integrated as eguation(20) in order for the failure
time, t;, to be obtaineads in equatiori21); and equatior§18) can be integtad as in

equation(22) in order for the failure time to be calculated as in equd28h[6, 7].

P 1 Q1 o, Qo (20)
, P
O —
0 %o P, (21)
X, n r 9, ,O” X, w r Y, 1
Q@ n Q 5 p Q@ n Qo (22)
. P
O —
,On (23)

2.1.5.1 Determination of the material constants

In order to implement Kachand®abotov 6 s a-Mdr ak ami 6s dama
model into an FE code, the involved material const@gntsn, B, D, .., ., ¢p) have to
be determined. With this aim, at least three uniaxial creep tests have to be carried out
at different stressemndat the same temperaé{6]. By representing equatidi) in
an alternativeform, such as equatiof24), a plot ofa € “Q versusa € ,Q will
produce a straight lings]. The slope of the bebhear fitting is the material constant

n, and the intercept isg(B).
GETQ £ aEQ GEED (24)

The constant® and.. can be determined from the same tests by ploftiog
equation(23)) @ 0 versusa € ,Q, equation25), that will produce a straight line;

..andD values can be obtained from the slope and the intercept, respefdjvely

P ae0 aé % (25)
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The material constantcan be obtained by an optimization process that gives

the bestfit of the experimental creep test curves.

In order to determine the material constaint curve of creep strain versts
such that given in equatiq@6), must be obtained for each stress 1¢@gl

o, s , Al
€ I 1 O Q , 0 -
-0, 'Q(b':% P P P (26)
4 o n J
u P g ]

Equation(26) does not have a clogserm solution, therefore a tim@arching
procedure is needed and#n be carried out by calculating the creep strain increment,
w- , at the current time step,as in equatio27), wheregpis a small (constant) time

interval and- is the minimum creepi®in rate at the current time stepg].

w - two (27)
These creep stn increments are then accumulated to give the value of the

total creep strain at thgime step, as showed in equat(@8)[6].

- - o (28)
This procedure must be carried out up to time to failuregy using the initial
values ofn, B, D and...calculated so far and an initial, attempting, valuepfan

optimization process can be used to obtaéhmaterial constants that give the best fit

to all of tdvesueoupesli ment al U
2.2 CREEP OF POWER PLANT COMPONENTS AND LIFE MANAGEMENT
2.2.1 Service conditions

Power plant componenbften operate at elevated temperatuaned pressures.
The main stearboilers can operata maximum565°C if made ofconventional low
alloy ferritic steelsup to 650°C if made of higkstrength 912% chromium steels
(ultra super critical temperaturem)dup to675-700°C if made of high chromium or
high nickel austenitic stee]41, 20]. High-pressure steam turbine rotors can operate
at pressuresp to 170 barfor very long periodsup to several years, depending on the

sakty regulations for inspectiofi$l, 20]. High-chromium and high nickel steels have
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been developed in the last century in order to incréfesereep strength of materials
for power plant applications with the aim of reducing the cost of fuel and the use of

fuel resources by improving the thermal efficiency of power geedam(4, 11].
2.2.2 Typical failure

Vi swanat han and Stringer dewhemteana ¢ o my
no longer serve its intended function safely, reliably and econom[&lliFailure of
power plant components is mostly doereep damageorrosion damagend creep
fatigue damage. The former can cause dimensional changes in the components such
as, for exampleswellsand leaks in headers, steam pipes and reheatef 8jbEsilure
due to creep damage mainly occurs in weldméiggire3 shows the classification of
cracking in weldments, which depends on the position of the asger follow[3,
21]:

1 Type I: the damage is longitudinal or transverse in the weld metal and remains
entirely within the weld metal.

1 Type II: the damage is longitudinal or transverse in the weld metal, but grows
into the surrounadf theheat affected zondiAZ).
Type lll: the damage spreads in the coaysened region.

1 Type IV: the damage initiates or grows in the iatgtical area (the transition
region between the fullfransformed, finggrained HAZ, and the partialy

transformed parent base metal}tod HAZ.

Usually, premature failure of the component osdénrthe Type IV region of
the weld because of the creep voids that develops in the fine grained awditicty
annealed heaffected zones of the we]@1]. A typical catastrophic failure in a seam
welded hot reheat pipe i©i@wn in Figure 4. Generally, axial cracks in pipes are
attributed to the internal pressure loading angetmmetry imperfections or distortions
of seam welded pipe systemwhile, circumferential cracks are assoeth with
combined pressure and piping system Idads.

Corrosion damage is typical of pipelines that operates in garese CQ
environments. This subject is fully reviewed 22, 23].
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Creep fatigue damage is typically caused by thermal stresses induced by
constraint to thermal expansion during transient conditoialsit may implicate large
plastic strains whereblocalisedstress concentians [3]. Constaints to thermal
expansion can be internal or externahy heavy section component, such as rotors,
headers, drums, casings, can be seen as an internal conagrdaimrmal gradients
arise between the surface and the interior or vice y8fsmining of thick section to
thin sections, and materials of different coefficients of thermal expansion, like

dissimilar metal welds, can be seen as external constfajnts

o
A\

o
ot | O

L

\ \
Base HAZ Weld metal HAZ Base
Plan view
Base HAZ Weld HAZ Base
etal

Cross-section

Figure 3. Classification of cracking in weldmentisom Ref.[24].
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Figure 4. Typical, catastrophigcfailure in a seam welded hot reheat [ip4.
2.2.3 Life management and lifing

Components for power plant applications can fail catastrophically, costing human
lives in addition to expenses of repairs, replacements, and legal proce$3]casiis

is the reason why inspéah planning, life assessment and lifing models are mandatory
for power plant utilies

A range of nordestructive inspection based assessment techniques and surveys are
used during a statutory plant shutdown to support an evaluation of the condition of
components operating at high temperature and pressure. These techniques do not
provide a direct measure of accumulated creep damage (life consumption); however
they support the subsequent residual life assessment by reference to similar
components and systs on sister plant. The current assessment approach requires
extensive data mining and review of large quantities of site metallurgical data, from a

number of different power stations and at different times in their life¢26€le

The techniques routinely used to assess thditton of componers during a plant
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outage includesurface replication, surface hardness, ultrasonic inspection, magnetic
particle inspection and physical dimension measurements using callipers and
micrometers. The selection and use of these techniguafiusnced by a host of
considerations such as cost, perceived risk, familiarity and confidence with the
techniques, plant access, accuracy, reliability, regulator preference and tradition. In
addition, onload monitoring of pressure and temperature cadtcan be used to
provide a generally conservative estimate of the residual creep life. This involves using
sampled operational steam or metal temperature data coupled with steam pressure
data, with an appropriate creep rupture expression to determinesidual creep life

[20].

It is standard practice to use different approaches and diverse data sets, such as outage
overhaul inspection data and-twad monitoring to evaluate component condition.

This is necessary because of the intrinsic scatter in the material creepigscgralt
uncertainty in some of the load components, such as fixed support loads and reaction
loads from adjacent components and systems, which can also vary as the plant is
cycled on and off load. It should be noted that modern plant design can linbtlitye a

to deploy some of these traditional techniques due to restricted access for inspection
[20].

For example, heat recovery steam generators (HRSGs) are designed so that it is not
possible to use traditional diametral strain measurements on the steam headers. Hence,
this provdes a requirement to consider the use of the novel techniques to assess creep
life consumption such as optical strain gauj@s, alternating current potential drop

[26] and small specimen testing techniques such as impression creep, small punch and

ring specimen§27, 29].

With respect to the use of theomdestructive techniquespntline strain rate
measurement offers great potential to the utility, from the perspective of being able to
use the information to practively manage the integrity throughout the whole life
cycle of the station and to prompt beneficial changes in operation, in good time. The
ultimate aim is to use the strain rate data iteratively in pipework or componeffitcspeci
computational models, where the system or component model response would be
calibrated against component specific strain rate information, and compared against

other relevant condition assessment data obtained during the plant outage. This would
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demongrate a truly holistic approach and is considered to be the ultimate aim for

optimal plant integrity managemei2d].
2.2.4 Inspection planning

The inspection planning process is driven by the need for the utility to
demonstrate compliance witlpressure systems safety regulationBS$R)
requirement$29] and is applicabl¢éo both conventional and civil nuclear advanced

gas cooled react¢AGR) pressure systeni0].
2.2.4.1 Off-load: Outage Works

The following outage inspection techniques are applicable to both conventional and
AGR high temperature and pressure systéhhese techniquesannot beused as
sydematic input into a predictive creep life assessment model of the piping system or
other high temperature componebtcause of the uncertainty of the data collected
through theni20Q].

Pipe movement

Pipe movement igbtained via hot and cold surveys of pipework hanger positmns,
example of one type of pipe hanger-sptis shown irFigure5b. In this arrangement

there are two spring loaded pipe hanger supports either side of the main steam pipe,
with connections to structural steelwatove and connections to the main steam pipe

via a ring (trunnion) clamp below (out of the imadg@p]. This arrangement is
designed to ensure that a constant load is imposed on the pipe as it moves up or down
with normal plant operational transients. The hot and cold surveyslpriaformation

on pipework operational loads (between cold condition and full load hot operation),
which can be compared against the design basis and promptingstessht of

hangers as requirg¢@0].
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steam
pipe
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load spring
hangers

Figure 5. Typical pipe hanger arrangement, frorafR20].

Passive straimeasurement

Bow gauge micraneters shown irFigure 6 are typically used for headers and
pipework for diameters up to about 6@0n with a precision of 0.0dhm, especially

when used with a more accurate locatinghndtsuch as neaxidising creep pips

[20]. It has been show30] that safe management of plant can be achieved with well
controlled and managed diametral surveys, coupled with interrogation of other outage
and operatioal plant data. However, a review of large datasets from periodic
conventional fossifired plant diametral surveys show much greater than expected
variability and emphasises the need for good procedural control on sitk ihethods

are to be relied of20Q].

Figure 6. Bow gauge micrometer with dial gaudeom Ref.[2(].
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More recent developments to improve the accuracy and reliability of passive strain
measurement include the ARCMAC high temperature optical strain measurement
system[31, 32]. The ARCMAC system uses stweklded optical targets attached to

the component in a {axial arrangement, which is illuminated from a light source
within a purpose designed camera system with a telecentric lens and beam splitter
arrargement[20]. The attachmant of the studvelded optical gauge is facilitated by

the use of a purpose designed gauge carrier that allows consistent gauge installation,
along with the installation of a suitable protective cover. The optical arrangement and
illumination ensures thatccurate measurements of strain can be captured even if the
camera system is not located precisely normal to the target gauge. The strain
measurement resolution is ~ 60 migtoain with an error of <10%. Gauge images
captured during subsequent shutdowmiqus enables the creep strain rate to be
deduced. Further extensions to these optical strain measurement techniques have been
developed using surface speckle coatings and digital image correlation techniques to
provide a norcontact surface strain disttibon (across a weldment), with reference
images from an adjacent ARCMAC gauge to provide a calibrated strain refg38nce

34].

Surface ceep replicas

Surface creep replicage targeted at regions considered to be more prone to creep
damage accumulation, such as weldments, pipe penetrations (fillet welds), attachment
welds, pipe bends and pipe terminal positi@®. The requirement for creep replicas

is dependent on the age of the plant and the perceived risk, which may be influenced
for example by adverseadings from routine passive strain measurement campaigns
or known periods of mabperation evident from reviews of operational dafj. It is

not unusual for several hundred replicas to be taken duringtage on a singlenit.

The surface replica technique involves capwtine surface features on a film that

can subsequently be examined under a microscope. This involves careful surface
preparation by grinding the surface with progressively finer abrasive papers, with final
polishing. This process should be undertaken githat care to avoid removing the

creep damaged surface and also to ensure that any surface oxidation and decarburised
layers are removed. The prepared surface for replica assessment typically covers a

surface area of 25x50 mmand itis then etched with dilute acid such as Nital to
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reveal the microstructure. A soft cellulose acetate strip is then pressed onto the surface
and allowed to dry before spraying with a matt black paint. This provides a contrast
under white light when the replica is removed ardneined under the microscope.
Carefully applied this process should reveal creep cavities that can subsequently be
counted per miand classified. It should be noted that different types of steel may
require a modified process to the above in order taiokihe best quality surface

replica[20].

Figure7 illustrates a surface replica oDa&bCrMoV steelmain steam line weld, taken

after grinding to a depth of 5 mm from the outside surfatehis example,a high

creep cavity count wassessed at 842 cavities/rhfdark features ifrigure7). In this

case the materi al had been in operation
fossitfired power stations for circa 260 khr before retiezin and sbsequent

examinatior[2Q].

@ (®)

Figure 7. Weld Type IV region of a main steam pipework weld, surface replica taken 5 mm below the outer
surface at (a) X200 magnification and (b) X500 magnificafimm Ref.[20].

Surface Hardness

Surface hardness apeitage measurements targeatdegions considered to be more
susceptible t@wreep damage accumulatidhis custom and practice to creslseck
these results against periodic trends from surface creep replicas obtained from an

adjacent locatiof20].

Surface hardness technigisefrequently used during aoutage to provide a large
amount of data, with the key feature of the subsequent assessment being the change in
surface hardness at a repeat location between periodic inspection intervals. There are
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a range of portable site hardness test tools availather eising ultrasonic contact
impedance, direct measuremeant dynamic reboundwhich uses the impact and
rebound velocities to determine the surface hardness value. It is necessary to prepare
the surface before testing (to remove hard scale), and thetbeda are frequently

used on site during the outage.

Decisions on repair or return to service options that use hardness data is typically based
on rate of change in hardness and experiential knowledge from hardness trends

associated with other similarmponents, material, service age and dagy.
Material composition checks

Checking of material composition by means of portabtayxfluorescence analysers
is astandard practicer confirmingthat the correct materials have been installed on
plant[20].

2.2.4.2 On-load: use of operational data

The station outinely records steam temperature and pressure data at selected key
points in the process system. The decision on the sampling intermélienced by

the stability of operation; if the unit is prone to temperature instability then the
sampling intervalshould be reduced. These techniques are applicable to both

conventional and AGR high temperature pressure syg@ohs

In addition, most stations will invariably have installed additional surface
mounted or deep drilled thermocouples on key components or on components being
monitored as part of a safety case. This data is stored in the plant historian and various
data sampling frequencies can be defined. Typically if a plant transient is being
monitored the thermocouple sampling interval may be as frequent as evafy 15
second. For longer term creep temperature monitoring the sampling interval could be
increased to several minutes. With respect to creep temperature monitoring, the
decision on the sampling interval is influenced by the stability of operation; if the unit
beingmonitored is prone to temperature instability then the sampling interval should
be reduced. Hence, some judgement and experience is needed to define the required

sampling interval prior to any computation being undertgRéh

Once this data is collected the station evaluatest vehtermed as the exp
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effective temperature (CET{lefined as the average temperature at which all of the
creep damage (over the monitored period) can be equat@d]toThis approach
typically uses the design pressure in the computation, although it is possible to use the
measured operational pressure. However, for the purposes of the CET calculation, the

designpressure is usually sufficient.

The creep rupture life calculation, using CET, gives a value of creep rupture
life, which is dependent upon stress and temperatguatton(29)is used to estimate
the creep rupture life of CMV material and is based on the MaBRsonn 4" degree
polynomial formula, wheré is the predicted time to creep rupture in holirs the
temperature in Keli n, 0 randrl,.n2 ®n dare constants, which values for
the 0.5%Cr0.5%M00.25%V (CMV) steels ardlatedin Tablel [20].

n nii,cnpii,c nii,c nii,cC (29)

Table 1. Constants for equatio29).

Po p1 P2 Ps Pa Ps Ps  P7
-0.1008613 0.2521769 -0.27441233 0.12751693 -0.02218978 8.659 650 0.95

For a main steam | i negyisteuraleattoghe meam e f e r ¢
diameter hoop stress in equat{@®), wherep is the operating @ssureDg is the pipe

outside diameter ang is the wall thickness.

0 QWO Q& JAEE¥o I QIO 0 7o (30)

Figure8 shows the effect of changes in operating temperatane 568 °C to
578 °C against the minimum creep rupture life, for two operating stress levels of 42
and 47 MPa of a typical main steam line based on nominal dimensions of 360 mm
outside diameter, 60 mm wall thickness with an operating pressure of 168 éar. Th
subsequent mean diameter hoop stress is 42 MPa and it can be observed that an
increase in operating temperature of ~5 °C or an increase in stress of ~ 10% results in

a reduction ircreep rupture life of ~ 20 khr.
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Creep rupture life variation with stress

Creep Rupture Life (kHr)
N S (o2} (0] '5 S
o o o o o o

o

566 568 570 572 574 576 578 580

Temperature (degC)
42MPa @ 47TMPa

Figure 8. Sendivity of creep rupture lifefrom Ref.[20].
The above example is significant for the following reag@0k

1. Relatively modest increases in operating conditions (temperature and stress)

result in a significant reduction in creep rupture life;

2. The reduction in creep rupture life of ~ 20 khr, due toat@n in temperature
or stress is approximately equivalent to a typiegedr operating period for a
large conventional fossflred power station;

3. Stations would prefer to be able to plan future outage scope and replacement
strategies with more certaynfor budgetary purposes; the example presented
shows the dilemma that stations face as unit operation nears the end of practical

commercial life.

From the perspective of the station the sensitivity to modest increases in
operating conditions makes plangithe scope of subsequent outages or replacement
exercises fraught with uncertainty. This uncertainty triggers a natural response to
conduct more sampling inspections at subsequent outages and may result in premature

replacement of large sections of pigetvor componentg2Q].

Theprimary use of the CET computation is to provide a systematic process to
identify operational issues and to prompt a correction. In addition, historical CET

computations on units and across steam systems and components are used to support
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the definitian of the inspection scope prior to the next statutory o{2&he

It should be noted that on current UK conventional fefg®tl stations the
steam outlet design conditions are nominally 868and 168 bar. However, from
experience it is not unusual for steam temperatures te bgyond 606C, which is
the limit of the CMV crep rupture models, in equati@). In such cases, the use of
the CET data is problematical and a consequence of such adverse operation is that
mor e Oi nspedtduorni isganapnl ionugt age i s usually
if the operational instability has manifested itself as an unexpected accumulation of
creep damage or the initiation of damage (metallurgical or physical roesks) at
weldments. Hence, uradile temperature excursions should be minimised. Unstable
operation can also result in severe (rapid) thermal transients occurring on plant, which
can result in the initiation of fatigue cracks in weldments and for high temperature
systems subsequent prgp#ion via creep crack growth through wgd5] under
steady load conditior20].

Figure9 (a) shows the design of a largeeatn header, which is a significant
class of high temperature thick sectioned component installed in a boiler. These
components are subject to very similar outage inspections afltheorCET
assessments as described for main steam pipes, however thesesatered to be
more complex to assess due to the numerous penetrations in the header shell and
difference in stiffness between the relatively rigid header shell and the thin
interconnecting boiler tubes. Steam headers ensure proper distribution of atessn a
the boiler space, with the boiler tubes providing the heat transfer surface within the
furnace of a conventional fosdited boiler. There are many different designs of steam
header (material and geometry) within a typical conventional foesil boiler. The
photograph irFigure9 (b) shows the limited access available associated at the inter
ligament positions on this particular design for material extraction. For this design the
approach would be to takereference small specimen material sarffpl27, 36] from

the adjacet and accessible header shi20].
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Figure 9. 61" Stage superheater outlet header (a) schematic component and (b) replacement component, from Ref.

[20].
2.2.5 Condition assessment

Therequirement to understand with certainty the remainingfifeower plat
componentd®ecomes ever more acute in commercial electricity generation where the
profitability may be marginal, whether caused by government or environmental
policy, market prices, taxation or other factors. From a techpieedpectivethe
currentappoach to define a 6holisticd view of
achieved by the assimilation and deductive assessment of information gleaned from
the activities described in Sectio2s2.4.1and 2.2.4.2 The current approach is
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considered to be o6in8pection basedd and
1 Provide a predictive life assessment beyond the next major statutory;outage

1 Actively integrate the various disparate data sets obtained from amé pl

outage or orload monitoring.

Therefore, the development of a névgh temperature plant condition assessment
that also includes miniature specimen testing techniques, is nedted
aforemetioned,miniature specimen testing techniques could be vesfuliin testing
material from critical areas (s€&gure9), while hardness measurements are of great
interest for power plant companies because of the simplicity of the techniqoé and
the large amount of dataltected so far. Fothesereasons hardness and miniature
specimen testing techniques are delved deepen in se2i8arsd2.4 of this Literature

Review

2.3 SURFACE HARDNESS TESTING TECHNIQUE FOR DUCTILE MATE RIAL

CHARACTERIZATION

Surface hardness is a ndastructive technique, often used during plant
outages or other offload periods to acquire broad intelligence on the condition of the
material inrservice at high tempature. One of the attractions of the technique is that
it can be deployed relatively easily and widespread across a power plant. Invariably
the capture of hardness data is accompanied with other procedures such as surface
replicas. Often the hardness annlface replica data is assessed together in order to
direct a suitable course of action to ensure that the plant is safe to operate over the next
period. As materials age in service at high temperatures the expectation is that the
hardness will reduce arnd addition the surface replica will also show a change in
condition, usually interpreted as a measurement or count of the amount of creep

cavities per unit area.
2.3.1 Historical background

The idea of hardness dates back between 460 BC and 370 BC, when the
phi osopher Democritus defined the atoms
He divided the materials into hard or soft, depending on the location and arrangement

of the voids among the atorfi37]. However, the very first who defined hardness, by
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basing his tkory on Demor i t us 6 i ntui t i 6322 BCwia fis Ar i st
Meterology A Of the qualities of bodies hardn:
primarily belang to a determined thing, for anything made up of the dry and the moist
IS necessarily either hard or soft. Hard is that the surface of which does not yield into
i t s[883B)0 A modern definition of hardness i
a measure of the resistance [40.0n tipedastmanent
century, at least four groups of hardness testing technigass been developed,
measuring the resistance of the material to permanent deformation when it is subjected
to static load, to deformation when it is subjected to an impacting load or to wear by
abrasion or to scratchijgl]. However those tests measure different properties of the
material, thus hardness has neingque definition41].

As reported by Tabor, Brinell was thiest, in 1900, to establish a modern
method to measure the static indentation hardness of ductile maf&ihlsAs
Technical Manager of a company, the Fagersta Bwk&h used to produce steel,
Brinell was asked to deal with a [3Vew | ot
Thus, he conceived the grouhceaking of the standa&Brinell test, which consisted
in compressing a ball of hard steel betw
lot and the other from the suitable set. Brinell determined whether one plate was harder
than the other by measuring the size of the isgon left by the ball on the plates
[37, 42). Although only a small range of materials can be tested wétspherical
indenter of steel|, Brinell s test showed
researchers, therefore hardness techniques have been developed and improved in
terms of accuracy and applicability to different materials from 1900 toamow

This limit of the Brinell test has been overcome in 1925, when Smith and
Sandland elaborated the Vickers test, characterised by a diamond indenter with a
pyramidal shape with a square b§48]. Indenters with disparate shapes have also
been adopted from 1925 to the present {id#e47).

Hardness testers have also been used since 1905 to measure hardness at high
temperatures (up to 0.8 of the material melting temperature), with the &imndiofy
a relationship between the hardness variation and the variation with temperature and
time of the material properti¢89, 48].

A hardness tester was also used for measuremengsydbw loads (<1 kgf),
for the first time, by Lips and Sack in 19B8)]. This method of measurement allows

the investigation of very small variation in hardness and it is known as-micro
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indentation hardness testing, due to the load and impression size, which are small with
respecto bulk test§50].

Portable hardness machines are popularly used fsit®@sampling for power
plant high temperature components. Currently, mi@miness mapping can be used
to obtain detailed hardness variatisithin a small, critical region, such as the various
metallurgical zones in a fusion weld.

Hardness is scale dependent when the indentation size is similar to or smaller

than the grain size of the tested material.
2.3.2 Standard hardness tests

The standard Brirktest is carried out at room temperature by applying a static
load, P, in kgf, for 30s on a spherical indenter made of hard steel, which compresses
a sample in its normal direction. The Brinell hardness nunktigxi{as the dimensions
of a pressure andy ithe absence of friction between the specimen and the punch, is
expressed by equati@Bl), whereA is the curved area of indentation, in A{#2]. In
defining the HB, Brinell first included in equatiof81) the projected area of
indentation, but this caused variations in the hardness measurenestasdientation
size effect§42].

08 > (31)

Standard Brinell test cannot evaluate the hardness for those materials which
present hardness higher than about 400 HB, therefore Smith and Sandland proposed
the Vickers test in 1925, which makes use of a square based diamond as indénter, a
gives the same hardness number as the Brine[[38s50]. As expressed in equation
(32), Vickers numberV, is given by the ratio of the applieshld in gramgorce, and
the pyramidal area of indentation, whele' s t he | engt h of di agon
between two diagonals of the pyramid is 136°, whilstis generally expressed in
kgf/mn? [50]. Vickers test has the essential advantage of being able to assess the
hardnessf any material and to locate it on one continuous $é8leFigure10shows
(a) the standard Vickers indenter, (b) the indentation produced, and (c) the plastic flow

in theindentation area.
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In 1939 Knoop et al. developed a test similar to Vickers, particularly helpful
in the evaluation of very thin materials and in the estimation of the effects of the
orientation of crystals on hardngs, 46, 50]. In Knoop test the indenter has the

shape of an elongated pyramid atschumberHK, is given by equatio(83).

