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Abstract

The aim of this research project is to examine the applicability of the LICON methodology

for predicting the long–time creep rupture strength of a dissimilar metal weld.

The LICON methodology is an approach for predicting the lifetime of materials under creep

loading conditions. The LICON method predicts long–time uniaxial creep strength using

the results from several short duration creep crack incubation tests in conjunction with the

outcome of a mechanical analysis on the testpiece (e.g. a reference stress solution). In the

late 1990s, this method was successfully applied to advanced 9%Cr pipe steels (including

their welded joints) and later, reports on applicability of the method for a high creep strength

1CrMoV were published.

This study has re-examined the previous application of the LICON methodology for 9%Cr

and 1CrMoV steels. It has shown that application of the original LICON method (based on

reference stress solutions) for certain materials is not appropriate. Application of reference

stress solutions is limited to materials which achieve complete stress redistribution before

the onset of crack extension (e.g. for advanced 9%Cr pipe steels). For ’non-reference stress’

materials (creep brittle, notch sensitive materials such as high creep strength 1CrMoV) crack

initiation occurs before complete stress redistribution. Application of the original LICON

method (based on reference stress solutions) for such materials is therefore not recommended.

This study has shown that application of the LICON method to ’non-reference stress’ ma-

terials requires careful adoption of a more sophisticated mechanical analysis approach (e.g.

finite element method).

Careful examination has shown that the creep finite element analysis of a structure can result

in non-unique numerical representations if the assessment procedure has not been carefully

defined. In particular, this study has highlighted the importance of considering a reliable

stress regime dependent creep constitutive model for analysis of structures with a wide

range of redistributing stresses. This study introduced a new (primary–secondary–tertiary)
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vi Abstract

creep constitutive model which considers a gradual change of creep deformation/damage

accumulation mechanisms with stress variation. Application of the new constitutive model in

finite element continuum damage mechanics could successfully reproduce creep deformation

and damage accumulation in a series of creep crack incubation tests. The creep damage

development formulation of the introduced constitutive model has been constructed based on

the LICON concept and its successful demonstration was a new confirmation for the LICON

concept, and from a new point of view, i.e. finite element continuum damage mechanics.

From the gathered experience with application of the LICON method to high creep strength

1CrMoV, this study has proposed a procedure for consideration of finite element analysis in

the LICON method when it is to be applied for ’non-reference stress’ materials. It has also

been shown that although the newly proposed procedure was developed for application to

’non-reference stress’ materials, it is equally applicable for ’reference stress’ materials.

As the last part of this study, application of the LICON method for a dissimilar metal weld

has been examined. The investigated material is part of an existing weldment of 1CrMoV

and Alloy 625 with filler metal of Alloy 617 which had been a candidate to use for rotor

constructions in new advanced power plants, i.e. AD700 power plants. A set of experiments

including uniaxial creep, multiaxial creep crack incubation and uniaxial tensile tests and

also microstructure examinations were conducted to generate the required information for

examination of the LICON method application for this joint. Mechanical analysis of the

creep crack incubation tests showed that the material did not achieve complete stress re-

distribution before the start of crack extension and hence, this joint can be regarded as a

’non-reference stress’ material. Application of the LICON method to this joint therefore

followed the newly proposed procedure and used finite element analysis for the mechanical

analysis part of the approach. It has also been shown that the LICON method formulation

for application to predict the creep rupture behaviour of uniaxially testpieces of dissimilar

metal welds requires further development. The original LICON method formulas consider

a homogeneous uniaxial stress state within a loaded uniaxial testpiece. This assumption

is reasonable for homogeneous materials, for a dissimilar metal weld however, the different

inelastic (creep) deformation behaviour of different sections (i.e. base material, heat affected

zone and weld material) generates a non-uniform multiaxial stress state within the loaded

uniaxial testpiece.

This study therefore proposed a new development for the LICON approach which uses finite

element analysis to account for the generated multiaxial stress states within weld uniax-

ial testpieces. Application of the developed approach for predicting uniaxial creep rupture

behaviour of the investigated joint showed an acceptable agreement with experimental ob-

servations which was not achievable without introducing the new development.



Zusammenfassung

Das Ziel dieser Forschungsarbeit ist die Anwendbarkeit der LICON Methode, zur prognostizierung

der langzeit Kriechbruchfestigkeit von gemischten Metall-Verschweissungen, zu überprüfen. Die

LICON Methode ist ein Verfahren zum progonostizieren der Lebensdauer von Materialien unter

Kreichlast. Die Methode berechnet die Langzeit-Kriechbruchfestigkeit unter Verwendung mehrerer

kurzzeit Kriechriss-Inkubationstests im Zusammenhang mit den Resultaten einer mechanischen

Analyse des Probekrpers (z.B. eine Referenzspannungs-Lösung). Ende des 20. Jahrhunderts wurde

diese Methode erfolgreich an fortschrittlichem 9%Cr Rohrstahl (inklusive Schweissverbindung) ange-

wandt. Später wurden Berichte zur Anwendbarkeit der Methode an 1CrMoV Stählen mit hoher

Kriechbruchfestigkeit veröffentlicht.

Diese Arbeit prüfte die vorherige Anwendung der LICON Methode für 9%Cr und 1CrMoV Stahl

nach. Es wurde gezeigt, dass die Anwendung der originalen LICON Methode (basierend auf Referez-

spannungs-Lösungen) für gewisse Materialien nicht geeignet ist. Die Anwendbarkeit von Referenz-

spannungs-Lösungen ist auf Materialien beschränkt, welche vor Beginn der Rissausbreitung eine

komplette Spannungsneuverteilung erlangen (z.B. fortgeschrittene 9%Cr Rohrstähle). Für nicht

Referenzspannungsmaterialien (kriechspröd, kerbsensitive Materielien wie 1CrMoV) beginnt die

Rissinitiation bevor der Neuverteilung der Spannungen. Die Anwendung der originalen LICON

Methode (