;
00 PTG £ (33)

The fastest hardness test, that also has the advantage of involving depth
measurements instead of optical measurements, is the Rockwell test, but a worldwide
unified hardness scale still does not exist, even if a step forwardekasdone by

Song et al. in order to overcome this probl&m 50, 51].

Plastic Zone

(a) (b) ©

Figure 10. (a) Standard Vickers diamond pyramid indenter, (b) the indentation it produces, and (c) the

plastic flow around the indentation, adapted from[i&T].

As a general rule for obtaining a successful hardness value among the
described ones, the specimen must be much larger than the indentation and every
indentation must be carried out at a distance of at lehst 3d [37, 50]. Friction
should also be considered, as it has been proved to affect the test, especially at very
low loads[50].

2.3.3 Empirical r elations betweerhardness and yield strength

By considering the hypotheses of isotropic material, fully wwakdened
behaviour, constant yield stresg, and negligible elastic deformation, and keeping
into account that the hydrostatic part of the stress tensor does nat ¢onpastic

flow, it has been demonstrated that the mean contact prgsdueéyeen the specimen

30



and the indenter is given by equat(@4) [50, 52-54].

ne o, (34)
The uniaxial flow strengtts, is related to hardness by equat{86), wherec
IS an elastic constraint factor equal to 3 for metals that do not significantly strain
harden when HV is measurgdkg/mn? andSin MPa[53, 55-57].

Dw W'Y (35)

The plastic strain related ®only depends on the geometf the indenter tip
and is 0.08 for a diamond pyramid hardness[&5t58].

The ul ti mat eurstaadtseiyiele stress areeralated to hardness
through the Cahoon et al. relationships (equai{®@sand(37)), whereN s the strain
hardening exponefb9, 60].

” Ow G (36)
CB T8 p X
Ow
. @37)

The tensile properties of ferritic steels can be accurately calculated by
equationg36) and(37) at temperatures up to 400 °C if the straardening exponent

is known by previous uniaxial tensile tegq].
2.3.4 Current status of application

Surface hardness measurements take place duriAdgaoffmonitoring of
power plant components, tager with pipe movement checks, passive strain
measurements, surface creep replicas and material composition checks, but,
nowadays, they cannot be routinely used as an input into a predictive creep life
assessment of the piping systg2g], especially because the scatter in treasured
data can be large. Furthermore, hardness measurements are highly affected by
microstructural variations, which cause concerns during condition monitoring of
welds [62-65]. Currently, utilities adopt hardness technique as part of the quality
assurance tests in order to evaluate microstructural quality of components and in
service trends, while the Electric Power Research Institute (EPRI) provides guidelines
and perspectives on the use of hardness td&tr§9]. However, hardness and miero

hardness tests application is not limited to power plant issues. In fa60% Infante

31



et al. used those two techniques to investigate the possible causes of the failure of aero

engine compressor bladgd)].
2.3.5 Hardnessbased lifing models

The research of a correlation between hardness and time temperature
parameters has been ongoing since 194372]. A modi fied Kachano
model that includes hardness and the effects of structural degradation and creep
cavitation was developed by Gaet al. in 198973, 74]. Their method is able to
predict upper and lower boundaries for the time to rupture, but many material
constants and parameters, including hardness due to solid solution strengthening, need

to be deternmed or measured, making this approach of little practical use.

In 2006, Masuyama found the following relationship, equai3®), between
the remaining lifetr, for 9CrMo-V-Nb steel and the changes in hardnexpressed
as the ratio of the hardness of the crept specinktrand the initial hardnesdp [63].

O L) 0 0 P T80 o 38
5 TRUT® G o o Ty (38)

By assuming the initial drop in hardness to be zero, Masuyama also established
a relationship between the drop in hardness and the l-8M#len parameter (LMP),
as shown in equain (39), whereKsis a fitting constant, the time in hours and the

absolute temperatuf@b, 76).
ITO O 0 000 O Ycm 1 ioC (39)

From equation(39) Masuyama expressddo and the remaining life as a

function of the LarsoiMiller parameter, as reported in equati¢48) and(41)[75].

O 0O A@bYgrm 1 ToC (40)
° P w 0 41
O T U V5 A@d®Ycm | ToC (41)
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Many researchers base their models for creep life evaluation on hardness as a
function of the Larsomliller parametef64, 77, 78]. In particular, Furtado et al. have
correlated the LarseMiller parameter and the changes in hardness for a particular
material, but their method only provides a first evaluation of damage if the initial
hardness of the material is known at tins® hours, and cannot be used for
establishing the damage and tkenaining life of weld$76, 79-81]. Mukhopadhyay
et al. also emphasised the necessity olstering a different nehnear correlation
between hardness and LMP, based on experimental obserJashns

For ductile materials, equatidd?2) relates the failure time;, to the applied
stresq82].

In 2007, Allen and Fenton, starting from equat{df), derived a practical
normalised hardnedsased stress model to predict tagure life of new and service
aged P91 ste¢B2]. Their method is here given in equatiqi8) and(44), whereG
and g are a material and a fitting constant respectively, and a normalising
parameter defined as the ratio between the applied stress and the flow stress. The latter
is in turn defined as the average of the 0.2% proof stress and the ultimate tensile stress.

o 6, A@ 0
o 0, Ry (42)
6, OiTOG RO p (43)
‘I 'I“ 6 ‘I T‘O v “‘Y roay “O )

o VY EAace nea eOw (44)

The fitting constang has been introduced by Allen and Fenton to take into
account the possiel nonlinear correlation between creep strength and high
temperature tensile strength or the possible-lmw@ar relationships between high
temperature tensile properties and room temperature tensile and hardness properties
[82). This method is of practical use, but underestimates therefalife and
overestimate®. andn, therefore it should be improved by considering the flow stress

as temperature depend¢ag)].
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2.4  MINIATURE SPECIMEN CR EEP TESTING TECHNIQU ES
2.4.1 Overview

Establishing the remaining life of components operating at high temperatures
IS a major concern for peer plant utilities. In particular, repair ranking and
replacement strategies require acquisition of creep data-sEruice components.
Although the characterisation of the full creep curve of these materials can be
accomplished by use of standard sin@éxial creep tests, shortage of materials to be
tested has led to the developmentinéonventional creep testing techniques, which

include miniaturespecimercreep teshg techniques

Theseechniquegan be very useful to investigate material creep\aebeaof
critical regions of power plant componergsich asvelds with heat affected zones
andpipebends. Moreover, miniature creep testing techniques can be treated as quasi
norrinvasive methods and do not require weld repair when samples are carefully
removed, i s ¢ oserpice cc@amponeints asmong as, for example, the
maximum excavation depth does not exceed 10% of the wall thickness of the main
steam pipg83-85].

In the last two decades, researchers all over the world (USA, UK, Europe,
Japan and China) have developed and investigated theseditionalmethodsalso
trying to assess relevant Standards and Codes of Pridgtit® 86, 87].

Miniature specimen testing tegiques developed for power plant applications
and, in particular for material creep properties characterisation includesizeub
conventional uniaxial creep specimens, with typical diameters of 1.5 to 3 mm;
impression creep test specimens, with typidedeshsions of 10x10x2.5 mm for a
rectangular sample; small punch creep test specimens, with recommended disk radius
of 8 mm and thickness of 0.3 to 0.5 mm; small ring creep test specimens, with typical
radius of 6 mm; and twbars creep specimen, with typigauge length of 26 mf5,

27, 36]. Typical test temperatures for the miniature specimens are up to°’G00
Among miniature specimen creep testing techniques only small punch creep test
(SPCT) and small twbar creep test allow the full creep curve to be characterised,
because the specimens are tatenupture[27, 88]. Despite this advantage, during

small punch creep test, interaction of several -livwgarities, such as large
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deformations, large strains, ntinear material behaviour and ndinear contact
interactions between the specimen and the punch, induces a complexxialibiress

field in the specimen that also evolves in tif@ie89]. This affects the SPCT fracture
mechanism and introduces several challenges into the development of a robust
correlation to convert SPCT data into respective standard uniaxial creep t¢80data
Another major concern is the noaepeatability of the testg method, since the
experimental results depend on the set up geongtryVith two-bar creep testing
technique, the pins must be made of a material with much higher (depending on the
size of the sample, the pin diameter and thickness of uniform section) creep strength
than that of the spauen, therefore a limitation resides in the range of materials that
can be potentially tested. Accurate secondary creep properties are provided by small
ring creep testing technique, but thdependent geometric correction functions to
compensate for theffects of geometry changes during the deformation process are
needed27, 91]. Impression creep testing method is easy to perform and it has shown
to be able to provide reliable secondaryegrproperties, particularly at relatively high
stresses and in the heat affected zones of WeBisAlthough specimens are not taken

to rupture, the technique has shown to be very suitable in power plant component life

assessmerif3].

A requirement all of the miniature creep testing techniques have in common is
the need to convert small specimen creep testing data to the corresponding uniaxial
data. Conversion refianships exist, except for the small punch creep test, for which

a procedure to interpret the experimental output is still under red@agzf.

2.4.2 Scoop sampling

In order to manufacture miniature specimens frorsdarvice components,
scoop sampling techniques are currently used for industrial pros¢88r85]. Rolls
Royce produced the SSamTasampler for the esdction of material samples, shown
in Figurel1l; the machine has a length of 420 mm and presents a hemispherical shell
cutter of 50 mm in diameter, which can
that is, tyically, 25 mm in diameter and 4 mm thi¢83]. RollsRoyce has also
designed two other smaller samplers, one able to fit within a 38 mm diameter tube
bore and the second within a 30 mm ann{83. Scoop sampling techniques are such
that the wall thickness of the component does not become smaller than the design wall
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thickness after some riesial has been remové#6]. Nevertheless, an increase of the
creep strain rate in the sample area has been observed by finite elef®)aridlyses

of drum, steam pipes and turbine rotor bores. This is due to the increase in stress at the
bottom of the of the excavation, which is up to-1.2 times greater than the stresses

in the intact wall in the same depth from the external surfateeccomponen(85,

97]. In order to assess the creep damage due to this stresm@mtrcaused by the
scoop sampling, Klevtsov and Dedov carried out FE analyses of a steam pipe with an
outer diameterDo, of 325 mm and a wall thickneds, of 30 mm, and creep cavity
count on three bends steam pipes of 12Ch1MF and 15Ch{86LFTwo important
conclusions can be deducted from their research; firstly, aftev XBr of service, the
analysed components presented the same creep damage in theuretporthe
scooping area and at a distance of 10 mm from that. Secondly, tensile properties of the
materials remained the same during service and were independent of the excavation

location and of the specimen typolo@p].

Hemispherical shell cutter

Cutting direction

(a) (b)

Figure 11. Photographs of (a) scoop sampling in process on pipework, and (b) a typical scoop sample, from Ref.

[9g].

Brett carried out 170 impression creep tests, scoop sampled by using the
SSamTM2 on CrMoV main steam and hot reheat pipes, which had a wall thickness
of 60-65 mm and 35 mm respectively84, 99-101]. He found that the scoop
technique can be carsitdarcdd vted e nCeuadi
repair stage as long #se maximum excavation depth does not exceed 10% of the
wall thickness of the main steam pipe. For the hot reheat pipe a depth larger than 10%
of the wall thickness is acceptable only over a restricted area in the centre of the
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excavatior84].

Rouse et al. investigated the effects of scoop sampling on the creep response
of straight pipe sections with different geometries, for a range of cut depths from 1 to
5 mm and for differst load conditions, for the material 0.5Cr0.5M00.25V at 640 °C
[10Z. They found that the presence of the excavation generates a localized stress
around the basef the excavated notch. In the case of a static application of the load
to the pipe, the condition is considered safe if the stress at the base of the excavation
does not exceed the magnitude of the stress at the inner surface. This condition is
achieved aly when the depth of the excavatidnds 1 mm for a pipe section with
Do = 360 mm andw = 60 mm. Rouse at al. also propose a parametric equation which
can estimate the scoop sample riser effect for a wide range of materials and pipe
geometries, hereygen in equatiorf45), whereA , B, ar€ fittingconstantsl0Z.

Future study is needed on the effects of scoop sagph the sampled component

under the effects of cyclic load conditions.

” o .. . O , O , O . - O .
—— —hQe 0-— 0— 0— O0Qe O — 10O
” 0] (0] (0] 0 0
0 0O (45)
“O_(‘) "Meae™O 5 N O

These studies on the effect of the scoop excavation suggest that a degree of
prior assessment is required before a sampling exercise is undertaken to consider the
excavation depth, component geometry, material type, material acmdaitid the
operational duty of the plant. The study by Rouse efl8] considers operating
temperatures at 640C, which is much higher than the typical plaoperating
temperatures (~ 57C) t hat Brettds study alludes
measure on plant or estimate by analysis, the operating temperature related to a

proposed sampling location.

For practical purposes a scoop sample location wbelddentified as a
location on a future inspection schedule, noting that the additional cost and effort for
the inspection of scoop sample locations typically is insignificant when compared to
the full inspection scope during an outage. ldeally, all ssaopple locations would

be accessible for repair should the need be foreseen.
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2.4.3 Impression creep test

Impression creep testing technique consists of applying a steady load to a
material by means of a fl@nded rectangular indent&igurel2 (a) andrigurel2 (b)
show the typical specimen geometry and a schematic diagram of load arrangement,
respectively, wherd is the indenter widthy, b andh are the width, the length and
the thickness of the sample, respectively. The recommended geometry dimensions are
w =b=10mm,d = 1mm,h=2.5mm[103. Dimension ratio andize effects that can
affect the test output can be avoided if the recommended specimen dimensions are
chosen for the te$tl04, 105. Also, bulk creep properties are obtained because the
contact area between the specimen and the indenter is large enough to cover more than
6-10 graing92]. GenerallyNimonic 115 indenteis usedor the testAlthough further
research is needed, reliable results can also be obtained by means of a ceramic indenter
(used at Forschungszemtn Julich GmbH, Institute for Energy and Climate Research)
and of Nimonic tools with a cylindrical part allowing the indenter to rotate and settle
parallel to the specimen surface (used at VTT Technical Research Centre of Finland)
[106. The test is generally isothermal and the load is constant with time. During the
test, the indenter displacement is measured, e.g. through a linear vadiffeioéatial
transducer (LVDT), and the output is represented by creep displacement against time
curve, which includes the primary and secondary stages. Since the specimen is not
taken to rupture, this test does not allow for the tertiary stage data cfebe
behaviour to be acquired. The technique has been proved reliable in determining
secondary creep properties of the tested material and Mor@maa nt 6 s r el at i

can be used to evaluate the component time to fl@A.
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Figure 12. (a) Impression creep test specimen adapted fronjX@f and(b) schematic diagram shovgrihe
specimen loading arrangement, adapted froni16g).

During an impression creep test the deformation of the specinstromggly
localised in the immediate vicinity of the indentErgure 13 shows a typical tested
specimen of a cast 1/2CrMa\CMV).

Figure 13. Typical tested specimen of a cast 1/2CrMoV.

Figurel4 (a) shows impression deformations with time at 90 MPa and 600 °C,
obtained from three different eservice 1/2CrMoV steam pipe samples (TLB93,
TLB94, TLB97) [105. Figure 14 (b) presents impression deformations of the heat
affected zone (HAZ) of a P91 weld at 6%D, subjected to steady loading from the
parent material side. The plots are typical deformation creep curves from an
impression creep test, where primary aetondary deformation regions can be
identified. The two regions should not be confused with those of a typical creep curve
obtained from a uniaxial testing, as the load and deformation mechanisms that govern

the two of testing techniques are differenis@ during an impression creep test, the
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specimen is subjected to global compression, while small deformations take place and
there is no crack development. During a uniaxial creep test, the necking of the
specimen leads to an increase in stress andsitdnen the uniaxial creep test is
carried out at constant stress, by means of load feedback, the stress does not increase
with the increasing necking and the uniaxial specimen experiences an acceleration in
the creep rate due to the propagation of maexks (e.g. integranular cavitation
damage), which actually characterize the tertiary creep regime of the uniaxial

specimen.

The slight fluctuations ithe observeddata of an impression teate mainly
caused by temperature variations within the furreawe laboratory. However, it can

be seen that these variations are typically well within abdut 105.
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Figure 14. (a) Impression deformations with time at 90 MPa and 600 °C obtained from three different
ex-service 1/2CrMoV steam pipe samples (TLB93, TLB94, TLB97), fron[1®F, and(b) impression
deformations of the HAZfa P91 weld at 658C, subjected to steady loading from the parent material side, from
ref.[105.

2.4.4 Small punch creep test

Small punch creep test (SPCT) consist@ushing ahemispherical indenter
into a disc specimen clamped between an upper and lowesrtdi&ming the receiving
hole. A schematic cross section of the test rig is givénigarel5-a The CEN Code
of PracticeCWA 15627[5] recommends a disc thickness, of 0.3:0.5 mm, an
indenter radiusRs, of 1.0-1.5 mm and a specimen diameter dfBmm.
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Figure 15. (a) Cross section of a typical experimentaligetused for small punch creep tests with dimensions in
[mm], adapted from Ref7]; (b) typical small punch creep test data output for a P91 steel at 600 °C, from Ref.

[109; (c) creep rupture data obtained from a SPCT (SPT in thé)goapa P91 steel at 635G, compared with
corresponding uniaxial data, from REf1Q.

Typical small punch test consistsagplying a constant &ml tothe punchA
displacement versus time curve is obtained by means of a LVDT, as shéwurie
15-b, and creep rupture data can be collected and compared to corresponding uniaxial
data, as presented kigure15-c [89]. The test can also be carried out by keeping the
deflection rate castant. In this case, a punch load versus punch displacement curve is
acquiredand material properties of the specimen can be obtained by an inverse method
[111,117.

Figure16 shows that three regions (indicated by I, Il and Il in figure) can be
identified on the typical displacement,versus timet, curve of a small punch creep
test. The first region, |, is characterized by a decreasing deflection rate; high stresses
(even higher than the material yield stress) and strains occur in the specithe

small area in contact with the punch due to the highly localised contact Idading
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113. Thus, the early stage of the test is characterised by local plasticity and initial
large deformation of the specimevhich structural behavious mainly governed by
bending[7, 114]. The transition from the primary to the secondary stage (retiam
Figurel6) is due to a change in the specimen shape from a flat disc to a conical sample
andtherefore, the governingeformation modehangedrom berding to membrane
stretching and the deformation rate is approximately at its minimum {al&s).
Nucleation of circumferential cracks take place during both primary and secondary
stage of the test, meaning that strain hardening and creep recovery are not the only
mechanisma involved [7, 115. Geometric stiffening, dislocation creep, material
degradation and crack nucleation and propagation are all involved during these two

stages making the small punch specimen behaviour different from #paalmreep
sampl€g7].

Fracture |

Figure 16. Typical snall punch creep test outpadapted from Ref90].

The displacement rate increases in thst region [l in Figure 16) of the
deformation curve and material deterioratimer-granular cavitationmacroecracks
propagation in the througthickness direction, and spimennecking occur until the
sample faild117.

2.4.5 Small ring creep test

The snall ring creep test methadas designed at the University of Nottingham
in 2009 The techniguanvolves diametrically loading in tensioof a circular or

elliptical ring, as shown irrigurel7-a.
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(a) (b)

Figure 17. (a) Small ring creep test specimen, adapted from RE8 and(b) reference frame of the small ring,
adapted from Ref27].

The test output is the deformation versus time cukmeanalytical solution for
the loadline displacement rate of the elliptical ring in the secondary region of the
creep curve has been developed at the Untyest Nottingham by assuming as the
main hypotheses the effects of the shear stresses to be negligible, bending as the
governing deformation mode, anf@7. met er i al
solution is giverin equation(46), wherea @andb are the ellipse haffixes andd and
d @re the thicknesses in the radial and axis directions, respecivisiyhe applied
load, whilelntz is defined in equatiod7), where d i s the angul a
small ring system, as shown figure 17-b, and do6é the value of

momentM. If the ring is circulaa 6 = b évheRRRIis the radius of the ring.

o G P L s TOW 0 ée (46)
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(47)

The test radlts for circular & 6 /= kh)@&nd elliptical§ 64 b 2 )

=5, for a P91 steel at 650°C, with a range of equivalent uniaxial stresses, are shown

in Figure18in terms of displacemem, ¥ersus time
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Figure 18 Def or mati on ( @/ R) versus time curves o0

[27].
2.4.6 Small two-bar creep test

Another small specimen experimental teclweigwhich has been

rRing & ,

bt ai ned

recently

developed at the University of Nottingham by Hyde et al. is thebavospecimen

(TBS) test[36]. Figure19-a shows the typical test rig, whilggure 19-b shows the

typical twobar specimen, which consists of two relatively slim bars connected by

supporting ends. The sample is creep tested byyiagph constant load to the
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supporting ends by the use of two piRg(rel9-a). The specimen geometry consists
of the initial bar lengthlt, which is the distance between the centres of the loading
pins, the legth of the loading pins supporting erklthe specimen thickness;, dhe
diameter of the loading pinB;r, and the bar width,7§36]. Hyde et al. recomended
Lt/br = 4.5,D+/(2br) = 1.25,k/ Dr = 1.3[36] and a bar length,t, of 26 mm, which is
larger than the diameter of the small punch creep tesinspececommended in the
CEN Code of Practicg5], i.e. 8 mm, and of the impression creep test specimen
recommended in refl104]. The twebar creep test allows for the characterisation of
the entire creep displacenmterersus time curve. During the test, the applied stress and
temperature do not vary with time. Thest output is the displacement versus time
curve, characterised by the three typical creep stage regions, as shogur@20-a.

A comparison between rupture data of #ar creep test and uniaxial test is given in

Figure20-b in terms of stress versus time to rupttre,

Moving part

Loading pins
holders

Loading pin

dr
The TBS

Constraining

pin > >
I Constrained
part

(a) ()

Figure 19. (a) Two-Bar experiment setup and loading application; (b) schematic representation of tHgafwo
specimen, adapted from R¢E16.
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Figure 20. (a) Deformation versus time curves obtained from two barispsts for a P91 steel at 600 °C and
(b) creep rupture dataom Ref.[117].

During the test, the creep deformation of the specimen is essentially due to
stretching under uniaxial stress, as well as the rupture of the bars. Bending occurs in
the area of the contact between the sample and the pins, but it pas/é&e not to
have a significant effect on the failure mode and on creep defornjatiéh This
behaviour of the specimen is also observed by FE analysis results, as shown in the
contour plot presented Figure 21, where the specimen failure of P91 steel at®D0
and applied stress of 170 MPa is achieve
unity. Two-bars creep test output is very close to uniaxial creep test output because

most of the uniform section is predominantly under a uniaxial state of stress.

SDV1

(Avg: 75%)
+9.900e-01
+9.075e-01
+8.250e-01
+7.425e-01
+6.600e-01
+5.775e-01
+4.950e-01
+4.125e-01
+3.300e-01
+2.475e-01
+1.650e-01
+8.250e-02
+1.114e-23

Figure 21. Contour plot of damage parameter,in the TBS for P91 at 606G , (@ = t%T60h), fvoa , t
Ref.[36]. Only a quarteof the specimen is modelled due to symmetry.
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2.4.7 Data conversion techniques
2.4.7.1 Reference stress method

A major concern in the evaluation of test data of small specimen creep testing
techniques is their correlation with uniaxial creep data. The approach cuused
for data conversion is theference stress meth¢d, 10]. For materials obeying the
Norton creep law, equatigf7) the reference stress method involves calculating two
reference parameteigandb, such that a relationship between the equivalent uniaxial
stressand the applied stress, 0, and a
the steadystateR , and the creep displacement rate obtaineshigll specimenreep

testing techniquess- , are established.

w can be expressed as a function of the creep material properties, the

di mensions of the s pe Goh Bsgaportadinequatigds). n o mi n :

3 MEQQQAQE {6QE & i (48)

The reference par ameter d i s defi
dimensional constant such that the r&fdce #— is also constant with. Thus, the
equialent gauge length (EGL) of the structure can be defined as in eq(#8joit
should be noted that the EGL does not vary wisimce none of the terms in equation
(49)does.

Qe |

000 QQQa Qe i Q¢ ¢ i (49)

If 1 is a characteristic dimension of the sample, for example a length, the
reference paramet er b (®0pandadgam it should beeatexl e d

thatthis constant is independentrof

‘0"00
' (50)
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Finally, equationg51) and(52) represent the sought relationshipsdorandr .

(}) !O‘OLD ” T GHO T a ” T d ” (51)

- ” 0 ” h ” ] (52)

2.4.7.2 Conversion relationships for impression creep test

For the specific case of impmasn creep testing technique with a rectangular
indenter, the nominal stress is the mean indenter pregg&ix@n by the ratio between
the applied load?, and the contact aredg, as expressed in equati@®8), whereb is
the length of the specimen addhe width of the indenter. Thus, the reference stress

IS expressed as in equatif@).

.0 0
nr 5 50 (53)
” _hr (54)

If the loadline impresion displacement in the steady state, is relatively
small, compared to the specimen thickness, the reference stress parapzatels,
are assumed to be not dependent on the impression depth and the minimum creep
strain rate in the steadtase is given by equatig®5)[104]. The reference parameter
I aan be determined by equati@¢bob), where the stress mul'tt
arbitrarily (asd is the parameter which is set by minimizing the variatioh aafith
n.di s t he val uleds cofstanbwitisnutiougl sl hbads expressed in
equation(57) [104. Hence, the creep displacement rate, needsd be known for

differentn values, e.g. by means of numerical analysis, in orddy totbe calculated

[104.

3
- T (55)
3
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3
Qo-nr (57)

The conversion parameterg,and b, for an impression creep test can be
determined by finite element (FE) analyses for diffenardlues. Solutions have been
provided by Hyde et al. for a numbeir w/d and h/d values by performing several
elasticcreep FE analys¢404]. By 2D plane strain FE analysis, for the recommended
geometry, Awd=dhathd/d=R.5,6hagzbeen assessed to be practically
constant and ed=u0al8, as showd iRiQuseR2, whére lat( 3is
plotted againsh [92]. By 3D FE analysis and for the same geométig, practically
constant and ed=uts4B0[104o The latter8are ithe reddmnyended
results in order to avoid errors of up 3% when converting the displacemeot aate
impression creep test to the equivalent uniaxial minimum creep straji0dte

2

log (8}
)f
/
$
|
/
|
zf
/
/

Figure 22. Variation of log( gwith n, obtained by 2D FE ahgis, adapted from ref92].

FE analysis also showed that, for a particular valdédyfabove a certaiw/d
valued andb are practically independent wfd. Also, the values of/d over whichd
is independent ofv/d vary ash/d is varied, as it can be seen fréfigure23 (a) and
Figure 23 (b), whered and b are plotted againsw/d for different values oh/d,
respectivel(j104]. Generallyd decreases whdrdincreases, whilé increases when
h/dincreases. When there is shortage of material and l@lde@ndh/dratios must be
used for impression creep test specimens-¢&dx specimens), it is recommended,
in order to achieve the highest accuracy, to use tred b-values for actualv/d and
h/dvalues[104].
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Figure 23. (a) Variationof d with w/d andh/d, and(b) variationof b with w/d andh/d from ref.[104].

Figure24 presents a comparison between minimum creemsieda obtained
by uniaxial creep tests and converted minimum creep strain rate (MSR) data obtained
by impression creep tests for 316 stainless steel at 600 °C and 2%Cr1Mo weld metal
at 640 °C samplg4.05. Typically, minimum creep strain rates data from liegsion
and unixial creep tests of a given materal lie on the same straigth line, othog log

scale.
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Figure 24. Minimum creep strain rate data for 316 stainless steel at 600 °Ces0dL®o weld metal at 640 °C,

obtained from urgixial and impression creep tests, from f&05.

A study on suksized specimen case has been carried out at the University of
Nottingham[105 i n or der to assess the consisten
sizedo i mpression creeofdlteedtedd wiutrh nge fipd

impression creep tests. In particular, the total deformations of thezetbspecimens
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and of the fAstandard size0O specimens hayv
creep strain rates obtained by the two set of tEgjare25 (a) shows the deformation

versus time curves obtained from? 108 2.5 mm specimens for a P91 steel at 850

while Figure25 (b) shows the deformation versus timewes obtained from3@3 1.5

mm specimens for a P91 steel at 6%D [105. Although a difference in the

def ormati on magnitudes occurs, the-mini mi
sizedo i mpressi or0.43ambe .18 aeesystertiablly highes i n g
but close to those obtai nedl0% Yhistantbeaendar d
noted fromFigure 26, that plotted the minimum creep strain rates against stress
obtained by uniaxial creep tests bétsame material at the same test temperature and
stresse§105.

0.2 0.15
— — 70 MPa i
.~ 80WPa ' —— -
! 3 viFa
2015 m— B [ —--—-90 MPa
E sulien Eo1} 100 MPa
= = L
2 £
= 01 |
: e
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2005 i) | f e
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Figure 25. (a) Deformation versus time curves obtained from1D®2.5 mm specimens for a P91 steel at 650
°C, and (b)deformation versus time curves obtained fréf6%6L.5 mm specimens for a P91 steel at 850from
ref.[105.
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Figure 26. Minimum creep strain rate data for the P91 steel af650btained from impression tests with two
sets of specimen dimensions, compared with those obtaimeduihiaxial creep testfrom ref.[105.

Another work carried out at the University of Nottinghgt5 has shown the
reliability of impression creep testing technique in determining secondary creep
properties when non isothermal and nonssess tests areegormed. In particular,
the results of minimum creep deformation rate corresponding to a number of stress
and temperature levels, from a single impression creep test sample, can be obtained
by steppedoad and steppettmperature tests. The former corsisf applying an
increasing or reducing load when a section of deformation curve has been obtained
from the previous step, while the temperature is held constant. The stepped
temperature test, on the other hand, consists in applying a constant loadherhile
temperature increases or decreases at suitable time intervals.

Figure27 (a) shows the deformation curves for a 1/2Cr1/2Mo1/4V steel at 565
°C, obtained from steppddad impression creep tegtsl8. The loading history is
important in terms of primary creep component. In fact, when the previous load level
is lower, thee is primary creep under the new loading; while, when the previous load
level is higher, there is no primary creep under the new loddibty. This does not
affect the minimum creep strain rate associated with each region of the presented creep
deformation arves. As shown ifrigure27 (b), the minimum creep strain rate data,
obtained by steppéeldad tests, withg = 0.4003 and = 2.079 (from earlier 2D FE
analysig92, 119), and plotted against the applied stress, are in good agreement with
the MSRs resultant by uniaxial tests and practically the same as those obtained by
impression creep tests with-tmading historie$11§. It should be noted that the tests
carried out with previous lower loading histories leads to more accurate MSR data,

with respect to tests with previous higher loading histories, when compared to the
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corresponding single load te$i®y.
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Figure 27. (a) Deformation curves for a 1/2Cr1/2Mo1/4V steel at 865obtained from steppeddad impression
creep tests, from ref105, and (b) minimum creep strain rate data for the 1/2Cr1/Mo1/4V steel €565
obtained from steppeldad impression tests and uniaxial creep tests, fronpIr&§,.

Figure28(a) shows the variation of total impression deformation with time for
an exservice ¥2CrMoV steam pipmaterial (MSC9/MT572), hjected to stepped
temperatures, at 40 MPa, whitggure 28 (b) shows the corresponding, converted,
MSR datg105. A comparison with individual temperature test data is needed and, at
this stage, only the activatioenergies can be calculated by using a temperature
dependent NG Tthelatér s edprassed by equat{bB), wheredbaand
¢ are material constanf§,is the temperature in R is the gas constantgeal to 2 in
this case, an@. is the activation energy. The:@alues in the temperature ranges of
630-655°C and 65580°C are 20082 and 30259 cal/mole, respectij&ds .

- b A@DOjY"Y (58)
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Figure 28. (a) Variation of total impression deformation with time gyl minimum creep strain rates versus 1/T
for an exservice ¥2CrMoV steam pipe material (MSC9/MT572), subjected to steéppgukratures, at 40 MPa,
from ref.[105.

2.4.7.3 CEN data interpretation tehnique for small punch creep test

Agreed standards for small specimen creep testing techniques still do not exist,
but two codes of practice have been released for small punch creep test by the
European committee for standardisation in 2(QB8p and by thestandardisation
administration of Cimain 2012[86, 87]. Efforts in developing a standard draft for the
small punch creep test are also ongoing in JgB2@. In the USA, an ASTM standard
test method for small punch testing of wkigh molecular weight polyethylene used

in surgical implants has been released, but does not concern craep 1.

The European CEN CWA 15627ode of Practic¢5], last updated in 2007,
has been accepted as a first iteration for industrial applications all thtioagvorld,
even if it is far away from being a recognised standard and certainly needs to be
improved[122. The CENCode of Practiceonsists otwo parts, Part A is related to
specifications for the test rig, test procedure and interpretation of results for small
punch test designed for material characterisgpnPart B is focused on the test rig,
test procedure, test specimen preparation, interpretation of results and methods f
deriving the yield strengthhé ductileto-brittle transition temperature (DBTT) and
the fracture toughne$s, 122. Hurst and Matocha published a critical review on the
CEN CWA 15627 also suggesting some potential improvements of the[tade
One of their concerns is related to the shear punch test, which is not included in the

code, even if it has been proven to be a reliable tqakrfor the evaluation of tensile
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propertied122 123.

An open poblem regarding small punch creep testing is the correlation
between the load level applied to the small disc specimen and the stress induced in a
conventional uniaxial creep test that exhibits the same time to rupture. Some equations
for data interpretédn have been proposed in the CEN CWA 15627, but the procedure
is still not totally accepted for industrial applications and further investigation on the

complex behaviour of the specimen during testing is onddi4.

Liand Sturm[5, 125f ound a third order polynomi
membrane theory12g and valid forR=1.25 mm anda,=2 mm (receiving hole
radius), which correlates the strain, U,
the disc and the central displ aB%mment of
empirical relationshipp et ween t he applied | omadalsand t h
given in the CEN Code of Practice and is here reported in eq({@@pfb]. Equation
(59) allows to convert small punch creep data in the correpgruniaxial data and

thus allowghe correlationof thetwo set of dataas shown irFigure15-c.

- TP X WY WBIWOD X TBITT BT (59)

0j, P& GCTX QBIL @I YT X Q3 (60)

These relationships are only valid when bending deformation of the specimen
is negligible and thushe deformation mode can be assumed to be governed by
membrane strehing This happens when large deformations are exhibited by the
specimen during the test, that is[5. from &
However, according to many researchers, during small punch creep test the specimen

deformation is caused by bending prior to membrane stneff88, 127, 128).

Another empirical relationship, agaired i ved by Chakrabart
theory, is reported in an annex of the Code of Prafficeand can be used to derive
the load to be applied for the SPCT, here given in equ#d) whereKsp is a
correction factor depending on the tested material.

0j ., oo Y 880 (61)

In order to findKsp, at least five small punch creep tests are necessary as well
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as a comparison with a conventional creep fgsti1Z. This parameter generally
ranges between 1 and IB9. An additional difficulty in SPCT data interpretation
Is the notable variation of the reference parnansedue to large deformations involved
in the tesf117 and, although it istdl possible to definel, as in equatiorf62), in

virtue of equatior(59) a constant EGL, and thus a constantannot be determined

[27].

8

5 (62)

0

2.4.7.4 Conversion relationships for small ring creep test

By virtue of the reference stress method, the equivalent uniaxial creep stress
and the equivalent uniaxial creep strain rate for the-liomeddeformation ree, Y, of a
small ring creep test are given in equati¢68) and (64) [27, 91]. For the full
mathematial treatment refer to Reff27].

- (63)
: 2y (64)
) T Gadie
Large deformations involved during the test do not significantly affect the
conversion parameter d, tohandthehhicknéssaxiss i n
direct i on, do6; while they affect a#@thewhi ch

conversion parameter b also var[2eH]. wit h t
As a consequemrg the creep curve still shows primary and secondary regions, but the

latter is characterised by a finite curvature rather than a constaf®ihtén other

words, wth this test, a constant strain rate is not quite achieved, but it is still possible

to calculate the equivalent uniaxial data by using the method proposed by Hyde et al.

[9], which i nvolves calculating th-eati nst an
many intervals i n the secondary r i on.
and - can be then assumed to be the equivalent uniaxial [84}a Converted

minimum creep strain raseversus the applied streage presented iRigure29.
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Figure 29. Minimum creep strain rate data for a P91 steel at 650°C obtained from uniaxial and ring
tests, from Ref[27].

It can be observed that the method proposed by Hyde et al. j@Xjeallows
highly accurate secondary creep properties to be obtained, since the small ring data
are on the same straight line as the uniaxial datarder to obtain a better defined
steadystae, Hyde et al. are developing a software capable of varying the load during

the test according to equati@B) as the specimen shape chan@4$.
2.4.7.5 Conversion relationships for small twbar creep test

The equivalent uniaxial creep stress and the equivalent uniaxial creep strain
rate of small twebar creep test are again defined through the reference stress method
and here give in equationg65) and (66), where d and b are de
analyses, as for impression creep test, and their values are 0.9866 and 1.456,
respectivelyfy36. The dq value approaches unity beca
of the twabar specimen is predominantly under a uniaxial state of stiesgever,
those values were obtained by the use of
predict the primarand secondary region of the creep curve, but not the tertiary region.

Consequently, further investigation in determination of the reference stress parameters

is ongoing[114].

E— (65)

] Y (66)
01
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Converted minimum creep strain radata from twebar tests are in good
agreement with uniaxial data, as shownFigure 30-a. Good correlation between
uniaxial and twebar creep test data has also been proved irf Réf. and here shown
in Figure30-b.
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Figure 30. (a) Creep strain rate data obtained from fagr and uniaxial specimens for a P91 steel at 600 °C,
from Ref.[103, and(b) fitted uniaxial and converted (by using equaii6@)) two-bar strain versus time curves
for a P91 steel at 65, from Ref[117].

25 EVALUATION OF CURRENT MINIATURE TESTING METHODS

The selection of a small specimen creep test technique is dictated by factors
such as, economics, the type of data required, e.g. creep rupture dat@postcain

rate data, material to be tested and the test cond[tldfk

In practice, the impression creep test method is easy to perform audsit g
accurate output in terms of minimum creep strain rate, particularly at relatively high
stresses and in the heat affected zones of welds. This technique appears to be useful in
power plant component life assessmg38], and has been deployedsarvice to
support decisions to continue operation as oppasaddertaking immediate repairs.
Despite these advantages, the test has some limitations, e.g. the indenter creep
resistance needs to be two or three order higher in magnitude than that of the specimen.
Also, tertiary creep behaviour cannot be obtainedabsge of the compressive stress

field in the specimen which does not allow the material to exhibit creep ddé#ge
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The deformations involved during the test

very accurate data acquisition and temperature control systems. Furthermore, FE
analyses of this test are complicated by the contact interaction between the indenter
and the specimen. The same problem is observed in numerical simulations of small

punch creep test, where the contact is alsolmear.

The small punch creep test potentially allows the entire characterisation of
material behaviour up to failure, becatise specimen is taken to ruptutiee testan
also be used to perform focused analyses on critical locations of operating
components. Despite these advantages the interaction of sevefaleaaoities, such
as large deformations, large strains, Hioear material behaviour and ndimear
contact interactions between the specimen and the punch, induces a complex multi
axial stress field in the specimen which also evolves in [Bn89, 130, 131]. This
affects the SPCT fracture mechanism and introduces several challenges for the
idertification of a robust correlation to convert SPCT data into respective standard
uniaxial creep test daf&80, 112. Another major concern is the nogpeatability of
the testing method, since the eximental results depend on the set up geonji}ry
For this reason, a wedlstablished and universally accepted method for data
interpretation still does not exififficulties in obtaining good agreement between FE
analysis and small pundneeptest in terms of time to failureare dueo the effects
of punch load misalignments initial plasticity andto approximation of the friction
formulation between the specimen and the test machine compasextsn the FE
analyseq90, 94, 127, 132 133. FE investigations have showm @ncrease of the
failure life up to 10 times when initial plastic deformation is included in the model
[127)]; the time to failure can also increase up to 8 times when the friction coefficient
between the specimen and the punch varies from 0 tf¥ 015384, 135. Punch load
misalignments can also increase the time to failure by up to 1.49 times, in the worst

possible situationgl33.

The small ring creep test method is able to provide accurate minimum creep
strain rates, geecially at relatively low equivalent uniaxial stresses with a unique
application of this test type being for creep resistant materials. During the creep test,
the small ring specimen is subjected to relatively large deformations, from which

relatively smd strains are obtained with a lower equivalent stress than that applied to
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other miniature specimens. As showrFigure18-b, the minimum creep strain rate

data obtained from circular and elliptical ring creesi & stresses between 50 and 65
MPa lie on the same straight line as the uniaxial data obtained at higher stresses,
between 70 and 100 MPa. The deviation of the elliptical ring data from the straight
line is in the range of the typical scatter of creegstewhich is about of 8%. Future
development involves the establishment of tile@endent geometric correction
functions to compensate for the effects of geometry changes during the deformation
procesg27, 91].

The small twebar creep test allows production of full uniaxial creep curves,
but further experimental data and validation are necessary. With this technique, the
pins must be made of a material characterised by higher creep strengthat of the
specimen, therefore there is a limitation in the range of materials which can be
potentially tested. In the case of testing high creep strength materials, e.g. Nickel based
superalloys for turbine blades, using the tlsar specimen, cafte consideration of
the specimen design should be given. Relatively larger diameter pins and smaller
crosssectional areas of the test sections of thelhaospecimen should be adopted to
reduce the mean contact stresses between the pins and the spbtisneh a case,
the material for the pins can be chosen to have a similar creep strength as that of the
test material. The contact between the pins and the specimen induces a bending
deformation in the extreme regions of the specimen, while the stségisudion in the
bars is almost constafit1§. In view of this feature, the reference stress parameters
for this specimen type are almost one, as the stress field in the effective section of the
structure is considerably similar to that found in conventional uniaxial creep test
specimen. Furthermore, tlgpecimen is taken to failure, therefore contrary to the
impression creep and the small ring creep tests, the tertiary creep region of the material

can be characterised and the failure behaviour identified.

In conclusion, good agreement between small spaticreep data and
uniaxial creep data have been obtained with all of the techniques described so far,
particularly with good correlation against minimum creep strain rates. Both small
punch and small twbar creep tests are able to predict the specimemefdife, but
difficulties in data interpretation of small punch data have not been overcome yet,

while, methods for data interpretation of the tar test are still under investigation,
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even though this test has already been validated for steel Hsaderiba nickebased
superalloy material. Impression and small ring creep tests are both suitable for the
determination of the steaébate creep properties. The noise in the impression creep
test output can be of the same order of the output itsetk sery small deformation

occurs during the test. An opposite problem has been observed for the small ring creep
test, during which the specimen shape varies, causing the reference stress to change as
well. As a final consideration, small specimen creegirtg techniques look very
promising for determining creep properties and providing information about failure,

even though further experimental and numerical investigations are needed.

2.6 APPLICATION OF SMALL SPECIMEN CREEP TESTING TECHNIQUES

Small specimenreep testing techniques are currently applied for ranking the
strength of power plant components, in order to establish repair strategies and
supporting life assessment. They are also used in nuclear applications and for fatigue

life evaluation[20].
2.6.1 Strength ranking

Power pant materials age during high temperature service and periodic
structural integrity assessments are needed to quantify their permissible service life.
Implementing an inspection priority for welds that are subject t®emmice creep
damage and fatigue crackiis standard practice, with suitable inspection and repair

methods being readily available to the uti[i&g)].

However, identifying a suitable and cadfective inspection priority for
ageing parent material is of concern due to the extensive amount of material that may
be afected, and the difficulty in identifying the optimum locations and inspection
sampling regime requird@0Q]. In fact, in order to take out enough material for uniaxial
creep testing, power plant components have to be removed from service and large
sections have to be cut outguering weld repair to return to service. This not only
implies large costs for the utilities, but also introduces more weak regions in the
components, such as Type IV regions (see se2tf). However, weldocations are
always known, allowing for inspections, repairs or replacements as required, while it
is generally unknown what part of the parent material has accumulated more creep

damage. For this reason, inspection usually starts from critical zonke patent
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material, like for example pipe bending, where stress concentrates.
2.6.2 Decision on improved inspection, replacement and repair strategy

In the open literature, many examples of plant component strength ranking
have been considered in case studlégzs 100 101]. In the 19906s,
carried outmpression creep and small punch tests on scoop samples from two Grade
91 headers which were considered close to premature Type IV weld failures. As a
reference material, a weak Grade 91 bar section was creep tested by using both small
specimen and standatesting methods. By plotting the impression creep strain rates
obtained from the headers samples against the strain rate of the reference material, it
was found that the creep strength was similar for both materials, as shéwurie
31 In the same plot were also reported the strain rates for a prematurely failed endplate
and two other samples taken from plant items with no known problems -~@ets
specimens were also creep tested from the reference matpeiaifically welded, in
order to acquire Type IV data. The test results led to an early inspection of the headers,
one of which was found to be widely cracked, while the other header cracked a few
years later. Hence, deployment of the {wonventional smakpecimen creep testing
methods avoided costly failure in service and associated unplanned outage time and
allowed life extension of the head¢i91, 136].

Other tests were carried out by RWE npower by sampling main steam
pipework components with the intention to identify the damage at an early stage, the
results of which are plotted Figure32that shows impression creep strength ranking
for CMV. The ISO lower bound line intersects a sample which parallel conventional
uniaxial testing has shown possesses a strength equivalent to the lower bourd (mean
20%) 1SO value for this material ihe asreceived conditiorfi84, 13g. By testing a
significant number of eservice CMV samples aempirical correction factor was
found as well, in order to compare components of very different plant ages. The
histogram inFigure33, shows the CMV data corrected for operating hours at the time
of sampling to eflect strength at the start of life, is helpful in placing any other CMV
sample within the creep strength scatter 3. Although small specimen testing
technigues have been proved to be extremely useful in the creep strength ranking, their
standardization is still required and the effects of the scoop sampling on the creep

response of components still ne¢d$e investigatefll 36 .
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Figure 33. Histogram showing the CMV data, corrected for operating hours at the time of sampling to reflect
strength at the start of life, from R§L36].

2.6.3 Small specimen creep data correlated with hardness data for life

assessment

The research into the corrgta between room temperature hardness data and
time temperature parameters has been ongoing since[194A7], but no physical
link nor any explicit relationship between them has been found. Many researchers have
related creep life evaluation and hardness data through the tMib@nparameter,
but this approach only allows a first assessment of the damage if the initial hardness,
at a time of 0 hours of creep, is knoyd8, 64, 76-81]. Unfortunately, it is very rare
for a station to have record of this initialrtlaess data and as a consequence, the
method is suitable only to provide an initial idea of the component damage. Currently,
hardness data continues to be routinely collected during plant outages because of the
simplicity of the test method and the potahto provide an indication of the condition
of the material in contrast to the evaluation of the minimum creep strain rate, but more

research is needed to evaluate the benefits.

Creep and hardness data are not correlated bynaniianicamodel because
of the different parameters they are related to, since creep life is a function of the
operating temperature and stress, while hardness, after prolonged service, is mostly
related to the thermal aging at the operating temperg8reNevertheless, Bref99
found that by plotting the variations of minimum creep strain rates obtained by both
uniaxial and impression creep tests at 600 °C and at a stress of 155 MPa, against room

temperature hardness for Grade P91 steels (with different servicgidsstthe
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samples with the lowest minimum creep strain rates have the highest haFaigess (
34-a). Bretf[99] also plotted the time to failuegainst the hardnedsigure34-b), and

found that the samples with the highest hardness have the longest time to failure as
well, where the time to failure for the impression test samples were calculated by using
the MonkmainGrant relationshig79, 93]. Hence material hardness data, which is
routinely captured on ageing reatls during statutory outages, is a characterising
parameter that should be further researched in order to establish if it could be more
deeply integrated into a life prediction mo20]. The variability associated with site

acquired hardness data should be considered inresehrch20].
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Figure 34. (a) Variations of minimum creep strain rates at 600°C and at a stress of 155MPa, with room
temperature hardness for Grade P91 steels (with different service histories) fri@€] rafnd (b) variations of
uniaxial rupture life,1f at 600 °C and at a stress of 155MPa, with room temperature hardness for Grade P91
steels (with different service histories), from &f9].

2.6.4 Application for irradiated materials

Understanding the effects of neutron irradiation on the performance of
materials used in the construction of nuclear power stations is a challenge when
considering the requirements for lifetension of existing reactor designs and future
advanced fusion reactor technologi@f]. The use of small specimen testing to
characterise materials behaviour has many advantages in this respect due to the small
volumes of irradiated material required. The ASTM sympos{di®7] in 1983
provided an initial milestone for the development of these methods for irradiated

specimens. This highlighted some of the important considerations that have influenced

65



the devéopment of the testing methods, such as limited space in hot test cells, the
effect of neutron fluence gradients across the reactor components, personnel dose
levels in posirradiation testing and the development of materials suitable for use in
high enegy (~ 14 MeV) nuclear fusion reactdi0].

Currently the small punc{8P)testing technique has gained an important role
for monitoring nuclear power plant operation and critical areas, such as the heat affect
zone of welds. In particular, the material state of all Slovak repotssure vessels is
monitored through SP testing (several thousand material samples) as part of the
advanced surveillance specimen programs, which aims to extend the reactor pressure
vessels life in the WWER40 pressurised light water reactors by astled years
[138 139, with typical operating conditions at 297°C and 123&4f). The focus of
this surveillance program is to provide a through life assessment of the tensile strength
and ductilebrittle transition temperature at various locations within the reactor, with
material extracted using the ReBoyce SSamTM2 device with comparison against
reference material block20]. Sampling locations are defined with care so that there

IS no requirement for subsequent repair or monitgra@g

Some of the small specimens have been irradiated in the Halden research
reactor at a fluence of 4.02 x 1023 n/f@38], which showed an expected increase in
the tensile and yidl stress properties. Comparisons between the fracture appearance
transition temperature (FATT) values obtained from the SP tests and standard charpy
tests provided good agreement between material in the initial state and the irradiated
condition. This apptation of SP testing provides the Slovak regulatory authorities
with contemporary information on the change in material properties duesénviice
operation and irradiation level20Q].

This application of SP testing is similar to the use of impression creep testing
applied b ageing conventional power plant materials subject to thermal creep by Brett
et al.[84, 99-101]. Importantly the examples provided by these investigators show
practical examples of the techniques use to assess the condition of operating plant,

driven by regulatory and safety requiremdi2(g.

Hyde at al.[28] produced a comprehensive review of the use of miniature

specimen testing for mechanical and creep material properties. This importantly
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concluded that viable test methods exist; however there is no single specingen desi
that can cater for all data requirements. It is evident that commercial objectives have
driven the development of some of these techniques, such as SP and impression creep
and on specific materials of interest on operating plant, such as CMV and 181 ste

on conventional stationg0]. Hy [@8 révsew provided a perspective on future
requirements and emphasised the need for greater standardisation of experistental te
methodq20].

Small pecimen testing is perceived as a key approach for obtaining critical
information on the mechanical properties, deformation and fracture behaviour of
candidate materials in support of the ongoing design and development of fusion
reactors. The challengessasiated with the development of the international fusion
materials irradiation facility (IFMIF) to test reactor materials at high fluxes of 14MeV
and temperatures in the range Z8D °C, is described by Knaster et[d41]]. This
test facility is expected to be ready and available to use within 10 years from project
approval and is constrained for test volumes of up to 500 Amange of small
specimens have ba irradiated as part of the engineering validation and engineering
design activities (EVEDA) phase, with subsequent tests related to tensile data, fracture
toughness, creep and fatigue crack growth, thereby demonstrating the practipal set
of the irradation capsules. However, one of the major challenges cited by Knaster et
al. to overcome is ensuring adequate validation of the derived irradiated properties to
the regulatory bodies. This again emphasises the need for accepted standards and
codes of praate for all the deployed small specimen test methods and in readiness
for the high flux IFMIF facility once constructed. The further validation of these test
methods on ageing materials on operational nuclear or conventional stations will

certainly supporthis objective.

Lucas et al.[142 provides some exangd of the developments required
related to improve understanding of the fracture, fatigue and deformation behaviour.
Fracture toughness tests on a range of specimen sizes on candidate reduced activation
ferritic-martensitic EUROFER97 steel are describath the use of correction factors
derived with finite element simulations of crack tip stress fields to address specimen
size effects. These tests show the requirement for stoséiny of the mechanics of

the testing process coupled to the observed mhtezhaviour. Knaster et dl141]]
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emphasised the ultimate requirement for validation of material properties derived from
small specimen tests in support of thesign of fusion reactors. The challenge is to
establish material behaviour models that use the measured parameters and observed
behaviour of the materials tested; a mechanistic modelling approach. These material
behaviour models must be demonstrablyadalal to account for the size of the reactor
components and expectedsarvice loading due to neutron fluence gradients, thermal
gradients and environmental factors such as the presence of helium produced by the
fusion process, which will influence the ¢tare behaviouf142.

Reduced activation ferritic mansitic steels such as F82H are candidates for
use in fusion reactofd43 and have been developed from modified-A®to steels
(by replachg Mo and Nb with W and Ta), which are used extensively in modern
conventional power stations. In 2014, Bruchhausen Et4d] assessed the behaviour
of ferritic-martensitic oxide dispersion steels by use of SP testing at 650°C
complemented by uniaxial creep testapbrtantly the SP tests were conducted in
accordance with the current CEN SPCadde of Practicgb]. The SP failed specimens
were extracted from a material block in the transverse and longitudinal directions and
the micrographs of the failed specimens exhibited very different crack pattéras,

are indicative of the anisotropic alloy microstructure.

The evident strong anisotropy is considered due to scatter in the steady state
creep response and influenced by the biaxial stress field active in the SP test and
variabi l ity rosmuctird)whictawat asp évadeninfiiora other uniaxial
creep tests on conventional specimens. These results illustrate again the requirement
for comprehensive modellirgimulation studies of the SP and other small specimen
tests in order to inform the mlantCode of Practicelt is important to adapt this
integrated tesmodelling approach to the situation ofsarvice components and the
inevitable regulatory requirement to demonstrate fitfiesservice in a production
reactor. The requirement for egrated small specimen experimental designs to
provide fundament al materi al behaviour m

on innovations in small specimen test[ig5.

One of the challenges of demonstrating the validity of selected materials used
in a production fusion reactor is to account for the effects of the neutron fluence and

thermal gradients in the structural compaserGilbert et al[146 have reviewed
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someof the factors influencing material behaviour such as neutron flux gradients,
component size and helium production on the design of a proposed demonstration
fusion power plant (DEMO). The study shows an expected spatial variation of the
neutron flux acros various structural components, which is also evident in other
reactor designs associated with naval pressurised water reactors. For these naval
reactor designs the through life effects on material behaviour due to the spatial
variation in irradiation crep and swelling is accounted for by measuring the
deformation of representative fuel coupons irradiated in research reactors,
supplemented by measurements of end of life fuel deformation of spent reactor fuel
modules. These experiences with the effectspaitial variation of neutron flux in

naval reactors, coupled with the very high energy levels expected in production fusion
reactors only further emphasise the need for standardised small specimen test codes

of practice.

On conventional power plant an angy can be made with the change to
fl exi bl e oper af20.dms resultedtinlaege feBadi® thesmal stress
gradients acting across thiskectioned components, resulting in critical integrity
problems[35]. The older conventional stations are still suffering from the effects of
this type of operation, which coupled with the long running hours has driven the

development and field application of small specirtre=ting methodg20].
2.6.5 Fracture

Understanding the loatgrm fracture behaviour is critical to ensure the
integrity of irradiated structures. The SP testing technique has undeniable advantages
due to the small irradiated specimen volume and availability of a recogbosklof
Prectice[5]. Material properties of thieeat affected zone of welds, and the dudtle
brittle transition temperature (DBTT) can be determined by the use of the SP testing
techniqud 138 147].

SP testing technique was first used by Baik et al. in 1983, who evaluated the
DBTT of a NiCr steel and established a linear relationship between small punch and
standard Charpy \otch test results in terms of DBTT48 149. Mao and Kameda,
by observing SP test data, found that neutron irradiation significantly increases the
DBTT in Fe based alloys dopedtiCu[15(, while Wakai et al. proved that the
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production of helium can cause the shift of DBTT in F82H s{d&ly.

According to Kasada et aJ157, the master curve (MC) methodology,
developed by the American Society for Testing and Matefibks, has been
successfully used by employing small specimens in the assessment of the drop in
fracture toughness caused by neutron irradiation. More recently, MaRaieta et
al. have proposed a novel methodology which involves a notched small punch
specimen for the evaluation of the fracture toughridsgl]. In particular, they
determined a linear relationphbetween the notch mouth opening displacement and
the vertical displacement of the SP, and a critical value of the notch mouth opening
displacement of the SP, that can be compared with the corresponding parameter in

conventional fracture tesfs54.
2.6.6 Other applications

There are a variety of other applications to note such as, screening of materials,
assessment of hydrogen embrittlement, supporting fatigue studies and investigating
very high temperature performance of materials such as single crystal alloys used in
gas turbine applications. These are all derivatives of the methods discussed previously

and are discussed briefly in this section.

One of the other aspects to note in th@giew is that many of these small
specimen tests require the development of novel measurement techniques due to
factors such as specimen size and geometry, requirements for hot cells in nuclear
applications or for testing in combustion atmospheres for emtional plant
applications. These may present requirements for the use -befdlioptical based
noncontact measurement systems such as digital image correlationreithfra

thermography, laser extensometry [&Xd).

In 2013, Methew et al[1559 demonstrated the benefits of using the SP
techniques to rapidly investigate the creep performance of 316iNeststeel with
different nitrogen content levels, using the technique as a means of differentiating the
creep rupture performance between alloy heats. Although the SP technique provides
the ability to undertake multiple tests quickly the study emphésise potential for
shortfalls due to the short duration of the tests, typically < 1000 hours and the inability

to assess effects due to longerm thermal ageing and environmental factors.
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Hydrogen embrittlement of steels is a particular concern forenadg
employed in hydrogepowered vehicles and offshore platforms, as well as in power
plant componentsl 56, 157]. Furthermore, hydrogen can be added to materials during
the manufacturing proceg458. Therefore, investigating the effects of hydrogen
embrittlement is of great interest. One of the latest studies on this matter has been
conducted by Garcia et al., who investigated the effects of hydrogen embrittlement on
the tensile properties of three different CMV steels (parent material, welding, and heat
treated welding) through small punch tgstS9. They found that the yield strength
of the steels can be assessed by the SP test yield load and that the technique is able to
evaluate the degradation of the material tensile properties due to the hydrogen

environment.

Fatigue studies are aral in many engineering fields and especially in the
design of nuclear reactors because of the temperature and neutron flux cycles they are
subjected t¢160 167].

Hirose et al.[16(0 and Nogami et al[161] for example describes the
development of smalcale fatigue specimens, with a specimen gauge diameter of
1.25 mm for testing reduced activation ferdth@rtensitic steels in nuclear
applications. These cyclic load test present challenges fonaée$tine alignment, load
control and measurement of extension, especially for applications to irradiated
specimens in a hot cell. Validation of these sreallle fatigue tests for fuflize
components is a challenge, due regard to the potertsarince bad cycles (strain
range and hold periods) and operating environment is required as well as the impact
of thermal or environmental ageing that might be expected to occur in an operating
reactor. It is envisaged that such srsaile tests will be invaluablas a means of
assessing for example the performance not only of the base material but also the
welding fabrication process and therefore reducing the overall time and cost to develop
a material that is fit for purpose. Therefore the development of rimgenethods
using small specimens is of great interest in current resgE861.63.

Roebuck et al[164 have developed a novel miniature specimen testing
facility use for assessing the high temperature properties-badé supalloys such
as CMSX4 used in the manufacture of gas turbine hot gas path components. This

facility operates at temperatures above 1000°C, includes water cooled grips and has

71



been used to investigate flow stress dependence on strain and temperattivityresis
measurements, oxidation, pyrometry measurements and recrystallisation kinetics. The
test facility also comprises an environmental chamber and is equipped to apply high
heating and cooling rates and variable themexhanical loads. Single crystal
sweralloys such as CMSX are subject to very arduous operating conditions in an
operational gas turbine engine and often manufactured in relatively thin sections,
hence the need for miniature specimens and suitable test facilities to determine
properties ad characterise their behaviour.

2.7 CHALLENGES AND RESEAR CH GAPS

As aforementioned in sectior2.2.5 developing an integrated model for
conventional plant applications is an open problmewassessment framewonk|
need to illustratéhow small specimen testing should be used in conjunction with data
acquired from existing inspection procedyrasch as hardnesseasuremenislong
with material or component behaviour models that utilisgeirvice operationalada

such as hardness measurements

Hardness data is routinely acquired during periodic inspections of ageing
conventional plant and is usually interpreted in conjunction with metallurgical
evaluation by creep replicas. There are some material modele onunventional
plant that couple surface hardness data with the Von Mises stress to evaluate time to
creep rupture. These models typically are used to supplement safety case assessments
on operating plant and hence are necessarily used in conjunctioseveral other
methods e.g. thosalescribed in sectio@.2.4 Nonetheless, it is edent that such
hardness modelmnay be able to be further developed to a position where a practical
forward-looking lifing model can be routinely implemented on operational plant.
Therefore, one of thgoak of the present thesis is the development of an integrated
lifing model that takes into account both creep data from impression creep tests and

hardness data.

It is clear thathe current approach for the evaluation of life consumption is
based on experimental knowledge and on a limited use of analytical methods. This
holistic condition assessment process is based on the descriteddofind odoad

condition monitoring, butloes not undertake predictive life assessments beyond the
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next major statutory outage, and does not seek to integrate the various disparate data
sets obtained from the plant outage and/etoanl monitoring. Miniature specimen

creep testing techniques d¢dbe successfully used together with the currently used
condition assessment methods in order to provide a more predictive life assessment
approach.Thus, fart of this thesis igledicated tahe investigation of the through
thickness behaviour of l-yea-aged0.5CrMoV (CMV) pipe section carried out by
means of hardness data collectioptical and SEM micrographsnpression creep

tests and surfaceeplicas for creep cavity count in order to seek fopossible

correlation betweedisparate methods amgdthered data.

In order to include small specimen testing techniques in a new holistic
approach, the reliability of these methods becoafasajor concern. Therefore, one
of the aim of the present work is to assess the consistency of impression cregp testin
technique, with particular attention to the conversion parameters established so far.
Also, many researchef88, 127, 128 stated, but did not demonstratkat during
small punch creep test the specimen deformation is caused by bending prior to
membrane stretchingven when large deformations take place, maki Chakr abar t
membrane stretching theory not always applicable for interpretation of small punch
creep test data. Therefore, demonstration of that hypothesis and estabtisifinew
ranges of applicability of Chaka bar t yés t heory redrbgthiopen p
thesis Another major concern is the noepeatability of themall punclcreeptesting
method, since the experimental results depend on the set up gefhekgr this
reason, a weléstablished and universally accepted method for data interpretation still

does not exist.
In conclusion, the aims of this work are as per follow:

i to develop a new holistic condition assessment that includes miniature

specimen creep testing data;

1 to develop a novel lifing method based on hardness and impression creep

testing data;
1 to assess the rebdity of impression creep test;
1 to seek for a possible correlation between data obtained byestablished
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methods, e.g. replica creep cavity count, hardness measurements, micrographs,

etc., and data obtained by miniature specimen creep testing data;

to investigate small punch specimen behaviour for possible improvements of

the CEN Code of Practice.
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3 DEVELOPMENT OF ANEW APPROACH THROUGH MIN IATURE
SPECIMEN CREEP TESTING TECHNIQUES AND HARDNESS TESTS
FOR LIFE ASSESSMENT OF POWER PLANT MATERIALS

3.1 INTRODUCTION

The main objective of thpowerstation is to maximise plant availability and
profitability, whilst maintaining safety. In order to achieve this objective the station
must be able to understand, with good certainty, the remaining life of the asswsts at
time during the operation of the asset so that it can-efésttively plan future
inspections, refurbishments and replacements as required. This requirement to
understand with certainty the remaining life becomes ever more acute in commercial
electricity generation where the profitability may be marginal, whether caused by
government or environmental policy, market prices, taxation or other factors. From a
technical perspective the current approa:
of the generating assets is achieved by the assimilation and deductive assessment of
information gleaned from the activities described in the previous Chapter (see section
2.2.4. The process is strongly dependent om #xperience of the assessment
engineers, who ideally will also have conducted similar investigations on other

generating plant (likely of different age and condition).

Hence, the current approach is consi dec¢
resultsin an incremental increase to future inspection sample size to contain a
perceived emerging threat. The current approach is captufgdure 35. However,
the current O6holistic6é nmotoprodde tpredictivedifes e s s m
assessment beyond the next major statutory outage, nédtbeltactively integrate
the various disparate data sets obtained from the plant outafyenoron-load
monitoring.Figure35 seeks to illustrate two significant missing activities, namely 1)
miniature specimen testing and 2)-load condition assessment, which could be
exploited to embed a more predictive life assessment approach and thereby satisfy the

main objectives of thplant owner.
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Figure 35. High temperature plant conditon assessment (dotted line represent aspects of data analysis/methods
that are not fully utilised. Solid lines represent the current and well established IBA approach).

3.2 PLANT ASSESSMENT MODEL ADOPTING SMALL SPECIMEN CREEP TESTING IN
A CONDITION BASED MO NITORING FRAMEWORK

3.2.1 Novel holistic condition assessment

The current approach results in an increasing inspection and assessment scope
as the plant ages, until a point at which ¢élsenomic life is reached and replacement
is advised. The development of this staged approach to life management has been
heavily influenced by the periodic inspection, condition assessment and remediation
of defects and damage in welds, with the assegssh#re condition of parent material
following later in life and primarily influenced by the utilities desire to manage their
requirements for large capital spend on plant refurbishment. As an example, for high
temperature CMV main steam pipes on conwerdi plant this staged approach is

typically applied as follows:
9 Stage 1: includes first weld inspections after 50 khr of operation;

1 Stage 2: first parent material checks (bends) initiated at circa 130 khr;
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1 Stage 3: initiation of planned inspection of gfha pipe section§parent material)

at circa 190 khr, with first pass of bend inspections completed;
1 Stage 4: Economic replacement scheduled at around 260 khr.

The case study presented later in sec8d1 will show that considerable
effort from inspection bodies is required throughout the life of the plant to understand
the rate at which the material deteriorates until component replacement is required.
This has shown the uncertainty that the plant owneadsd with, due to the lack of
consistency in inspection data trends. In broad terms the generating plant operates on
a 3 to 4year ahead operating ticket, whereas ideally the plant operator would prefer a
longerterm 810 year forward prediction of the eadf life consumption to facilitate
economic decisions related to capital investment and optimisation of periodic statutory
inspections. In addition, a more predictive assessment of life consumption would
provide the plant operator with the opportunityojatimise operation such that the
economic lifetime of the assets can be safely andeftsttively extended. The
optimisation of life consumption to minimise outage inspe&cs8oope and prolong

asset lifas worth multimillion pounds over the life of dation.

Figure35illustrates the currembspection based assessm@BA ) procedures,
with the inclusion of small specimen testing andl@ad condition assessment
highlighted as areas that warrant further dgwelent and implementation. Small
specimen creep testing provides the opportunity to remove some of the uncertainty
associated with the site outage inspection and assessment processes currently used
Based ontie current maturity level of miniature specimesting techniquest is
proposed thabne ofthe most practical approach to consider at the moment is the
further development and deployment of the impression creep method, particularly
since it has been exploited on ageing plant by B8#t100, 101, 165 for purposes
of component risk ranking and condition assessment. The extensive programme of
sampling undertaken on Slovakian reacfd8 139, 166 is also noteworthy and is
another example of the paxtive and systematic use of these small specimen testing
technigues. The key poir hote is that more precise information is required on the
in-service rate of material ageing and any subsequent acceleration of the ageing rate
that might indicate that repairor replacements are requirethe intention is to

provide more reliable and pedic measurements of material properties throughout
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the operating life of the asset. This approach can be applied to both conventional and
nuclear generating assets and will allow the plant operator sufficient time to implement
positive corrections to @pation that maximise the useful life of the asset. Data
obtained from these small specimen tests can be used to:

1 Amend and update relevant pipeline system asmponent life prediction

models;

1 Advise plant operators on creep strain rates and changesanahbehaviour,
hence allow operating conditions to be optimised with respect to the plant

o wn e r o6rememtsefar @conomic asset life;
1 Influence and optimise the inspection scapsubsequent statutory outages;

1 Provide a more informed view on the Igaatting on complex regions such as
welds, complemented by expert review of outage findings from weld
inspections and metallography, thereby improving management of weld
integrity;

1 Enable some current ngaroductive site examination methods to be gadigiu
phased out or improved.

In order to provide useful information to the plant operator, results from small
specimen testing must be acquired at a suitable time in life to enable appropriate

modifications to plant operation to be implemented.

The following modification to the current approach is proposed for high
temperature pipework. This essentially provides an earlier baseline condition
assessment from targeted sample locations, supplemented by interrogation of online
monitoring data. Subsequent staty inspections provide periodic updates on the
condition of the irservice ageing materials. Importantly, this modified approach gives
the operator more opportunity to optimise how they can effectively manage the plant.
The proposed modified approachass follows (weld inspections would start initially

as per normal practice at 50 khr):

1 Stage 1 Develop full pipeline model(s) of a lead system, which allows

estimates of creep strain rdbased on design values for material creep models,
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hanger survey dat plant temperature and pressure monitored data. Ideally,
pipeline model(s) developed by ~ 75 khr and used to proactively support future
outage inspection planning. This essentially provides the baseline or reference
model(s) for the plant.

1 Stage 2 Startto acquire small specimen samples from lead pipeline(s).
Specimens should be obtained from straight pipe sections that are adjacent to
bends proposed to be first inspected at ~ 100 khr and from positions that will
not require subsequent repair or add@ilomonitoring. Update pipeline
model(s) accordingly and compare predictions against outage inspection
findings. Review and update future periodic inspection plans (including weld

inspection plans).

1 Stage 3 Select additional targeted small specimen santplégrther assess
and optimise pipeline model(s), thereby supporting continued safe operation
towards end of life. The selection of suitable locations for additional material
sampling would be informed by assessment of previous inspection findings.

Reviewand update periodic inspection plans.
1 Stage 4 At an economic point, plan to implement replacements.

It is important to recognise that there is a cost to implement small specimen
testing, however it is anticipated that this will be offset by cost recigcetsewhere,

such as:
M Reduction in the usef diametral strain measurements;

1 Optimisation of outage site creep replica and hardsasgpling and analysis

campaigns;
1 Optimisdion of outage weld inspections.

In view of developing the new holistic conditi@ssessmentorrelation between
small specimen data and currently used inspection techniques data, e.g. hardness

measurementsnust be found.
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3.2.2 Novel empirical relations between hardness and minimum creep strain
rate

Creep life is a function of the operatitegmperature and stress, while hardness
change, after prolonged service, is mostly related to the thermal aging at the operating
temperature[93]. Although creep and hardness data are not correlated by any
mathematical model because of the different parameters they are related to, which
represent different deforation mechanisif®3], it is possible to find a fittingqation
that relates the minimum creep strain rate (MSR)to hardnesskigure 36 shows
minimum creep strain rate obtained by impression creep and uniaxial creep tests at
600°C at a reference stress of 155MPa plotted against Vickers hardness at room

temperature,dr Grade P91 steels with different service histories.
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Figure 36. Minimum creep strain rate obtained by impression creep and uniaxial creep tests versus Vickers
Hardness at room temperature at 600°C at a reference stress of a5MBrade P91 steels with different
service histories.

The phenomenological relationship between MSR and hardness is given in equation
(67), wherea andb are fitting constants, listed ifable2.
- GO (67)
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Table 2. Fitting constants for equatid67) (for £iin hd).

Creep Test a b

Uniaxial ¢ upmm  -8.463

Impression p& op m  -11.53

For ductile materials, the relationsh
temperature is generallg x pr essed by -laNqsedequatidrs(7) ipower
Chapter2). By substituting the second term of equati@7) in equation(7), a
relationship between Vickers hardness and stress, can be obtained as in e@@#tions
and(69).

0w -, (68)

o
., Owx (69)
0

Equation(68) has many limitations due to its phenomenological nature, but
can give some information about the decrease of hardness with stregsaledp
exposure time, stating<n. Furthermore, equatiai69) can be used to relate hardness
with damage, ¥, defined as the rathdd o betyv

Damage can thus be expresseafyation(11), wheredaés the undamaged area.

0 O , .
1 5 h 0" 7 p (70)
Cavitation damage is well described by Li

allows the entire creep curvetobebai ned and which degener
when [¥=0The uni axi al form of Lagainfarnd Mur
the reader convenienge equationg71) and (72), where D, and G are material

constants, values of which, for Grade P91 at 600°C, are collalabla3.

o 0 [l

_ 6, Q o 71
L 01 ] (71)
u P T
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A @b
o2 22 Ao 72)

By substituting the second term of equati(@®) in equationg71)and(72), a
modi fied Liu and Mur akaghardnéss cad lzemlztagned ando d e |
it is expressed by equatio(i83) and(74).

oy & 1]
- BOonQ cb'r%ip ] T (73)
L o 1
u Pt ¥
A @b w7
1 ’O% Ow 3 A o (74)

If all of the constants involved are known, damage calculation is possible by
placing in equation§73) and(74) the hardness value measured at room temperature
during inspections of the components, every two or four years according to the system
safety regulations. The componehtai | ure can be assumed
approaches its maximum value, 1. Although caution is necessary in using the modified
Liu and Murakami creep damage model, since further investigation is needed, this
novel approach could give an indication about m@taemaining life. In fact,
although the applied stress could remain constant during service, the component
hardness generally drops due to aging. Through the modified Liu and Murakami creep
damage model, such drop in the hardness value will resultedugtion of the time
to failure, giving the utility some useful information about the current component

conditions.

Figure 37 shows the variation with time of the creep strain for the same
material and temperaer obt ai ned by wusing Liu and
reference stress of 155MPa and by using the modified Liu and Murakami method with
different hardness values and fitting constants from both uniaxial and impression creep
test data. For the same hardnesisie, equatiori69) used witha andb from uniaxial
creep test data overestimates the value of the reference stress with respect to equation
(69) used witha andb from impression creep test data. Consequently, the value of the
time to failure obtained through the modified Liu and Murakami method is

overestimated.
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Table3.Constants of Liu and Murakami 6s ddmagéel rtdmd eMP af carn da
hrs) from ref[109.

B n D G 02
1.51x10%° 11.795 2.12x10?" 10.953 5.3

50 L] L) L]
=@=L-M, c'eq=155MPa
-¢ L-M with HV=230, impression, aeq=155 MPa
40 F -0~ L-M with HVY=230, uniaxial, aeq=166.5 MPa
L-M with HV=255, uniaxial, o‘eq=155 MPa
£ -¢ L-M with HV=255, impression, aeq=140 MPa
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Figure37. Creep strain versus time by wusing Liu and Mur akse

An estimation of the failure life from impression creep test data igpalssible
via the MonkmarGrant relationship, equatiofy5), wherem and C are material
constant§107]. By substituting with the second term of equati¢®7) in equation
(75), a relationship between hardness and the failure life is obtained and expressed in
equation(76). Because of the less number of material constants involved in the
calculation, this method for assessing the remaining life is convenient for practical use
by the plant. Furthermore, the const@rdan be determed by only one uniaxial test,
and, for ferritic steels,m is roughly equal to 1. Monkma@r ant 6 s r el ati o

intended as only a guide for remaining life assessid®ni} as well as equatiofr6).
1T aaeQ 6 (75)

1T aaeéd®o 6 (76)
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However, when HV > 190, the modified Liu and Murakami model is generally
able to provide failure time from impression creep test results closer to the
corresponding uniaxial credpst data thaMonkmanGr ant 6 s r el ati onsh
(75)), as shown irFigure 38, which presents the variation of the time to failure with
hardness value. It is wortb note that the proposed method does not need an initial
hardness value dat= 0 h for the failure life to be established, contrary to other
approaches established so[f@8, 75, 79-81] and described i€hapter2 (see section

2.3.5.

¢ Uniaxial o
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Figure 38. Variation of the time to failure with hardness for a Grade P91 steel at 600°C and 155MPa, obtained
by uniaxial, i mpression creep with marapfvithéddnkmah u and Mt
Grantd6s relationship

3.2.2.1 Modelimplementation and validation

Implementation and validation of the hardness modifiedand Murakami
model for inservice operational conditions would be approached with the following
considerationsOver an extended period of service from initial commissioning it is

feasible to consider acquiring hardness data, but with the following guidance.

9 If possiblesecure some extra lengths of pipe during the construction phase so
that parent and welded test speansiean be manufactured at a suitable time

in order to quantify initial material lifing parameters. Other opportunities to
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acquire materials will almost certainly arise during servicegxtampldat may

be necessary to replace a defective weld or valve.

In the ideal case, baseline hardness measurements would be acquired during
the initial construction phase of the plant. For example, this data could be
acquired on selected locations at the same time as original construction welds

are inspected.

Identify a small number of reference locations on the pipe system, ideally
adjacent to accessible fixed walkways and platforms to negate any
requirement for installation of temporary scaffolding. For a typical main steam
line on a conventional unit this could be eiré5 locations, one adjacent to

the boiler stop valve located at the boiler outlet, one towards the high pressure

stop/control valve and the remainder at intermediate positions.

As the station enters service there will be opportunities to acquire hardness
data at times other than during the main statutory outages; typically this would
be during short planned maintenance outages. In this event, having accessible

reference locations identified is essential in order to minimise access costs.

Periodic statutgr outages provide the ideal opportunity to acquire hardness
data at targeted locations. The question then arises, how is this data
subsequently used in a practical way to predict the life consumption rate and
importantly advise the station on, a) any miodifions to operating duty, b)

optimising the inspection schedule for the next statutory outage.

A whole pipe work system interface framework model has been developed
[167] as part of the Flek-plant consortium. This model provides a readily
available method whereby the hardness modified Liu and Murakami creep

damage model discussed in t@isaptercould be implemented.

Iteration is a necasiry step to challenge, improve and ultimately validate the
proposed damage model; this must be facilitated by scrutiny of other plant
condition assessment data routinely obtained during plant outages and likely
supplemented using targeted small speciméraetion and testing [1]. The

available whole pipe system interface framewdk67] enables the
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implementation of this hardness modifieduiland Murakami creep damage

model.

The above outlines an approach to model validation that is essentially based
on periodic recalibration in order to optimise operation and the scope of through life
plant inspections. There are many other high temperagstems and components in
operation on a typical large conventional thermal power station. The general approach
described above is equally applicable to these, however these may present different
challenges. For example, the complex geometry encounterg@am headers and
large forgings and castings requires the development of novel analytical approaches
to assess the impact of operational temperature and pressure cycles via online

monitoring[16§.

3.3 CURRENT PRACTICE
3.3.1 Ageing main steam pipework

The data presented in this case study is based on conventional plant operation
and focused on information and edgues currently used to assess the remaining

creep life and hence decide on replacement.

The through life integrity of main steam CMV butt welded pipework systems
has been dominated by the condition of the weldments, which have typically been
addressedby means of periodic inspection, weld repair or pipe spool replacement.
Most of the integrity issues associated with the weldments have manifested as
circumferentially distributed creep cavitation or subsequent circumferential cracking.
This damage is afteed by pipework system loads and it is not uncommon to find the
observed weld damage biased (creep cavitation or depth of cracking) around the
circumference of the pipe weld. Invariably at the latter stages of a stations life the
location and condition dll the major welds has been established and procedures are

in place to implement any needed repair and replacement activities.

However, the failure of parent material is more likely to occur due to the acting
pipe hoop stress, which can potentially et longitudinal cracking. It is very difficult
to comprehensively identify those parent material regions close to creep life expiry,
noting the large volume of parent material in typical steam pipe systems. As the pipe

system enters the later stages &, Iconducting piecemeal butt weld replacement by
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the insertion of new pipe spools becomes more difficult due to the aged condition of

the cut faces of the original pipe section, which is typically assesseddie@urface

replication and hardness testy . This O0testd of the paren
conducting pipe spool replacements, is often used as an opportunistic indicator of
parent material condition, due to the opportunity to undertake some metallurgical

examination through thickness.

Firstly some background related specifically to the case study pipework
example. During the 200 5Figure3 @giteoopemtmng a un i
history 221.8 khr and 2846 starts), high levels of surfa@patamage were identified
in a number of main steam bends and straight pipe sections, most significantly on
steam leg B2. Subsequently, creep rupture and creep crack growth tests were
conducted on material extracted from straight pipework sections renfowed
service, which indicated a minimum creep life of betweenZBbkhr. Consequently
in 2009 some partial replacement of main steam CMV pipework was undertaken and

at the time of the replacement the unit had accumul&2d Xhr and 3552 Unit starts.
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Figure 39. (a) Unit average operating starts for station A #mdunit average operating hours for station A.

This case study considers one of the straight pipework sections removed from
steam leg B1 and the subsequent laboyagamination to investigate the distribution
of creep cavitation damage on the surface and through wall. This pipe sections (and
others) were removed to reduce operational risk, having been sanctioned as life
expired based on surface replication resdlisng the 2009 outage, which showed
moderate to high levels of creep damage. The nominal design information for this

main steam pipework is;
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Outside Diameter 342 mm
Wall Thickness 60 mm

Design Pressure  173.8 bar

=A =A =2 =4

Design Temperature568 °C.
3.3.1.1 In-service inspetion history

During service the CMV pipework system had been subjected to the standard
outage examinations and periodic-s@rvice creep effective temperature€CET)
analyses. These analyses had been undertaken regularly since 1993, typically based
on a 6month block of steam temperature data from the monitored steairalelg4
shows a sample of this CET data for all four steam legs (A1, A2, B1, B2) on the unit.
The data presented irable4 is determined using the approach described in section
2.2.4.2 Data blocks of more or less thanm®nths could be used to expedite the
calculation. The noted step in CET values between thtanred dates is quite normal
for a large conventional fosdired units and is driven by changes in operation, such
as the move from base load to flexible operation, and other factors such as a drive to
extract more MW from each unit. This just refleitts very real commercial pressures

affecting operation.

Table 4. Steamleg CET values.

Year | AL (°C) [ A2 (°C) [ B1 (°C) | B2 (°C)
2009| 565.2 | 562.6 | 562.7 | 560.3
2005| 567.4 | 565.8 | 563.7 | 563.2
2003| 567.3 | 568.0 | 564.7 | 561.2
2001| 566.0 | 568.0 | 563.2 | 561.5
1999| 554.4 | 565.4 | 560.7 | 561.1
1997| 567.8 | 566.4 | 566.3 | 566.5
1995| 566.1 | 564.3 | 565.7 | 565.3
1993| 568.5 | 567.2 | 568.0 | 568.7

The CET data collated over a number of years of service shows that each steam
leg operates at creep effective temperattines can be as much as 5 °C different
(omitting the suspiciously low 1999 CET data for leg Al). Such relatively modest
differences in creep effective temperature can result, if sustained for a long enough
period of time, in significant differences in cragpture life from legto-leg on a unit.

Figure40 shows this lego-leg variation with temperature, noting that practical plant
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control is further complicated when the units are subjected to a high numbersf start

as illustrated by past station operatiorrigure39-a.
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Figure 40. Typical steam temperature trace for two boiler outlet steam legs (Al and B1).

Another standard approach taken dgrihe outage is to take diametral strain
measurements. Typically, these are taken over installed stellite grade 6 creep pips, as
reference measurement locations, on the outer diameter. For the case of the unit on
Station 6AO6 t he pnspveravtowarkls the batlex $top paivepattheo ¢ a t |
160 ft level in the boiler, as well as at the 100 ft and 60 ft levels. Various diametral
strain measurements had been taken over installed creep pips during successive
outages dating back to 1993 (unit operatri61 khr and 321 starts) and including
the 2009 outagelable5 shows the pipe diametral measurements taken at the 160 ft
level on legs B1 and B2 between 1993 and 2005 for comparison. Four diametral
measurementsare taken across the eight installed creep pips around the pipe

circumference.
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Table 5. Diametralmeasurements, main steam I8jsand B2.

Measurement Measurement over creep pips corrected to 2C
Location (mm)
Leg | Boiler | Axis 1993 1997 1999 2001 2005
Level (161,643| (187,116| (196,583 (203,010| (221,799
h) h) h) h) h)
Bl | 160 ft N-S 364.31 | 364.62 | 364.77 | 364.82 | 364.98
E-W 364.03 | 364.46 | 364.64 | 364.69 | 365.03
NE-SW | 364.44 | 364.79 | 364.97 | 365.02 | 365.27
SENW | 365.23 | 365.61 | 365.79 | 365.81 | 366.11
Average| 364.50 | 364.87 | 365.04 | 365.09 | 365.35
B2 | 160 ft N-S 368.27 | 368.58 | 368.71 | 368.73 | 368.89
E-W 365.61 | 366.04 | 366.24 | 366.27 | 366.64
NE-SW | 367.11 | 368.02 | 367.64 | 367.69 | 368.83
SENW | 368.07 | 368.38 | 368.53 | 368.50 | 368.77
Average| 367.26 | 367.75 | 367.78 | 367.80 | 368.28

The pipe diametral measurements show a generally steady increase in pipe
outside diameter, with only a small number of measurement anomalies evident. Hence,
the average strain rate over the period 1993 to 2005 (60,000 hxi®2 &, which
equates to a minimum operational creep life of ~ 300,000 h. The strain rate is
determined by evaluating the diametral strain between periods and correcting for the
temperature at which the measurement was taken and any micrometer zat) (off
errors recorded. Pipe diametral measurements can sometimes be taken directly across
the pipe outer diameter, if this is the case additional corrections would be required to
account for oxide film growth over the time period between successive meastsem
The subsequent site diametral measurements are assessed using conservative residual
life formulae, which are derived from strain measurements taken from a series of
internally pressurised <creep

rupture tes

eledricity generating board.

When comparing the CET and diametral data for legs B1 anleé@B1 shows
a lower average strain rate, but a higher CET trend when compared with leg B2. It
might have been expected that the higher CET trend on leg B1 overtémelex
period of measurements would have led to a higher diametral strain rate. This shows
the current difficulty interpreting such measurement data in isolation and the reason
why other more invasive methods, such as surface replication, is used to assess

material condition.
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During the 2009 outage the original CMV straight pipe section, identified as

SM14, was removed from leg Bl for further laboratory examination; based on

observed OHiI gh Orientatedd creep repl i«
immedia el y upstream from this removed secti
|l sol atedd replica assessment | evel assi gl

3.3.1.2 Postservice laboratory examination

Both surface creep cavity and through section creep cavity mapping was
caried out to industry procedures described in GENSIP guidpttd. GENSIP
t he UK

selfunded utility collaboration tasked with ensuring best practice is shared across the

refers to IonG eengerriattyo r Bsr oSgar faentnye 6a n dw
industry. The creep cavity damage levels indicated are classified in accordance with

the definitions inTable6. These classifications are provided by the technical service
provider and enable them to compare observed creep damage and hence recommend

a suitable course of action. The surface creep cavity mapping was taken at various
axial and circumferential positions on the examined specimen (SM14 from leg B1),

and is illustrated iMable?7.

Table 6. Creepcavity damage level (technicsgrvice provider classification).

Level Description Abbreviation
0 Clear C
1 Isolated I
2 Isolated/low orientated I/ LO
3 Low orientated LO
4 | Low orientated/mid orientatey LO /MO
5 Mid orientated MO
6 High orientated HO
7 High orientated/grouped HO/G
8 Grouped G
9 Aligned A
10 Micro cracking MC
11 Cracking Crack

With reference to the pictorial representation and definitioiSgare 1, the
technical service provider classification Tiable 6 is more generally interpreted as
follows: Isolated (Level B), Aligned (Level 89), Micro-cracking (level 10). In
addition, Figure 7 (Chapter2) shows a photomicrographoim a section of retired

CMV pipework, with a creep cavity count of 842 cavitiesAnin this case the
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classification would be judged at levebamid to high orientated. This exhibits quite
a high creep cavity count per unit area and would be expecpeddress to grouped

and aligned in the short term if left in service.

Table 7. Creepcavity surface damage levelEMV straight sectiorSM14, leg B {echnical service provider
classification).

Angular
Position Distance along pipe (m)
Around
Ring |0.5/0.75/0.8/0.85/0.9/095/1|14|15/1.6|2
0° 1
45° 3|7 4 |5| 7 |6 1
o 3
139 2| 3 |3| 6 | 7] 6 |1, 6|5]|6]3
18¢° 6 | 5|5 4 3
225 7 5 | 3] 7 316 |7
270 1 7
319 3 6 | 3| 2 3|17 7

The German VGB guidime [17( provides a revision of the Neubaufedel

creep cavity classificatiofl71] and is reproduced ihable8.

Table 8. VGB guideline classificatiofil 70

Assessment Structural and Damage Conditions
Class

0 As received, without thermal service load

1 Creep exposed, without cavities

2a Advanced creep exposure, isolated cavities

2b More advanced creep exposure, numerous cavities wi
preferred orientation

3a Creep damage, numerous orientated cavities

3b Advanced creep damage, chains of cavities and, or
boundary separations

4 Advanced creep damage, miaracks

5 Large creep damage, maamacks

ECCC recommendatiorj4 72 on residual life and microstructure references
investigations undertaken to correlate the VGB damage classifiddfféh against
residual life for low alloy steels in the hesdfected zone of a weld. In this particular

investigation VGB damage level 3 correlates to an expended life fraction of 0.691.

With reference to the eservice SM14 straight specimen surfaeplication

(Table7), three angular positions (13225 and 315) at distance 1500mm along the
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pipe were selected for through section creep void mappaige9 shows a example

for the 318 position. Each of the through section samples was carefully aligned with

the corresponding surface replica positidalfle7). A series of replicas were taken at

through section depth incremts of approximately every 4mm until the bore was
reached. At each O0depthd position surfac
width of the extracted through wall specimen, resulting in a sample of approximately

15 per Odept hoicgs wesed commenced atTahlistanee ofr2enm Ifrom

the cut face to avoid any damage from specimen preparation.

Table 9. Through section creep cavity count distribution (1500 mm and Circ/315° Pogiizhhical service
provider clasdication).

% Through Wall (from Cavity Count Category | Classification
outside surface) (Cavities/mm?2) number

0.00 G 8

9.23 115 LO 3
18.46 75 LO 3
27.69 50 LO 3
36.92 60 LO 3
46.15 55 LO 3
55.38 45 LO 3
64.62 25 I 1
73.85 13 I 1
83.08 10 I 1
10000 0 C 0

The results show a trend of reducing cavity count through the section, peaking
at the outer surface position. & ipossible to further summarise and compare the
through wall cavity count distributions iffable 9 as follows, based on the
classifications inrable6 (Technical service provider) arffchble8 (VGB):

1 Outer 10% of the wall section: ClassificationO5:  (VGB 3)
1 Intermediate 60% of the wall section:  Classification 23: (VGB 2)
f Inner 30% of thavall section: ClassificationO1:  (VGB 1)

This illustrates the somewhat subjective nature of the cavity count
classifications and the importance, of wheresfges, having a clear understanding of
the origin of the cavity count classification used during aseirvice inspection and

the subsequent impact on residual life.
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3.3.1.3 Comments

The following points are evident considering the site inspection history and
subgquent examination of the -@ervice life expired CMV straight pipe section
SM14:

1 Leg B1 shows a lower average strain rate based on diametral measurements
compared to leg B2, but operates at a higher temperature (CET),

1 There are significant operational tpemature differences between the main
steam legs exiting a 500MW conventional boiler,

1 Through section creep cavity mapping on straight pipe section SNibie(
9) shows a wide range of damage levels, peaking abutex surface, which

infers a significant residual life for the bulk of the parent material.

These results emphasise why the current inspection and sentencing approach
requires expert deduction and elicitation of various data sets in order to provicke advi
on future inspection plans, monitoring schemes and eventual repair and replacement

options.

The case study illustrates some of the more subjective aspects of the current
approach to life assessment of ageing components at high temperature. The
importarce of the experts view on the condition of the component under examination
should not be underestimated, as well as the need for comparison against other similar
components elsewhere (possibly older with respect to service duty) is evident. The
case studyghows that the current life assessment process would benefit from more
synergistic use of the data routinely collected during an outage. In addition, life
assessment would greatly benefit from the more-gotive use of irservice
monitoring data along whitthe use of more predictive models for assessing residual

life, which would subsequently allow optimisation of future plant operation.

3.3.2 Hardness and surface replica data

Despite some hardness lifing models have been developed so far, as described
in Chapte 2 (see sectio2.3.5, there is no universally applied and accepted hardness
based material life model currently in use. Various plant service organisations

routindy capture hardness data as part of periodic plant outage campaigns and usually
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in conjunction with data obtained from other examination techniques such as surface
replicas. The use of hardness in a lifing model can be contemplated for scenarios such
as sppporting safety case assessmdi®g, but noting that such safety cases are
invariably complemented by data acquired from several other examination techniques
and periodic measuremen®0]. Currently hardness testing on operational plant is
undertaken to provide general surveillance data, essentially kottescls over time

and with limiting values defined based on practical experience. The benefits of this
approach are that a relatively large number of plant locations can beffeasively
sampled during a plant outage. However, a key aspect of thipamppiis the
identification of the rate of change in hardness over time. Hardness testing is
complemented by interrogation of other plant data such as operating temperatures,
surface replicas, nedestructive testing results, etc.

The following case studyill discuss the hardness data trends, correlation with
surface replicas and provides an overview on how subsequent operational risk is
managed throughout life on parent CMV main steam linsgigice on a conventional

fossiHired power station.

3.3.2.1 Plant canditions

Data from the four main steam and four hot reheat lines on one 500MW boiler
are considered in this case study. The main steam lines transport steam from the boiler
outlet header to the high pressure steam turbine, with nominal design operating
conditions of 568°C and 165.5bar. The main steam lines are approximately 350mm
outer diameter with a nominal wall thickness of 65mm, which equates to a mean
diameter hoop stress of 36MPa at the nominal design pressure. The hot reheat lines
transport steam fra the boiler reheater to the intermediate pressure turbine, with
nominal design operating conditions $68°C and 41bar. The hot reheat lines are
approximately 500mm outer diameter with a wall thickness of 27mm, which equates
to a mean diameter hoop stres36MPa at the nominal design pressuirés worth
noting that typical operation involves multiple plant starts with some overshoot of the

nominal design operating temperature

For this case study on CMV main steam and hot reheat lines hardness data has
been collated over two successive outages, separated by 4 years, as ouflaige in
10.
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Table 10. Unit hours and unit starts for two successive outages.

Outage 1 Outage 2
Unit hours 239649 10° | 259.733 10°
Unit starts 3425 3971

3.3.2.2 Hardness anctreep replica data

The number of pipework locations examined during both outage 1 and outage

2 is summarised imable11. For each of these locations botlrface creep replicas

and hardness measurements were obtained; noting that this just covers the examination

of parent material.

Table 11. Number ofhardness and creep replidata points of the parent material.

Outage 1 Outage 2
Main steam 146 408
Hot reheat 79 663

It should be emphasised that the above only represents parent material

hardness and creep replica data from one of the four 500MW boilers operating at the

station. There are at least as many hardness and creep dgihcaoints for the

weldments covering both the weld metal and heat affected Zbmexorresponding

creep replicas are classified in this particular study based on the assessment levels

defined inTablel12.

Table 12. Creep replica assessment levels.

Creep replica Definition Creep cavities per
assessment leve mm?
1 Clear 0
2 Very isolated 1-10
3 Isolated 10-50
4 Low orientated 50-250
5 Orientated
(Including high 250500
orientated)
Grouped 500-1000
7 Aligned 10061500

Figure41 (a) and (b) show the sample variation in hardness for parent main

steam for outage 1 and 2, respectively, &iglire41 (c) and (d) show the sample

variation in hardness for parent hot reheat pipework material for outage 1 and 2,
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respectively. Typically, a start of liteardness HV value for CMV is ~ 170HV, hence
extended service life results in a significant reduction idressTable13 gives the
sample means and standard deviations for the two outage populations, a general
reduction in hardness level is evident between these two outage samples.

Table 13. Hardness sample statistics (in HV).

Main Steam Hot Reheat
Mean Standard Mean Standard
Deviation Deviation
Outage 1 132.91 9.95 139.73 10.42
Outage 2 125.05 7.69 132.87 8.33
Main Steam - Outage 1 Main Steam - Outage 2
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Figure 41. Hardness range fanain steanfor (a) outages 1 an¢b) outages 2; hardness rarnfge hot reheat
pipework for(c) outages 1 an¢d) outages 2.

Figure42 compares, for each hardness reading, the associated surface creep
replica assessment level; in pauntar Figure42 (a) and (b) are related to the main

steam for outage 1 and 2, respectively, &iglire 42 (c) and (d) to the hot reheat
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pipework material for outage 1 and &spectively. There is no clear correlation
between the respective hardness values and the assessed creep replica level.
Unpublished information describing the sectioning of similarsewvice parent
pipework and through thickness creep replication ssufifam sister units of similar

age and pedigree have shown that the creep cavitation tends to peak at the outer surface
or just below, with a progressive and significant reduction through wall. Importantly,

in these data sets, when comparing successivnéss and creep replica data from

the same location it is apparent that there is a greater probability of identifying a
change in the hardness level as opposed to a change in the creep replica assessment

level.

Typically, during such a site assessment,eliigence gleaned from
examination of the surface replicas is often used as the leading indicator to determine
subsequent raspection intervals or replacement and repair options. The hardness
data is used primarily as a bagjg measurement, which mayraay not correlate with
a trend of gradual kservice degradation over time. In this particular case study the
hardness data is (for the population) showing a general deterioration between the two
outages, whereas there is little correlation between thegeha hardness level and
the assessment of the creep cavity count. This in itself provides the challenge for parent
material, especially since the through section studies on retired pipe sections have
shown only surface creep damage, with very limiteddewte of further creep

cavitation through the majority of the remaining pipe section.
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Main Steam HV vs. Replica (Outage 1) Main Steam HV vs. Replica (Outage 2)
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Figure 42. Hardness vs. Creep Replica Assessment Levéhjddutages 1 an¢b) Outages 2; hardness range
for Hot Reheat pipework fdic) Outages 1 andd) Outages 2.

It can be seen thahé application of a representative hardness based stress
model, that could account for the loading applied to an operational steam line and
importantly be amenable for update, by use of small specimen samptirajher data
such as obtained from pipe hanger adjustments and operational steam temperatures

and pressures would be advantageous.

3.3.2.3 Application ofdata in life assessment

In addition to the physical inspections described in the case study, periodic
asseswents of operating temperatures are undertaken as well to determine the creep
effective temperature. This provides a reference operating temperature, which is
subsequently compared against the design specification, which may of course
subsequently promptdgustments to the boiler operating parameters. This creep

effective operating temperature assessment however does not take into account the
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specific material condition and creep response under load, nor does it take into account
the imposed loading as rdéswf how the pipe system is supported and adjusted
throughout its operational lif&o, when faced with this type of data and findings from
periodic outage inspections a number of approaches are considered as the asset
approaches end of life. The benefitsd challenges associated with these options are
outlined inTable14.

Table 14. End of life options.

Options Benefits Challenges
Run Low capital Incur significant increase in outage
(No strategic investment scope and cost as the plant ages if
replacement operational risk is to be adequately
schemes planned managed.
Repair Remove perceived Conducting repairs on ageing
higher risk materials may not be straightforwar
components and wil invariably require additional
inspection and condition monitoring
Replace Replace and Very significant costs involved
(Complete effectively eliminate
system) the risk

In the safety case scenario described, the decision was made to replace the
completepipework system, but on the premise that the station had a relatively long
remaining life and the market revenue outlook was healthy. Subsequent to this
decision, another unit of similar age was faced with the same considerations 12 months
later. Howeverjn this case the market conditions had changed significantly, with
much lower revenue projections and earlier station closure date. It is no surprise that
for this unit the full pipework replacement was deferred and only limited (higher risk)
sections opipework were subsequently replaced. Operation of this unit until station

closure will incur increased outage inspection and condition monitoring.
3.3.3 Risk management

Ongoing risk management is heavily reliant on a proactive response to the
findings from stattory outage inspections. Ideally and arising problems are dealt with
(repaired or replaced) during the outage, hence reducing the risk over the next
operational period. However, this is not a cost effective approach and it is notable that

as the plant agethere is a very significant increase in the scope and cost of site
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inspections during an outage. THescribed ase stuiks on parent CMV material
represents only a small proportion of th
systemsBecause of t potentially serious consequences arising from the failure of a

high temperature pressure system, all operating stations take a cautious approach and
will, in the absence of more quantitative assessment methods, continue to implement
repairreplace optios. This approach is commercially tolerable if the revenues are
healthy, however recent market forces in the UK has significantly reduced available
revenues and stations are having to reassess operating risks and seek opportunities that

can reduce the renmang life cost, whilst maintaining adequate risk management.

It is useful to put the current inspection and assessment approach into context.
Figure43illustrates the increase in the volume of outage metallungispéctions that
arise as a plant appr oachgued43dandisbasedon of |
the actual volume of inspections on plant obtained from a review of outage reports
The preceding statutoryut ages ar e s pledc;2 Geficteandd each of poi n't
these operating periods are typically of 4 year duration, equating to circa 20,000 hours
operation. The end of I|ife outage O6to6 re
outage 2. lis not inconceivable to consider a t+1 period of heavily monitored life
extension whereby the increase in site metallurgical inspections would significantly

exceed the endpoint illustratedfigure43.

1
=
e
£ /
§ 0.8
£
P
]
'_8 ° 0.6
.En E
53
£ 704
=
-
2
T 02
£ —
S
S ——__—____’_/

0

t5 t4 t4 t3 t2 t1 t

Inspection Period

Figure 43. Normalised metallurgical inspection volume against outage period.
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From a risk management perspective there is currently a heavy reliance on the
intelligence gathered from such invasive metallurgical inspecttogste44 provides
an overview of how this manifests itself in terms of decision making and informing

the asset owner on risk and mitigation options.

Condition Assessment

From sister units, other

plants, lead units

Business Perspective

Risk Appetite

Regulations

Review Market Conditions

Outage Metallurgical

Assessments

Station Risk Review
Qutage Reporting c
: Next operational cycle
Off-Load (Outage) s Brie Return to Service p. ] ¥
N = = Residual life
NDT (Macro Defects, Findings
= remaining
Geometry), Hardness, Creep Competent Person
Replica. Pipe Hanger Surveys,
Strain (Passive), Material
Ongoing Revision, Informs
Composition
Operational Duty
Inspection Planning
Statutory Outage Plant Replacement, Repair
Scheduled Strategy
QOutage Transition Business as usual

Figure 44. Current risk management process.
3.4  CONCLUSIONS

The framework for applying high temperature plant condition assessment
provided inFigure35 emphasizes the need to correlate the data acquired during off
load monitoring, such as hardness, with creep datajnaal, for instance, by use of
miniature creep test specimens, in order to develop a more proactive method for life
management. The important point to note is there is an opportunity to deploy targeted
hardness testing, supported by an improved life assa® model as described in this
Chapter It is useful to reflect on the graphical illustratiorFigure43, which is based
on current practice and the significant increase in the extent of invasive inspestions a
a plant ages in servicAn approach for the implementation of surface hardness in the

Liu and Murakami damage model has been illustrated. Currently the only approach in
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common use to predict the rate of creep life consumption is via the calculatfan of t

creep effective temperature. However this has been sts@ealsoChapter2, section

2.2.4.9 to have several limitations and can realistically only be considenecbvide

information complementary to that acquired during the invasive outage inspections,
which increase in scope as the plant ages, as illustratggure43. Use of routinely

acquired hardness data in adne | such as Liu and Murakanm
scope to assess the effect of the rate of change in hardness and predict the likely impact

of this for future operation and ultimately influencing the scope of future outage

inspections.
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4 INVESTIGATION ON THE CAPABILITY OF IMPRESSION CREEP TEST

4.1 INTRODUCTION

Chapter3 highlighted the need of a new holistic assessment approach that
integrates normally acquired industry data wiithtobtained by small specimen cpee
tests. Therefore, Chaptgmill focus on demonstratingow those data could be used
in a real situation by investigating the creep damage evolution ofsereixce CrMoV
pipe section by means of both tradital techniques and impression creep testing
method.The objective of this Chapter is thereforeassess the capability of data
conversion of impression creep ta§iT).

As mentioned irfChapter2, the referene stress method is used to convert small
specimen creep testing data to the corresponding uniaxialinldeam of minimum
creep strain ratehrough two conversion parameteggndb. The present section will
investigate some aspects that may influence the accuracyd#ttheonversiarfirst,
impression creep test data, obtained from P91, P92 and %CrMoV steels at different
stresses and temperatures, will be presenttdtheir correlation with uniaxial data
Then consequences of possible geometry inaccuriacts position of the indenter
will be investigatedand, finally, some general comments on the conversion

relationships will be provided.

4.2 COMPARISON OF UNIAXIA L CREEP AND IMPRESSION CREEP TEST DATA

OUTPUT

Several uniaxial creep and impression creep vestscarried out for a number
of power plant materialsie. P91, P92 and 1/2CrMoV steels) the range of
temperaturebetweerb75and650 °C,with stressesangingfrom 90 to 200 MPa. The
values of the parameters used to convert the displacement rates obtained by impression
creep tests to the corresponding uniaxial minimum creep strain rates are 0.43 and 2.18

for d andb, respectively.

Figure45 (a) shows impression deformations with time at different reference
stresses and at 600 °C obtained for P91 steel and “2CrMoV steelFghite45 (b)
presents a comparison between the minimueegrstrain data obtained by uniaxial
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creep tests and the converted MSR data obtained by impression creep tests for the

same materials.
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Figure 45. (a) Impression deformations with time at different reference stresses and 606 (16} aminimum
creep strain rate data at 600 °C, obtained for P91 steel and %2CrMoV steel.

Figure 46 (a) shows impression deformations with time at different reference
stresses and at 575 °C obtained for a cast Y2€r8fieel, whileFigure 46 (b) presents
a comparison between the minimum creep strain data obtained by uniaxial creep tests

and the converted MSR data obtained by impression creep tests for the same materials.
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Figure 46. (a) Impression deformations with time at different reference stresses and 575 (16} argimum
creep strain rate data at 575 °C, obtained for a cast %2CrMoV steel.

Figure47 (a) shavs impression deformations with time at different reference
stresses and at 650 °C obtained for P91 Bar257/KA1200 and P92 steels;igurie
47 (b) compares the minimum creep strain data obtained by uniaxigl tless with

the converted MSR data obtained by impression creep tests for the same materials.
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Converted MSRs from impression creep test presented so far show good agreement
with the corresponding uniaxial data. The deformation versus time curve reltied to
specimen of P91 Bar257/KA1200 tested at 70 MPa shows a drastic increment in
displacement at about 100 hrs. This behaviour igsent&ely related to a possible
slipping of the extensometer thantemperature variations within the furnace and
laboratoy because the MSR in the secondary state before 100 hrs is thasthme

MSR after 100 hrs.
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Figure 47. (a) Impression deformations with time at different reference stresses and 650 (16} ariimum
creep strain rate data &@®°C, obtained for P92 steel and P91 Bar257/KA1200 steel.

4.3 EFFECT OF MISALIGNMEN T OF THE ICT INDENTER

During an impression creep test, the indenter should alwaysetiectly
alignedwith the specimeniVhen the tester machine is set up for the test, itmappen
thatthelongitudinal plane of symmetry of thedenteris rotatad by an angled, with
respect to th&z-planearound the veical direction y, as shown ifrigure48. In such
acasethe contact are#\;, between the indenter and thigecimerwill depend on the
cosine of thal angle,and, in particular, will increassith increasingi In fact, since
the indenter is generally | onger tdan t he
bigger region oftie specimen is in contact withThe new contact region is no longer
thatcovered by a rectangle of arBa= bd, but by a parallelogram of sidesandd'
and of areaA': = b'd, where the width of the indented, is the height of the
parallelogramasshown inFigure48. b’ andA'c aregiven in equatios(77) and (78),
respectively
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By substituting equatior{78) in equation(53) and then in equatiorf57) (both
presented in Chapt®), therate of the indenter vertical displacemantthe steady
stateregion of the tess given by equatiofi79).
O 0 - 6 QIATI O (79)

®Q
The ratio betweer 7 and3z | T Jisa functionf ( {9 fnandn and is

obtainedby equation(80).

Q
g(
>
O

(80)
&1 M S 801

Whent is small, the ratio betweexn | and3 1 Jbecomeglose to unityas
shown inFigure 49. From an engineering point of view, it is very unlikely that
rotations of the indenter bigger thahag@curduring the test~or a P91 steel at 65C,
n = 8.462 and theercent error in MSRs between the idaet (0°) andtheworst i =

3°) situation is 1.2%.

The accuracy of the converted MSR depends-on(see equatiorf55) of
Chapter2), thus, angles bigger than 0° can lead to converted MSR d@habt be
compared to the corresponding uniaxial data because the conversion relationships are
based on the ideal hypothesis @©f= 0°. Nonetheless, errordue to indenter

misalignment of up t@° can still be accepted from an engineering point of view.
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4.4 GENERAL COMMENTS ON ICT CONVERSION PARAMETER S

The accuacy of the reference stress paramegendDb, plays a critical role
in converting creep deformation rates obtained by impression creep tests to the
corresponding minimum creep strain ratgsand b are senisive to the specimen
dimension ratiogseeFigure 23 (a) andFigure 23 (b) in Chapter2), thus, care in
cal cul ating their valstareae ma s tl leshasccaite@h k e n
An important aspect to be noted is that the material constdapends on the test
temperatureand stress rangelherefore, since the conversion parameters do not
depend om, they do not depend on the test temperature either. This allowscdson
of a large number of creep data of different materials tested at different temperatures
by using the same values fpandb.

Data provided in Sectiof.2 show that converted minimum creep strain rates
are, in general, in good agreement with the corresponding uniaxial creep test data. On
occasion, the converted impression MSRs could vary by a factor of up to 10 time
different from the corresponding uniaxial minimum creep strain rates. Causes of this
arelikely to be partly related to the factors beyond the conversion relationships. For
example if the indenter is misaligned with respect to the sample, using the reference
stress parameters, which are derived from the idealised conditionstiltagive
aacurate resultgthe maximum estimated error is 1.2%)xperimental evidence of
data collected so far, in fact, indicates the reliability of the conversion relationships,
even though a standard procedure for impression creep test and further improvements
are still needed. In particular, the conversion parameters are determined without
considering the geometry changes due to the indentation deformation during the test.
Althoughrelativelysmall deformationmay beinvolved during impression creep test,
the indentation depth is not constant and it differs from zero after a certain time. This
may have a noticeable effect on the conversion param@tedstherefore on the
reference stressihen the impression creep deformation is relatively large, and
consequenyl requires furthecompensation

Figure50 shows the microstructure of a 316LN stainless steel sample near the
contact area with the indenter, where three regions can be ideftifi@dThe grains
in the first region, indicated as 1kigure50, that is the closest to the indentare not
significantly distorted, due to the hydrostatic stress fiéld73. On the contrary, the
grains in the second zone, indicated as Zrigure 50, are stretched by shear
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deformation, whilehe grains in the third region, indicated as Figure50, that is

the farthest from the indenter, do not show any distortion, meaning that their shape is
not affected by the test loading conditigiis173]. Although it can be concluded that
plastic deformation occurs in the specimen areas only in the vicinity of the indenter
[7, 173, elastieplasticcreep FE analysis could give reasonably accurate results in
establishing the conversion pareters with respect to the elastieep FE analysis
performed so far. In fact, the conversion parameters highly depend on the accuracy of
the creep deformation rate in the steady state, especially if the applied load is high

enoughto induce relatively lage deformation in the indentation area.

Indenter
location

Figure 50. Microstructure of a 316LN stainless steel sample near the contact area with the indenter, adapted from
ref.[173.

As an examplefigure51 shows the contour plot of the shear component of
the creep strain tensor in an ICT speciraER91 steelpbtained by an elastiglastic
creep FE analysis &50°C, where regions 1, 2, and 3 described above can be easily
recognisedand the rotation of the grains in region 2 can be obseiMael plastic
properties of the P91 steel used for the analysis vmereame used by Cortellino et
al. inref.[114f or t he same material ; tidkenftomnds m;
ref.[174]. In the2D FE model,the indenter and the support plamere modelled as
rigid bodies, while the specimen was modelled as a deformable Addgtionless
contact formulation was used to model the interaction between the indenter and the
specimen and a Lagrangian contact formulatias usedor the interaction between
the speimen and the support plari@uadratic plae strain elements (CPH&7]) were
used for the gecimen meshing. A mesh convengestudy led to refine thenesh in
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thearea of the specimen underneath the indenter with elements of B13BEsize.

The support plane was constrained in rotation and in translation in both vantitcal
horizontal directions. Since only half of the specimen ahdhe indenter were
modelled, the axis of symmetry was constrained in translation in the horizontal
direction. The indenter was also constrained in translation in the vertical direction.

Indenter
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Figure 51. Shear component of the creep strain tensonif€a specimerof P91 steelpbtained by an elastic
plasticcreep FE analysis at 65G.

4.5 CONCLUSIONS

In conclusion, impression creep testing technique is easy to perforrmteasd i
shown to be reliable in providing secondary creep properties, e.g. converted minimum
creep strain rate. Creep data acquired by means of impression creep tests could be
useful in a life assessment model for power plant components. Collection alaitese
from the serviceaged structures in power plant companies can be a major concern for
the utilities that, generally, in order to perform conventional uniaxial creep tests, have
to remove a large volume of material from out of service components, thieicineed
to be weld repaired, resulting in potentially large costs for the power plant. Although
a standard procedure still does not exist, a way forward to overcome these problems
and take away only a small amount of material frorearvice componentald be
considering impression creep testing technique as a valuable candidate to, in part,

substitute traditional creep tests.
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5 INVESTIGATION ON THE CREEP DAMAGE EVOLUTI ON OF AN EX-
SERVICE CRMOV PIPE SECTION THROUGH IMPRESSION CREEP
TEST AND METALLURGICAL INSPECTION DATA

51 INTRODUCTION

In order to assess repair ranking and replacement strategies of power plant
components, which are commonly operating far beyond their designed life, power
plant utilities generally carry out eftad and ordoad monitoring. Coventional off
load monitoring can comprise passive strain measurement, material composition
checks, surface creep replicas and surface hardness data at room temperature. Pipe
hanger movement measurements, which are taken when the system isshoti¢e
at full load) and cold, are also required periodically. These are used to remedy potential
problems due to imposed mechanical loads when the piping system is returned to
service and operating at full load and temperature over the next operational period
[20]. However, this infanation is not used as an input into a predictive creep life
assessment of the piping system. Passive strain measurements are regularly recorded
during an outage on a limited number of components such as main steam lines and
selected steam headers, howetliel are only used as indicators of accumulated creep
strain and creep strain rate due to measurement uncefihtgurface creep replicas
are generally targeted at welds and help in locating possible creep voids per square
mm and potentially creep void alignment and evideotenicro-cracking in key
locations such as the heat affected zone, but cannot be used in a predictive creep
damage moddl20]. Surface hardness data obtained at room temperature during an
outage overhaul are not specifically used in a predictive life assessment model.
Decisionson repair or return to service that use hardness data is typically based on an
assessment of the rate of change in hardness and experiential knd@@dgdnich
is invariably complemented by scrutiny of the results from adjacent surface replicas.
When a large amount of materialavailable (for example if a pipe spool is removed
to enable installation of a new weld), uniaxial creep tests can be carried out to collect

the material creep properties.

On-load monitoring comprises routinely recording of steam temperature and
pressue data at selected key points in the process system, in order to evaluate the
Creep Effective Temperature (CET), defined as the average temperature at which all

of the creep damage can be equatgd@@. The calculation of the creep rupture life
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by means of CET gives a value ofeep rupture life that depends on stress and
temperature. This method can give the reduction in creep rupture life of the component
due to variation in temperature or stress; however the analytical sensitivity to modest
increases in operating conditionsikes planning the scope of subsequent outages or
replacement exercises, based on this information, fraught with uncertainty, which can

lead to possible premature replacement of large sections of pipE@rk

It is clear that the current approach for the evaluation of life copgan is
based on experiential knowledge and on a limited use of analytical methods. This
holistic condition assessment process is based on the descritbeddofind orload
condition monitoring methods, but does not include the proactive use of pretifeti
assessments beyond the next major statutory outage, and does not seek to integrate the
various disparate data sets obtained from the plant outage doddomonitoring.
Miniature specimen creep testing technigues could be successfully usedrtaggbthe
the currently used condition assessment methods in order to provide a more predictive
life assessment approaf?0]. As opposed to the conventional uniaxial creep tests,
miniature creep testing techniques require only a small volume of material to machine
the specimen anchn be successfully used to collect creep properties of critical regions
of power plant components, including, for examples, welds with heat affected zones
and around pipe bends. Moreover, miniature creep testing techniques can be treated
as quasnoninvasive methods and do not require weld repair when samples are
carefully removed (scooped) from$ervice components as long as, for example, the
maximum excavation depth does not exceed 10% of the wall thickness of the main
steam pipg83-85]. The location selected for the removal of the material requires
careful consideration of past inspection findings and may require some level of re

inspection at subsequent outages.

The aim of this work is to compare the capability of the different techniques
by characterising the through thickness behaviour dbgearaged CrMoV pipe
section by means of conventional and unconventional testing methods. In particular,
among the convdional methods, surface replicas and surface hardness data will be
considered. For unconventional testing method a miniature creep testing technique,
such as impression creep test, will be used to assess the creep properties of the material
through the tltkness of the pipe sectidi04, 116 136, 175. Through thickness
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hardness data could also be potentially related to minimum creep strain rate data
obtained by means of impression creep tests, which is explored in this study. In
addition, examinations afther aged esservice CrMoV pipe material is discussed and
conclusions are drawn with reference to the detailed examination 46-ffearaged

CrMoV pipe section.
5.2  EXPERIMENTAL WORK
5.2.1 Tested naterial

The tested material was removed from service in 2014, iaft@l installation
in 1968. It is a plain, lovalloy steel CrMoV pipe section that also contains a weld,
with a site reference designation BW61. The plain pipe material section, containing
weld BW61, was removed from main steam leg B1, with the paositdicated in
Figure52 and the orientation illustrated Figure53, where the dotted lines represent
the pipe section upstream the pipe section studied inetbésmrchHence, the straight

piece of material removed just upstream of a 9@ertical bend.

The material specimen was removed from service in 2014 for examination to
help support limited continued operation of other operating units until a full pipework
replacement could be undertaken. At the time of removal, the pipe section had

undergone 271,770 hours and 2739 unit starts.

Section5.2.2 provides further details on prior-gervice examinations and

operating higtry.
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and C.
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5.2.2 Operating history and prior examinations

Section5.2.1describes the position of the section in main steam leg B1 and
age orremoval. The last iservice inspection was undertaken in 2009, with a service
duty of 242,773 hours and 2522 unit stafitke pipe was subjected to an internal

pressure of 168 bar.

Table 15 provides the metallurgal parent material assessments undertaken
during the 2009 outage for the material specimen and a selection of adjacent pipe
sections both upstream and downstrearfignre52 andFigure53, location SBW13
BW61 adjacent to weld SBW13 is indicated with A, location SBYBY261 adjacent
to weld BW61 is indicated with B and location BWBWG62 tangent position,
downstream of weld BW61, is indicated with C.

Table 15. Outage parent material metallurgical assessment in 2009.

Pipe section Details of position | Surface creep | Hardness
location on leg B1| in relation to the replica (HV)
(Ref Figure X1) pipe weld assessment
BW59-SBW13 Adjacent to weld Isolated 135
SBW13
SBW13BW61 Adjacent to weld | Low orientated 139
(Position Ain SBW13
Figure53)
SBW13BW61 Adjacent to weld Isolated 141
(Position B in BW61
Figure53)
BW61-BW62 Tangent position, Clear 139
(Position C in downstream of
Figure53) weld BW61
BW61-BW62 Bend extrados Very isolated 131
BW61-BW62 Tangent position, Clear 143
upstream of weld
BW62
BW62-BW63 Adjacent to weld Clear 136
BW62
BW62-BW63 Adjacentto weld | Very isolated 133
BW63

For convenience the creep cavity count assessment level criteria used in this

study is defined iTable16[20Q].
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Table 16. Creep replica assessment level

Replica Definition Creep Cavities
Assessment per mm?
Level
1 Clear 0
2 Very Isolated 1-10
3 Isolated 10-50
4 Low Orientated 50-250
Orientated
5 (Including High 250500
Orientated)
Grouped 500-1000
7 Aligned 1000-1500

The notable observatiofiom the weld surface replica examinations for those

welds identified inTablel15is as follows:

Weld BW58: Low orientated creep damage,
Weld BW61: High orientated creep damage, and
1 Weld BW62: Low orientated creefamage.

Hence, the condition of the parent material adjacent to weld BW61 is of
interest, considering the creep replica assessment of the weld that reports high

orientated creep damage.

The adjacent straight section immediately upstream of BW61, to incleide
SBW13 (sed-igure52), was also removed in 2014 and subjected to a through section
creep replica assessment. The parent material condition at a position 100 mm
downstream of weld SBW13 (near position ARigure53) was obtained from the
surface and depths below the outer surface at 1 mm, 5 mm and subsequent intervals
of 5 mm. The surface replica revealed a creep cavity count of 50 cavitieésithrall
the other depth showing a zero cavity count, apart from a measurement of 7

cavities/mm, at a depth of 35 mm.

Periodic assessments of the operating conditions are undertaken at various
stages in life, typically this involves obtaining a-smonth block of steam tempeuae
and pressure data and computing the creep effective temperature (CET), which is

explained in detail ifi20]. For leg B1, the design temperature is 56&nd the most
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recent CET estimates for this leg were 564n 2005/2006 (operating duty 215,866
hours and 2295 unit stajtand 559C in 2010.

Diametral strain measurements are also periodically carried out at various
strategic locations on the pipe system, usually targeting circa three locations on the
pipe system, towards the top at the boiler outlet, agadion positin and finally one
towards the high pressure steam chests. These measurements, taken with a site
micrometer over creep pips installed on the outer diameter, can be prone to
inconsistency and errg0]. Various main steam diametral measurements on main
steam leg B1 have been tak&ince first unit operation in 1968; these are reproduced
for completeness iffable17. On this leg there are four creep pips installed at each
pipe position, hence measurements are taken using the two pai@nddtrically
opposing creep pips.
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Table 17. Steam leg B1 historical pipe diametral measurements.

Position | Diametral Diameter (mm)
on pipe | position 1968 1995 1999 2005 2009
system (0] (163,064| (183040 | (215,866| (242,773
(Level in hours) | hours) | hours) hours) hours)
feet above
ground)
42 ft Pair 1 356.44 | 356.62 | 356.69 | 356.22
(Vertical Pair 2 358.34 | 358.42 | 357.71 | 358.88
pipe Average 357.39 | 357.52 | 357.20 | 358.05
section)
104 ft Pair1 | 360.07| 360.25 | 360.43 | 360.78 | 360.34

(Vertical Pair2 | 360.55| 360.71 | 360.88 | 360.97 | 360.74
pipe Average | 360.31| 360.48 | 360.66 | 360.88 | 360.54

section)
142 ft Pairl | 357.71 361.59
(Vertical Pair 2 | 357.45 352.76
pipe Average | 357.58 357.17
section)
Pair 1 358.37 | 356.01 | 358.44
Pair 2 357.00 | 356.72 | 356.80
164 ft Average 357.68 | 356.36 | 357.62
(Horizontal| New Pair 356.01 356.89
pipe 1
section) | New Pair 356.72 356.72
2
New Pair 356.36 356.80
Average

The inconsistencies are evident from inspection of the periodic demet
measurements ihablel7, which in some instances show decreasing strain levels over
time. Typically, the approach to confirm the acceptability of measurements is to focus
on those which show a successive dadgible increase in diameter. The dat@able
17 are notable for their inconsistency across the four different pipe measurement
positions. However, the finew pairo measut
of plausibility and are also relatively close to the position of weld B63. For this data,
taking the worst case two successive mea:
a strain rate over the period 1999 to 2009 (59,733 hours) of 4.28x410This
subsequently can be converted to a minimum creep life of ~ 310,000 hours. Other
reviews[20] describe case studies with similar diametral measurements, along with

the shortfalls.
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In summary, sections of parent pipework adjacent to welds showing relatively
high levels of creg damage from outage inspections were selected for removal from
the operating unit in 2009. The purpose of this was to assess the condition of the parent
material by examination of the through thickness distribution of creep cavities and
hence underpin opation of other units, until their pipe systems can be replaced. The
limited examination of through thickness creep cavity distribution through the parent
material, adjacent to weld SBW13 and upstream of the specimen examined in this
study, showed only stace cavitation of any note.

The available information on operating conditions and prior inspection history
related to the specimen examined in this study indicates an advanced age at 271,770
hours, but with some indicators of adherence to design apgramits due to
historical CET studies. It is noted that based on very limited diametral strain
measurements that the parent material may be > 85% creep life consumed (based on

minimum creep properties).

Hence, the laboratory examination and testing efdblected section (weld
BW61 and parent material indicated with B and Gigure53) is necessary, which
aims to further assess the condition of the material status with a variety of techniques,
to seek any redtic correlations, and to make practical recommendations on the use

of the techniques on service aged materials.

5.2.3 Test program

The parent material composition, in wt%, is reportedable 18 and it has
been takenrbm the outer surface of the BW61 pipe section. This study only concerns
the pipe section parent material. The test program aims to characterize the material
behaviour through the thickness of the pipe and by the collection of room temperature
data, such hardness, surface replicas, and high temperature data from impression
creep tests (ICTs). The impression creep tests have been carried out at a temperature
of 575 °C, at three reference stresses of 110, 130 and 150 MPa.
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Table 18. Material composition in wt% of the tested material.

C Si Mn P S Cr Mo Ni
0.176 0.330 0.580 0.0186 0.0266 0.388 0.578 0.103
Al Co Cu Nb Ti \Y W Pb

0.0959 0.012 0.1660 <0.005 0.0059 0.381 0.124 <0.050

Figure 54 (a) shows a schematic representation of the selected pipe section
(weld BW61 and parent material indicated with B and €igure53) from which the
test samples have been machined Rigdire 54 (b) shows the pipe section and the
location of weld and ICT specimens (deéigure 53 for the section and steam flow
orientation during service).

Outer

: «—— surface

Weld
location

Direction of
steam flow

ICT

>
' _ specimen
: locations

e £.30..]
gj.m-ﬁﬂ-vs %:

CRAORA R

‘6.Q!|>

Inner
surface

@ (®)

Figure 54. (a) Schemic representation of the pipe section from which the test samples have been machined
(dimensions in mm), and (b) the pipe section and location of weld and impression creep test specimens.

5.2.4 Microstructure

For the microstructure investigation of the as nesegi material, four
specimens, T1, T2, T3 and T4 (from the outer to inner surface), have been machined
through the thickness of the pipe section and away from the weld as far as possible.

The samples dimensions are 10x10x2.5 mAigure55 shows the specimens and the
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radial,r, and axiala, directions of the pipe section. Optical micrographs and SEM
images have been taken from the centre of each sample and are showed and descripted
in Section5.3.1

Outer surface

Inner surface

Figure 55. Specimens used for the microstructural investigation and the ngdialj axial, a, directions of the
pipe section.

5.2.5 Hardnessand replica
5.2.5.1 Hardness tests

Hardness tests were carried out gltie length of a slice, similar to that shown
in Figure54 (b), of 200 mm length along both the inner and the outer surfaces in five
different positions. As a general rule for obtaining a successful hardnessexedne
indentation must be carried out at a distance of at least 3 or 4 times the length of the
i ndent ati on [87 %0jg Ttherefdre, iff arder tceassure enough distance
among the indntations and between indentations and borders, only four
measurements had to be considered for each position. The tester machine used for the
tests was a Vicker8rmstrongs HTM 2000 and the load used was 20 kgf.

Micro-hardness tests have been carriecbouhe specimens T1 to T4 in order
to assess a potential variation in hardness through the thickness of the pipaxial the
direction 20 measurements were taken, while in the radial direction only 10
measurements were taken as the scatter in data wasfithe order of 120 HV).
The tester machine used for the tests was a Buehler@dliDand the load used was
0.5 kgf.
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5.2.5.2 Surface replicafor creep cavity count

The replicas were assessed for cavitation levels using an optical microscope at a
magnification of 500x. As shown ifrigure56, wherer anda indicate the radial and

the axial directions of the pipe, respectively, assessments were taken at four different
positions along the hoop direction on the slice ofemal: two positions in the parent
material (location | and 1V ifrigure56), one through the centre of the weld (location

Il in Figure56), and one coincident with the pg IV region of the HAZ (location Il

in Figure 56). Cavity count assessments were carried out starting from the outer
surface of the pipe fully through wall in the radial direction &t & m intervals,

resulting n a through wall cavity profile (10 readings in total for each position along

the hoop direction). For parent and weld material assessment, two readings were
recorded as APeako, that is the maxi mum
Vi ew, &kmgd ofiBa o, t hat is the average num
number of fields. These readings were then converted into a reading of cavifies/mm

In the Type IV region only peak values were considered.

r Outer surface

LG TAPRIGHICHAY A SERERE WAl
.

Weld 250 mm Inner surface

Figure 56. Position ofreplicas.

5.2.6 Impression creep test

For this work, impression creep test specimens have been machined through
the thickness of the pipe section according-igure 54 (a) andFigure 54 (b). A
summary of the test program is collatedlable 19. All of the specimens have been
tested at 575 °C.
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Table 19. Impression creep test program.

Sample| Position through the thickness (centre of the | Reference stress
specimen) from the inner bore in MPa
110
1 20 mm 130
150
2 34.3 mm 110
130
110
3 49.6 mm 130
150

5.3 CHARACTERISATION OF T HE PIPE SECTION MATE RIAL

5.3.1 Microstructure investigation

The optical micrographs presentedHigure57 (a) toFigure57 (d) show the
microstructure of the specimens T1 to Hg(re55). From this optical investigation,
significant differences in the metallurgy among the samples cannot be revealed, but it
is possible to note a progressive increase in the grain size from the outer to the inner
surface. This can be due to both manufacturing arsgtlivice creep. The hoop stses
varies through the wall of the pipe due to internal pressure loading being maximum in
the inner surface, and on some pipe sections, pipe system bending loads may also act
to increase this through section stress gradient. SEM images of the specimes T1, T
and T4 were also taken and they are illustrate&igure 58 to Figure 60. Grain
boundary precipitate has been found in all of the specimens, as sheigareb8 (a)
to Figure58 (d) and inFigure60 (a). A small number of cavities was only observed
in the T1 sample (sdéigure59 (a) andFigure59 (b)), while some inclusions were
found in all of the analysed specimens (§&gure 58 (e) andFigure 58 (f)). The
detachment of the grain boundary from the matrix, showEdjure59 (a) andrigure
59 (b), is mostly due to creep, while the inclusions pme=e inFigure 58 (e) and

Figure58 (f) are considered due to manufacturing.
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(a) (®)
© (d

Figure 57. Optical micrographs of specime@) T1, (b) T2, (c) T3 and (d) T4.
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Figure 58. SEM images of specimeia) T1 and(b) T4; details of the grain boundary precipitate of specimens
(c) T1, (d) T4; inclusion in specimen®) T1 and(f) T4.

126



' .

20kv  X1,000 10upm 10 50 SEI 20kV  X4,000 S5um 10 50 SEI

Figure 59. (a) SEM imaye of a cavity in specimen T1 aftg) detail of the cavity.

A submicron precipitate phase in the matrix of sample T2 and a rather coarse
grain boundary precipitate, which might be an alloy carbide, have also been found, as
shown inFigure60 (a). The spectrum of the chemical composition of such precipitate
is shown inFigure60 (b) and reported iffable 20 for clarity. The concenttan of
heavy metals, excluding iron, results in 28.75%, which is higher than the 3%
precipitates found in the outer surface of the pipe sectionl@ae 18). This means
that the matrix surrounding the grain bdany precipitate is weaker than the matrix
in the outer surface as, due to creep, it has lost most of the elements commonly used
to strength a 0.5CrMoV material because of their migration to the grain boundary.
However, this characteristic grain boundarggpitate was rarely observed in the
analysed specimens.

Full Scale 628 cts Cursor: 0.000 keV|

10pm Electron Image 1

(@ (b)

Figure 60. (a) SEM image of precipitate ar(t) spectrum of the chemical composition of precipitate in
specimen T2.
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Table 20. Chemical compositionf precipitate in specimen T2.

Element | Weight% | Atomic%
®) 2.25 7.73
Cr 8.56 9.06
Mn 8.40 8.42
Fe 69.01 68.03
Mo 11.79 6.76
Total 100.00 100.00

The microstructural analysis has not revealed any acute signs of material
damage through the sectiorf the pipe. The prior 2009 igervice condition
assessment ifable 15 identified surface creep cavitation on this particular pipe
section and adjacent downstream and upstream positions, albeit at relatively low
levels. Subsequent examination of the creep gahgtribution is discussed iregtion
5.4and reveals this to be a surface effect, with little evidence of creep cavity formation
through the pipe thickness.

54 HARDNESS AND REPLICA INVE STIGATION

Macro hardness values along the length of the pipe were found to be consistent
in both the inner and the outer surfaces and are here plo&eguine61 (a) andrigure
61 (b), respectively. Standard deviation, mean, maximum and minimum values of the
hardness data for each position are collat&dlie2l. Very large scatter in hardness
data at the welgosition was observed, meaning that those data cannot be used in a
predictive lifing model. This very large scatter in the readings in the weld are unusual

based on macro hardness sampling of other similar weldijriéhts
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Figure 61. Hardness values aig the length of the pipe section on faginner andb) outer surfaces.

Table 21. Standard deviation, mean, maximum and minimum values of the hardness data.

Inner Surface
Mean (HV) Std (HV) Min (HV) Max (HV)

3 mm 153.75 2.17 150.6 155.4
50 mm 150.43 1.76 148.6 152.3
97 mm 194.45 29.14 168 221.10
144 mm 152.73 3.85 148.20 157.60
191 mm 152.70 2.69 151.10 156.70

Outer Surface

3 mm 151.08 2.08 149.40 154.10
50 mm 152.73 2.75 150.70 156.70
97 mm 185.05 9.85 177.30 198.30
144 mm 194.45 8.81 182.80 203.50
191 mm 157.18 3.20 154.50 161.70

Table 22 shows the results of the cavitation assessment. The levels of
cavitation in the Type IV region peaked at 240 cavs7aima distance of Bim below
the outer surface of the pipe which is typical of that generally seen in service
(cavitation usually initiates just below the weld capping bead at a dept3 ofir@
below the pipe outer surface). A cavitation level of 240 cavsisrelatively bw and
could be managed in service with scheduled inspections before repair would be
required.

The midweld position showed relatively low levels of cavitation close to the
outer surface, in reality it is difficult to distinguish between reheat cavitatnoh

genuine creep cavitation at these levels.
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The levels of parent cavitation were much higher at position | when compared
to position IV. It is also notable that the levels were consistent throughout the wall of
the section, usually it would be expectedttthe levels would be higher at the outer
surface of the pipe.

With reference td'able 16, creep cavity level was assessed as low orientated
for replicas |, 1, and Ill, and as isolated for replica IV, basechemtaximum cavity

count in positions 1 and 2.

Table 22. Creep cavity count (in cavs/nijrfrom the outer to the inner surfaces of the pipe section.

Replical | Replica ll Replicalll Replica IV
Through thickness| Parent Weld Typ Parent (10 mm Parent
position (mm) elV | from Type IV)
60 75 75 60 45 0
53 75 15 240 60 15
47 75 45 195 75 15
40 60 0 105 60 0
33 75 0 150 30 15
27 75 0 45 45 0
20 30 0 150 75 15
13 30 0 15 30 0
7 45 0 30 15 0
0 75 0 45 60 0

Replica | inTable22 best correlates with the-service inspection for location
B of Figure53, with creep cavity level assessed as isolateeb(lOavities). Replica
IV best correlate with the iservice inspection for location C. Theservice creep
replica assessments for locations A, B and C were captured in 2009, and in the period
until removal in 2014, the service duty accrued was an additional 28,997 hours. Hence,
based on the surface replicobtained in 2009T&ble 15) it is expected that replica
position IV will have lower absolute cavity counts than replica position I. It is
interesting that the intervening 28,997 hours of service has only iedréas creep
cavity assessment level at replica position | from isolated to low orientated. This has
been summarized iffable 23. The slow rate of parent deterioration observed by
replica assessment of the parerdtenial in positions B and C suggests that the

removal of parent material could be considered as premature.

Cauvities in the HAZ of the weld also resulted low orientated, but with a peak

of 240 cavs/mrhagainst a peak of 75 cavs/rfimthe parent material’his emphasises
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the need to use replicas on HAZ regions as a lead position on the weld (which is
already standard practice) and the potential benefits of more monitoring earlier in life
in order to prevent premature replacement of the parent materiabdnto reduce

the rate of damage accumulation and avoid the cost of pipework replacement, earlier
monitoring could be carried out by use of targeted miniature specimen testing. The use
of replica count is even more critical for other materials in widesissh as P91 steel,
because identifying creep cavities is more difficult and the rate of deterioration is
faster.

Table 23. Summary of replica evolution between inspections in 2009 and 2014.

Age Position A Position B | Position 10 mmfrom | Position C
(hrs) Type IV
242,773| Low orientated Isolated Unknown Clear
271,770, Unknown Low Low orientated Isolated
orientated

55 | MPRESSION CREEP TESTRESULTS

Figure62 presents the displacement versus tueves obtained by impression
creep tests carried out through the thickness of the pipe section (positions 1, 2 and 3
are illustrated irFigure54 (b)) at different stress levels at 576, as summarized in
Table 19. Figure 63 shows minimum creep strain rates against stress from the
i mpression creep tests and the | im=ear be:
8.3361 andB = 1.009x16? (stress in MPa and time in hours), which are in line with
those found from uniaxial creep tests of similar maté¢tiafl .
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Figure 62. Impression creep tests through the pipe thickness at different stresses and under a temperature of 575
°C.
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Figure 63. Minimum creep strain rate verssgess from impression creep tests at 75

5.6 GENERAL COMMENTS ON T HE THROUGH THICKNESS BEHAVIOUR

The through thickness behaviour of the pipe section is summarizégdure

64, where hardness, replica and cregpmdare plotted against the pipe radius. Only

132



parent material is considered. The malsandness values reported in the figure have
been obtained by averaging data along the pipe sectiorFigume61 (a) andFigure

61 (b) for the inner (r = 0 mm) and outer (r = 60 mm) surfaces, respectively. As shown
in Figure 64, it is not possible to establish a definitive correlation betweeof dtle

disparate data collected.
The through section behaviour revels the following:

1 Creep cavity distribution at replica positions | and Il are broadly similar (and
relatively consistent through section), reflect parent material regions relatively
closeto the main weld and HAZ which accumulates the greatest through
section creep cavity distribution. Replica position 1V, which is further
downstream from the weld, is as expected showing a consistent low or clear
response.

1 The hardness values through thrieks are again relatively consistent, which is
reflected in the impression creep MSR values taken at three different positions.

1 The impression creep MSR varies as expected in response to the applied stress.

In fact, at r = 0 mm and r = 60 mm and aweym the weld, the material is
harder and presents no cavities, confirming the theory that the presence of the weld
highly affects the creep behaviour of the pipe section. Confirmation of that also arise
from the microstructure investigation, carried oat away from the weld, which
showed very small creep damage through the thickness of the pipe section. From the
present study, there is evidence that the parent material at a distance equal or larger
than the weld length, including the heditected zonein the axial direction is not
affected anymore by the weld and could have been left in service until the next

inspection.
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Figure 64. Through thickness behaviour of the pipe section.

5.7 OTHER EX-SERVICE MATERIAL THR OUGH SECTION EXAMI NATIONS

Other, but more limited studies, on the through thickness extent of creep
cavitation on similar age and pedigree parent CrMoV materials has been undertaken.
The following summarises these results, with the implications discussed further in
Section5.9. These studies relate to two large conventional power plants (station A and
B) in operation in the UK, with original operation commencing in the 1958
period.

5.7.1 Station A: Unit 1: 2014

This refers to maisteam CMV specimens removed from steam legs Al and
A2 in 2014 after 268,827 hours and 4133 unit staréhle 24 shows the through
section creep cavity counts obtained for three locations. In this case bend SKEg3 on

Al is in a similar position in the pipe system as the tested material in this study (see
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Figure52). Straight section SM71 on leg A2 is further downstream and located in the

main vertical leg.

Table 24. Station A, Unit 1, 2014. Main steam pipe through thickness creep cavity distribution.

Depth below Creep cavity density (cavities/mm)
surface (mm) | Bend SM23, Bend SM23, Straight SM71,
Extrados Downstream Downstream
tangent position | tangent position
Surface 270 250 150
Replica
1 170 150 60
5 190 200 80
10 50 170 70
15 50 200 70
20 50 150 50
25 50 150 50
30 50 150 20
35 30 150 20
40 30 150 20
45 10 150 20
50 0 70 0
55 0 20 0
60 0 0 0

Sections SM23 and SM71 were last inspdcin service in 2009 (242,536
hours and 3552 unit starts)Table 25 provides a brief summary of the outage

metallurgical inspection results.
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Table 25. Station A, Unit 1. Main steam pip®@9 outage inspection results.

Pipe section location Surface creep Hardness (HV)
replica assessmen|
Leg A1:SM23 Bend tangen{ Low Orientated 120
upstream
Leg Al: SM23 Bend Low Orientated 127
Extrados
Leg Al: SM23 Bend tangen, High Orientated 114
downstream
Leg A2: Straight SM70 Low Orientated 140
(immediately upstream from
SM71)
Leg A2: Straight SM71 Isolated Not available
Leg A2: Straight SM72 Low Orientated Not available
(immediately downstream
from SM71)

Main steam line CET assessments have besplated regularly on this unit
over a number of years and both legs A1 and A2 have not shown any exceedance of

the 568C design temperature.
5.7.2 Station A: Unit 2: 2015

This refers to main steam CMV specimens removed from steam legs A2 and
Bl in 2015 after 28870 hours and 3875 unit start3able 26 shows the through
section creep cavity counts obtained for three locations. In this case bend SM155 on
steam leg A2 is located close to the high pressure steam chelstsend SM117 on
steam leg B1 in a similar position in the pipe system as the tested material in this study

(seeFigure52).
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Table 26. Station A, Unit 2, 2015. Main steam pipe through thegs creep cavity distribution

Depth below Creep cavity density (cavities/mr)
surface (mm) | Bend SM155, | Bend SM155, Bend SM117,
Upstream Downstream Extrados
tangent tangent
position position

Surface 0 0 300

Replica
1 0 7 118
5 0 0 33
10 7 0 20
15 0 0 20
20 0 0 13
25 0 0 13
30 0 0 20
35 0 0 20
40 0 0 7
45 0 0 13
50 0 0 0
55 0 0 0
60 0 0 0

For these pipe sections the most recent inspections on bend SM155 in 2007
(238,698 hours and 3203 unit starts) was clear, however the bend immediately
downstream (SM158) showed aligned creep cavitation on the bend extradbalieee

16), with a hardness (HV) of 130, and was subsequently replaced.

Bend SM117 was inspected in both 2007 and 2009 (251,936 hours and 360
unit starts) and revealed very isolated ($able 16) levels of creep cavitation and a
surface hardness (HV) of 127.

5.7.3 Station B: Unit 1: 2015

This refers to main steam CMV specimens removed from steam legs Al and
B2 in 2015 after 261,215 hours and 3300 unit staftable 27 shows the through
section creep cavity counts obtained for three locations. In this case berB\B\W6
on steam leg A1 and two consecutive straiglatisas on steam leg B2 are all in a

similar position in the pipe system as the tested material in this studyigsee52).
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Table 27. Station B, Unit 1, 2015. Main steam pipe throughkthéss creep cavity distribution

Depth below Creep cavity density (cavities/mr)
surface (mm) Bend BW6- Straight Straight
BW?7, BW35-SBW7, | SBW7-BW37,
Extrados Adjacent to Adjacent to

weld SBW7 weld SBW7
Surface Replica 25 25 25
1 7 20 7
5 0 13 0
10 0 7 0
15 0 0 0
20 0 0 0
25 0 0 0
30 7 0 0
35 0 0 0
40 0 0 0
45 0 0 0
50 0 0 0
55 0 0 0
60 0 0 0

The main steam pipe sections were last inspected in 2010 (232,580 hours and
3046 unit starts), with some further limited inspections in 2012 (245,245 lamd
3208 unit starts)Table 28 provides a brief summary of the outage metallurgical

inspection results.
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Table 28. Station B, Unit 1. Main steam pipe 202012 outage inspection results

Pipe section location Year | Surface creep replica | Hardness (HV)
assessment
Leg Al: Straight BW5 | 2010 Very Isolated 120
BW6 (immediately
upstream from BW6
BW?7)
Leg Al: Bend BWeBW7 | 2010 Isolated 129
Leg Al: Straight BW7 | 2010 Not inspected Not inspected
SBW1 (immediately
downstream fronBW6-
BW?7)
Leg Al: Straight SBW4 | 2010 Isolated 139
BW9 (immediately
downstream from BW-7
SBW1)
Leg B2: Straight BW35 | 2010 Isolated 139
SBW7 2012 Low Orientated 136
Leg B2: Straight SBW-7 | 2010 Very Isolated 141
BW37 2012 Low Orientated 139

A limited number of CET surveys on legs Al and B2 were completed over the
period 20072011 and these showed a peak value of°€7#r leg A1 and 572C for

leg B2 compared against a design temperature ofG68
5.7.4 Station A: Unit 1. 2009

This refers to two main steam straight CMV specimens removed in 2009
(242,536 hours and 3552 unit starts) and believed to be from steam legs B1 and B2.
In 2009 a number of straight sections and bends were removed because of high surface
creep replica caty counts, however the precise pedigree of the two straight sections
examined is uncertain. A cursory review of the corresponding outage report identifies
a number of straight sections removed, with creep replica assessment registered as
0al i gnedd,endhaitgeghd 6 and h arldmhSomeoftheHdhlls | ev e
adjacent to straight sections removed exhibited indications of surfaceecractang

(these bends were replaced).

It is believed that both of these straight sections were removed feam &gs

B1 and B2 AT the top section and just downstream of the boiler stop valve; hence
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positioned upstream from the tested material in this studyHgpee 52). These

specimens are identified as straight Al atraight B.

For straight A through section creep cavity counts at three circumferential
positions of 96 180 and 318 were taken.Table 29 to Table 31 summarise the
through section creep replica results, which were taken by two different service

providers for comparison purposes.

Table 29. Station A, Unit 1. Straight A, through thickness creep replica results attipe$iton.

Position through wall Creep cavity density (cavities/mm)
(% from outer surface) | Service provider 1 Service provider 2

0.00 Not available Not available
9.23 75 96
18.46 60 48
27.69 45 36
36.92 75 68
46.15 75 48
55.38 90 48
64.62 15 20
73.85 30 12
83.08 0 4

100 0 0

Table 30. Station A, Unit 1. Straight A, through thickness creep replica results at thpdsifion

Position through wall Creep cavity density (cavities/mn)
(% from outer surface) | Service provider 1 Service provide 2
0.00 Not available Not available
9.23 180 184
18.46 95 148
27.69 90 128
36.92 75 128
46.15 60 96
55.38 60 104
64.62 60 56
73.85 45 28
83.08 0 12
100 0 0
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Table 31 Station A, Unit 1. Straight A, through thicknessep replica results at the 3fsition.

Position through wall Creep cavity density (cavities/mr)
(% from outer surface) | Service provider 1 Service provider 2

0.00 Not available Not available
9.23 60 145
18.46 45 120
27.69 60 95
36.92 90 145
4615 60 99
55.38 60 46
64.62 15 20
73.85 15 13
83.08 0 7

100 0 0

For straight B through section creep cavity counts at the following three
circumferential positions; 135225 and 318 were taken.Table 32 to Table 34
summarise the through section creep replica results, which were taken by two different

service providers for comparison purposes.
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Table 32. Station A, Unit 1. Straight B, throughitkness creep replica results at the®k33sition

Position through wall Creep cavity density (cavities/mr)
(% from outer surface) | Service provider 1 Service provider 2

0.00 Not available Not available
9.23 180 135
18.46 120 90
27.69 90 35
36.92 45 68
46.15 45 68
55.38 60 72
64.62 0 18
73.85 30 11
83.08 0 3

100 0 0

Table 33. Station A, Unit 1. Straight B, through thickness creep replica results at thp@on

Position through wall Creep cavity density (cavities/mnd)
(% from outer surface) | Service provider 1 Service provider 2

0.00 Not available Not available
9.23 125 216
18.46 90 196
27.69 60 100
36.92 60 20
46.15 45 23
55.38 15 24
64.62 0 9
73.85 0 10
83.08 15 5

100 0 0




Table 34. Station A, Unit 1. Straight B, through thickness creep replica results at thp@iion

Position through wall Creep cavity density (cavities/mr)
(% from outer surface) | Service provider 1 Service provider 2

0.00 Not available Not availalke
9.23 - 115
18.46 - 75
27.69 - 50
36.92 - 60
46.15 - 55
55.38 - 45
64.62 - 25
73.85 - 13
83.08 - 10
100 - 0

5.8 SUMMARY OF THROUGH SE CTION CREEP CAVITY C OUNTS

It is useful to summarise the extent and magnitude of the observed through
section creepavitation results from the specimen examined in this study and the other

samples examined and discussed in SectiorTraléle35 provides an overview.

Table 35. Summary of extent of thrgln section creep cavitation

Station® |  Specimen At Removal Cavitation Extent Peak?
and Unit | Identification | Year | Hours | Starts | Within | Within | Beyond
outer first mid-
10% of | 50% of | section
wall (6 | wall (~
mm) 30mm)
B:2 Straight: 2014 | 271,770 2739 Yes 75
Examined in
this work
Al Bend SM23 | 2014 | 268,827| 4133 Yes 200
Straight SM71 Yes 80
A: 2 Bend SM155 | 2015 | 283,670 3875 Yes 7
Bend SM117 Yes 118
B:1 Bend BW6 | 2015 261,215| 3300 Yes 7
BW7
Straight Yes 20
BW35-SBW7
Straight Yes 7
SBWT7-BW37
Al Straight A | 2009 | 242,536/ 3552 Yes 184
Straight B® Yes 216
Notes
(@) Station origin defined in section 3.6
(2 Represents the peak value at any position, apart from the surface value
) Adjacent bends showed evidenof greater distress (onset of surface masxking)
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In terms of the magnitude and through section extent of creep cavitation, parent
material in bends tends to lead straight sections in terms of risk. There is no discernible
relationship between thereep cavitation levels observed and the generséivice
age (hours and starts) logged for each specimen, which is a simplistic but often used
measure of life consumed by the station. The examination described for specimens in
2009 from station A, Unitl (Section 3.6.4) illustrate not only the circumferential
variation in creep cavity count but also the differences that can be observed from
different and reputable service providers. Hence, in practice creep cavity counts are
not used to provide a quatative estimate of the remaining-$ervice life of

components.

5.9 DiscussionN

The examination of the eservice CMV specimen has illustrated the difficulty
in correlating simple measures of service duty (hours and starts, as used by the station)
and the obseed level of creep damage obtained from surface replicas. Moreover,
other studieg177] that have scrutinised very large outage inspection datasets have
shown that, to date, the celation between creep cavity count and other often used
off-load tests, such as surface hardness, is not well defined. Tervioe CMV
specimen examined in thiissertatiorhas only shown a relatively modest increase in
creep damageT@ble 23) between two inspection periods, 260®14, equating to
28,997 hours of service. This is not an unexpected finding for CMV parent material.
It should be noted that reviews of successive outage inspections and repeat creep
replicas show very modest increases in creep cavity counts over a typRakKR0
operating period. This implies that the parent material in this instance was prematurely
removed from service and it would be expected that at least a furt2&i20 servce
could have been achieved. This could be safely managed for example by modestly de

rating the operating temperatures, by ciree05C.

Table35summarises examinations of nine (five straight sections antéouar
sections) other eservice CMVsectionsall of a similar age to theectionexamined
for the present researcRipe bends might be expected to show greater evidence of
creep damage; however, the inspections undertaken are quite limited and focussed
only on through thickness sections originating from the extrados and with no reference

to the acting pipe system loads, which will likely be greater at bend positions. This
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emphasises the need to correlate any material examinations with measures osestimate
of the active irservice loads, which can be obtained if periodic hot and cold pipe
hanger surveys are undertaken in addition to regular surveys of operating temperature

and pressure.

The impression creep tests used material at different positiongthtioe pipe
thickness Figure 54) and located between the replica Il and replica IV locations
identified in Table 22. These show generally consistent creep cavity candt
hardness values through the thickness, illustrateérigure 64. Importantly the
impression creep tests reveal a fairly consistent MSR through thickness, and at three

different stress levels.

The conditiorof the parent CMV material examined is such that it could have
been retained in service for at least another operating period.

5.9.1 Implications

The examination of the specimen has not identified a notable through section
0damage 6 Figure®4) byeimpressibn creep test, hardness test or surface
replica. The material is in surprisingly good condition considering its long service
duty. The comparison with data from prior outage examinations has identified a very
gradual change in hardness and the level ascribed for creep cavitation. Other very
extensive surveys of periodic surface hardness and creep f[@pli§¢das confirmed
a gradual (masurable) change over a typical operating period of-25¥hr for this
material. It is evident from the reported through section creep replica studies
summarised infable35t h at a through s dcanhusoally bédamag

expected for material of this age, for straight sections as well as bends.

The only available iservice data related to the specimen operating conditions
and inservice strain rate (Sectidn2.2 indicates that the creep effective operating
temperature is slightly less than the design temperature and with a creep strain rate of
~ 4.2 x 1Fnhr! Using this inservice strain rate in the log(MSR) equation determined
from the impression credpsts (se€&igure63) reveals an operating stress of 56MPa,
which on inspection is judged to be too high for a straight section of pipe in this
position in the pipeline and with consideration of pipe system loddsh can be of

the order of 1015% of the mean diameter pressure hoop stress. This estimate of pipe
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system loads in CMV is based on examination e$drvice creep crack growth
through CMV weldg35] and correlation against creep crack growth predictions. The
lower operating temperatures will act to further reduce the MSR of the pipe specimen
for a given stress level, with the inference being the measured strain rate of ~
4.2x108hrtis too high.

The above comparison between Omeasur e
log(MSR) equation derived from the impression creep test is an example of how small
specimen creep test predictions can be tsddst the impact and credibility of site
operational data and measurements. The requirement to use online measurements in
comparison with traditional site inspection data, coupled with targeted small specimen
test results has been described in detathiwithe context of a new holistic life
assessment framewofRQ].
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6 INVESTIGATION ON POSSIBLE IMPROVEMENTS OF THE CEN CoDE
OF PRACTICE

6.1 INTRODUCTION

Chapter5 has shown how miniature specimen creep testing techniques, in
particular he impression creep test, could be successfully uséteimewholistic
approactpresented in Chapt8ifor the evaluation of life consumption of power plant
components. Howevem ithe last two decades, sevemsearchers and powplant
compates have focused their attention emall punch creep tests a possible
technique to use in life assessment approaches of materials used for power generation
applications. Unlike other miniaturised specimen techniguesh as the impression
creep tes{92] and the small ring creep tel7], the SPCTpotentially allows to
entirely characterise the behaviour of materials up to failure, because the specimen is
taken to rupturg¢l127, 133. The SPCT can also be used to perform focused analyses
on critical locations of operating components, e.g. the-&gatted zone of welds,
pipe bends or joint sections of steam hea3§. Despite of these advantages, some
concerns about the applicability of SPCT are stjem[109 178. Indeed, the
interaction of several nelmearities, such as large deformations, large sraion
linear material behaviour and ndinear contact interactions between the specimen
and the punch, induces a very complex mantial stress field in the specimen which
also evolves in time. This affects the SPCT fracture mechafi€® 127 and
introduces several challenges into the identification of a robust correlation to convert
SPCT data intoaspective standard uniaxial creep test fB2290, 112 127]. Another
major concern is # nonrepeatability of the testing method, since the experimental
results depend on the set up geomfiryL 78-180]. One of the major developments in
this matter has been achieved by the Code of Practice proposed in 2006 by the
European Committee for Standardisation (CEN), where an experimental procedure
and a range for the specimen and the test rig componemegygavas recommended
[5, 117. Another achievement of the CEN Code of Practice consists of a correlation
proposed between the load level to be applied to the small disc speaititie atress
induced in a conventional uniaxial creep test which exhibits the same time to rupture.
Various equations have been proposed in the open literature to correlate the quantities
involved in the SPCT, i.e. the loatress ratid5, 126, 181, 187, but a common

problem is faced in determining the angle between the axis of symmetry and the
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nor mal to the speci menoyd, asdtisanfinapliceévaraile t he ¢

in the mentioned relationships.

In order to develop a robust procedure to interpret the experihoerpat of
SPCTs and a reliable correlation technique with conventional uniaxial creep test data,
the understanding of the complex behaviour of the specimen during testing is still to

be improved.

The research presented in t@isapteris aimed to inveggate the applicability
of the Chakrabarty solution, which forms the basis for small punch creep data
interpretation in the CEN code of practifg, to the SPCT behaviour, by use of
numerical finite elements (FE) calculations and by comparing experimental, numerical
and analytical solutionsAn improved understanding of the SPCT specimen
deformation and failure behaviour is necessary, in order to carry out a step forward for

the realization of the improved code of practice based on the existing CWA [B627
6.2  CHAKRABARTY (8 MEMBRANE STRETCHIN G THEORY

6.2.1 Problem description

Chakrabat y 6 s me mbr an e[l12§ ts used by the GEN Cdadénoé o r y
Practice as it provides a complete set of relations for establishing the correlation
between the load level to be appliedhe SPCT specimen and the stress induced in a
conventional uniaxial creep test which exhibits the same time to rypiurés well
as the other equations suggested by the C
[183 in 2005, and otherkl81, 182 184, Chakrabartyodés relatio
stress is derived from equilibrium between load er@brane stresses with bending
stresses neglect¢di2q. As a matter of fact, large deformations (larger than 20% of
the maximum structural dimension, according to an engineering judpgrass

involved in the SPCT, allowing the bending stresses to be neg[é&gd

A representative analytical model of SPCT would be significantly
complicated, as it should account foe thffects of moving contact edges, nonlinear
friction conditions between the test rig components and the tested specimen, and
highly localised initial plastic deformatiorf90, 126, 127, 185. However,
Chakrabartyods theory of argid hemispharial psnthr et ¢ h

head, reported in ref12€, is able to provide an analytical tool for the interpretation
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of small punch creep test dgi20, 112 126. I n Chakrabartyds st
deformations are taken into account ahd geometry and the loading conditions

partly reflect those encountered in the SH{T Furthermore, the model hypotheses

can be very restrictive in comparison with the true material behaviour: an isotropic
material is adopted; the punch head is taken to be covered by a film of lubricant,
therefore friction between the Iblaand the punch can be neglected; since large strains

are considered, the material is assumed to be-pigstic; the thickness of the blank

Is at least one order of magnitude smaller than the radius of the punch, therefore, the
bending rigidity of theblank can be neglected, and, as a consequence, the deformation
mode can be assumed to be governed by membrane stretthéhgFigure65is a

shematic diagram showing the components (
6.2.2 Membrane stress solutions

Chakrabartyods mo d el consi sts of a th

stretched over a static hemispherical purkibure65).

Figure 65. Schematic diagram of the Chakrabarty model of membrane stretching of a circular blank
over a rigid punch, adapted from rg£26.

If p and tc denote the punch pressure and the current thickness of the specimen,
respectively, the normal equilibrium in the contact region is expressed by equation
(81).

0 » ny (81)
where, and, are the circumferential and meridian stresses, respectivelRsand

the punch radiu§l2§. In the unsupported regionetltorresponding relationship is

given by equatioi82)

149



— 55— It (82)

where” and” are the circumferential and meridian radii of curvature, respectively,

which have opposite signs in the unsupported region, while they are both positive and
equal toRs in the contact regiofil2. The <centr al di spl acemer
relatedtot he angl e between the surface nor mal
nor mal angle at to,hbg eqeaton(83p which daro hersekd r vy |, d
through equatiori84), wherea, is the receiving hole radius, sye t toitorvayy ind

the range from 0to 9C° [5, 12§.

s Bet i oee QAT (83)

vy P O ATHC

i Q¢ —i Q& (84)
w

By assuming an empirical straimardening law, as in equati¢&5), whereC
andm arematerial constants, Chakrabarty also found a correlation between the punch
load at any given stage and the stress at the contact boundary, which is expressed by
equation(86)

., O- (85)

0 oY, Fi Qe (86)

where,, * andd’ are the membrane stress and the thickness, respectively, at the contact
boundary and are given by equatid@%) and(88), wherety is the initial thickness of

the specimefl2q.

2 L P wEl —

Lo 0 ca sp — (87)
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6.2.3 Strain solution and correlation of the contact boundary angle

A relationship between the central de
equivalent s i n , U, was proposed by Yang and
membrane stress solutions combined with a FE investigfti®d. Li and Gt u

identified a correlation between the strain at the contact boundary and the central
displacemenfl112 125 183 18€q. Li and Gtur mbés third or
equation89), i s based on a f ibtabeistreghing solutCmamdk r a b a
it is valid for R—=1.25 mm andyp=2 mm. The punch radius and the receiving hole

radius are consistent with those recommended in the CEN Code of Pjalctice
- T X WY WBIWOD X TBI T BT (89)

Chakrabarty126 and, most recently, more researci8g 115 reported that
the necking of the specimen and the strain distribution are influenced by friction,
which causes the maximum thinning of the specimen to occur at a cestaincd

from the centre of the specimen and near the contact boundary.

6.2.4 Applicability of the Membrane Stretching Theory to the SPCT Specimen
Behaviour

Al t hough Chakrabartyds t-plastc mgmbranes dev
(not involving creep deformatiomt)was used by CEN Code of Practice for SPCT data
interpretation [5]. The membrane stretching model is rigorously valid for an
exponential hardening law, but it is also applicable to different hardening laws.
Furthermore, the specimen is assumed to uniquely experience a membrane stretching
deformation, while the strain variation in the throttbickness direction is neglected
[112 126. During small punch creep test, the specimen deformation is caused by
bending prior to membrane stretching, therefore, the work presented stuthyss
also aimed to investigate the appéicabil
interpretation[112 127, 128 133. The study was carried out by investigating the
evolution of ¢threughouthdtestct angl e, d
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6.2.5 Finite elementmodel definition

I n order to study t hepowiththdloadmagnitudeo f t he
P, and to find a correlation betweé&e contact angle and the dimensions of the punch
and the specimen, a number of finite element analyses were performed. Five punch
load levels have been used for the analyses: 90, 110, 130, 150 and 200 N. The receiving
hole radiusap, has been kept caiasit and equal to 2 mm. Three different punch radii,
Rs, have been adopted: 1.04, 1.25 and 1.50 mm. The initial specimen thidkness,
varies among 0.5, 0.4, 0.3 and 0.2 mm. All the geometry parameters are in the
respectively ranges suggested by the CENMeCof Practicg5]. The recommended
Astandardo di mensi ons it@F03mMmmR=CIHBNMEWde of
ap=2 mm.

In the works reported in the open literature, the punch is generally modelled as
a rigid body, while displacement boundary conditions, i.e. simply supported
constrains, are adopted instead of modelling the holder and the syppatB1, 187].
I n particular Dym8| ek et al. show that I
upper and lower dies are replaced by corresponding displacement cosidtnaitime
to rupture obtained by the FE analyses is close to the expesirtierd to failurg89].
However, as al so st epleeanerof thddcpntast inerkctiomt a |
with pressure, for the punch interaction, and boundary conditions, for the dies, does
not lead to an accurate representation of the experimental environment and, despite of
the good correlation with experiments, theedt modelling of the interactions of the
test rig components and the punch is preferable. Due to the very low stiffness of the
specimen in comparison to that of the clamps and the rig, the assumption of the test
rig components being rigid would not lalgeaffect the FE results. FE models
developed by considering the effects of these contact interactions are reported in ref.
[89, 128 133. Therefore, in this research, the upper and lower dies and the punch ball
were modded as rigid bodies. However, it is useful to investigate the possible effects
of the clamps and the rig stiffness on the small punch response in the future. The
horizontal translation and the rotational degrees of freedom of the punch and the holder
wereconstrained, as well as all the rigid body degrees of freedom of the support. The
specimen is clamped by a load of 500 N applied to the holder reference point. Since

the specimen exhibits large deformations and since its shape significantly changes
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duringthe creep analysis, the ntinear geometry formulation has been adopiek®,

130, 133 174. Figure66 shows the FE model implemented for the calculations. The

FE analyses were performed by ABAQUS and a CREEP User Suisoavailable

i n ABAQUS, was coded and used for the I
model[17].

Punch Upper Die

i...J \L f $ """\L'"'La;u'e'r'[ii'e'

Reg.l Reg.ll Reg. I Reg. IV

Figure 66. FE model used for the calculations

6.2.6 Meshing and Contact Modelling

The specimen is the only solid body of the model taken to be deformable. The
finite element mesh developed for the cédtions consists of 1293 nodes and 1186
axisymmetric CAX4R elementd§12§ (four-nodded bilhear with a reduced
integration scheme) in ABAQUR7]. Since severmcompressible deformation arises
throughout the SPCT analysis, reduced integration elements have been used in order
to avoid numerical errors due to shear and volume locking, see ald®8flt should
be noted that bending deformation is not negligible during the early stages of the creep
deformation[188 189, at least with the geometry recommended by CEN, therefore,
a suitable number of elements was included through the thickness of the specimen in
order to accurately calculate the stress field in the specimen. Solid elements would be
the most siiable FE element type. The mesh developed for this work has shown to be
able to accurately predict bending deformation, as the comparison of FE deformed
shapes with those obtained from testing confirms. The layout of the elements was
based on the work d¥la et al.[128 and the results obtained by implementing the
described model, in terms ofdage propagation, are comparable to those found in
the literaturg 7, 109 127, 128 18( and high damage locations in the specimens are
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compatible with regions where cracking first occurs in the tegpedimensFigure

66 shows the mesh used for the FE analyses, where four regions can be identified. A
coarse mesh has been generated in Region IV, because that location is not critical for
the numerical results fait is away from the area of the specimen where necking
occurs) and the corresponding deformation is expected to be [8#9all28. The
necking area, Region Il ifrigure 66, where the most severe deformations are
expected, is characterised by the smallest elemeat Aimesh sensitive study was
carried out in order for this region to be centred on the location where necking is
expected, which agrees with the findings reported in [88128. Regions | and I

are also characterised by a relatively fine discretisation because they are adjacent to
the necking area and the contact iat#ion with the punch has been defined on them

as well. A surface to surface contact formulation has been used for the interactions
between the specimen (slave contact surface) and the punch (master contact surface)
and between the specimen and the dieaster contact surfaces). For the normal
behaviour of all of the contact interactions, a hard pressugeclosure relationship

has been used, with a penalty formulation adopted for the tangential behaviour, with
a friction coef fampsisgecimenandQ.3farthe pOnch8specimen t h e
[127. As reported [18Y, 0.Big m&dligik valeetfor thd friction
coefficient between the punch and the specimen for steels at temperatures higher than
600 °C. The coefficient of friction at the contact between the sy@erand the test rig
components, especially with the punch, is not known and cannot be straightforwardly
identified. Therefore, the value 0.3 for the friction coefficient betwdenpunch and

the specimewas assumed iy y m§8 | e K135 khaseddn judgement and small

punch creep test3he values assumed for the present work were based on those
reported by [I3Y am8 Costddlinoeet al[127 for the SPCT problem

under conditions which are very similar to $keoof the present study in terms of
materials and temperatures adopted. The nodes defined on the contact surfaces
between the test rig components (in particular the punch) and the specimen experience
relative sliding, therefore, a finite sliding contaetdking approach was used for the

frictional formulation[127].

6.2.7 Constitutive material models

Liu and Murakami 6s cr e @éjits nultada formu um d a
was used for this study (see equatifsom (11)to (14)in Chapter2, sectior2.1.4. A
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continuous model for the reduction in leaarrying capability of the damaged

material is given in equatiq®0), whereEpi s t he Youngo6és modul us
materialandEi s t he Y o uof hédmmagen datéridhs/iew of equation

(90), the stiffness of the damaged material decreases when the damage variable value

i ncreases. Since the specimen rupture oc
work, the maximum damage value has been limitéd to 1@ w 1Tip order to

avoid computational problems. However, the use of equ&fiOphcan also lead to

numerical inaccuracies because, in the areas wkiege specimen is failed,

char act er uas,¢hd FEbmpdehofthe specimen can potentially carry some

load, while this is not physically realisticnflternative to equatiof®0) is proposed

in the present wrk and is reported in equatiq@l), with 0 Qandsin < 0. 9

equation(92), wi t h ¥y = 0.9901.

O Op 1 hm 1 op (90)
O Op 1 hm 1 mowmnp (91)
O M@WoOlh ] TWWIP (92)

6.2.8 Elastic-Plastic Constitutive Models

In section6.5.8attention is paid to the evolution of the contact angle when

other material constitutive models are used. In particihaee different material
constitutive models have been adopted: two niimiéar isotropic hardening plastic
model s, charact er i ygd 280 WBa arad a tangentiatimodudus, st r e
E f6of 175 and 250 MPa, respectively, and an elgmifecty plastic constitutive

model ywi &0 0MPa. T h ansle dvereaobtainedsfror ther resuts

of uniaxial tensile test carried out for a P91 steel at 600 F(gure 67 plots the

variation of stress weus strain for the two multinear isotropic hardening plastic

models and the elastperfectly plastic constitutive model.
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Figure 67. Variation of stress versus strain: two militiear isotropic hardening plastic models wesed,
together with an elastiperfectly plastic constitutive model.

6.3 TESTED MATERIAL AND TEST RIG

Interrupted small punch creep tests were carried out in order to measure the
contact angle at different stages of the creep curve. The test data were campared
those acquired by Cortellino et F109 and to the FE re#ts obtained for this research
(see sectior.5.7). The tested material and the test rig geometry Fsgare 15 (a),
Chapter2, section2.4.4for a schematic cross section), are the same as those used by
Cortellino et al[109, who carried out several interrupted small punch creep tests of
a P91 steel with an initial thickness of the specimen of 0.5 mm and a punch radius of
1.04 mm, by applyin@ load of 25 kfat a constant temperature of 600 °C. For this
research, a P91 steel has been used to machine various small disc specimens with a
final thickness of 0.300£0.001 mm from a power plant steam pipe section, sketched
in Figure68, which has an outer diameter and a wall thickness of 298.5 and 55mm,
respectivelyTable36 andTable37 show, respectively, the chemical comipios, in
wit%, of the P91 steel used for the investigation in ref. [36] and the material constants
of the P91 steel at 650 °C for the damage law [25].

A load of 11.5 kg was applied to the deadight machine. The temperature
was held at 6501 °C by the gie-zone temperature controller of the furnace. A
thermocouple was inserted at approximately 10 mm below the specimen for allowing
the tracing of potential fluctuations of the temperature by the data acquisition system.
The loading mechanism of the machivad centralised slides which allowed the dead
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weight load to be applied coaxially with the test assembly. Sheexperimental
results depend on the set up geomelry nonrepeatability of the small punch testing
technique is a major concelfd, 17818(. Cortellino et al. found that, when
eccentricities and misalignments in the punch load occur, both theefafe and the
minimum displacement rate can significantly change with respect to a situation in
which the punch load is perfectly aligngkB3. This also leads to asymmetry in the

maximum principal stress and in the damage variable of the spefi®®&n

Table 36. Chemical composition, in wt%, of the P91 steel used for the investigation ja96f.

Cr Mo C Si S P Al \% Nb N w
8.60 1.02 0.12 0.34 <0.002 0.017 0.007 0.24 0.070 0.060 0.03

Table 37. Material constants for a P&teel at 650 °C, with stress (MPa) and time[{iT4].

Eo[MPa] 3 B n A G Q2 U
1.500x16 0.3 1.092x10° 8.462 2.952x10® 6.789 3.2 0.215

~Sample bar

Figure 68. Schematic representation of the specimens manufacturing from the P91 steel pipe, frod§jref.

6.4 CALCULATION OF THE CO NTACT ANGLE

For each time instant, and of the punch displacement, the contactianigées
been calculated by equati{@8), wherercontactiS the distance of the contact edge from
the axis of symmetry of the specimen, measured on the deformed configuration in the
radial direction.
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From the FE solution, the contact edge, on the top surface of the specimen (i.e. the
slave contact surface), has been identified as the farthest node, from the axis of

symmetry, where the contact status is closed, in esthgaing or sticking conditions.
6.5 RESULTS AND DISCUSSION
6.5.1 Experimental results

Figure69 shows the creep test curves, in terms of the variation of the central
def ormation of t he tsoptanedyssalpunch,creep stss u s
carried out by applying a load of 11.5fkg specimens witth=0.3 mm at a constant

temperature of 650 °C.

1.6
— Completed test
= |nterrupted after Zh
1.4r — Interrupted after 52h

A [mm]

0 50 100 150 200
Time [h]

Figure 69. Variation of the central deformation of the specimen versus time for the cochatetenterrupted
tests under a load of 11.35fkgvith Rs= 1.04 mm andot0.3 mm.

Brucker Interferometer was used to measure the specimen prbigase 70
andFigure71 show, respectively, 3D and 2D images, respectively, of the profiles of
the SPCT specimens from Bruker Interferometer for the tests interrupted after 2 h

Oy ™Yy 1@ jandatters2hdy @ &Yy @ g Figure72shows

the depth of the 2D profiles, f(y), which was fitted against the distance, y, from the

axis of symmetry of the specimen in the radial direction, by use of a Fourier
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polynomial function, as shown in equation Y18he fitting constant set, reported in
Table38, consistsofa f or 1 +0&86r DE1BS5, and of the

VO O AT OO OOElId OAT O o @ OEJ w
pRGs Dosho G o 2
WOEINW & WAl @ w wOEU w
The contact radii for the two tests, remui to obtain the contact angles by
equation(93), were identified by the values pthat satisfy equatiof®5), i.e. equating
to 0 the second derivative ffy) with respet toy. The contact angles, calculated by
using the described procedure, are equal to 40° and 45.73° for the test interrupted after

2 and 52 hours, respectively.

Q "Qw
" (©5)
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Table 38. Fitting constants for equatidf4).

Test interrupted after 2 Test interrupted after 52
h h
W 0.0008006 0.0007165
ao -0.150200 -0.291300
a -0.321000 -0.460600
a -0.159300 -0.177000
as -0.043120 -0.106900
a -0.033490 -0.019680
as -0.011940 -0.024150
by 0.0588100 -0.016370
b, -0.024780 0.0227500
bs 0.0047090 -0.004242
ba 0.0035520 -0.002899
bs -0.003138 0.0005257

Figure 70. 3D image of the profile of the SPCT specimen from Bruker Interferometer for the test interrupted
after 52 hours.

@ (b)

Figure 71. 2D images, in the xy plane, of the profile of the SPCT specimens from Bruker loweeter for the
tests interrupted after (a) 2 hours and (b) 52 hours.
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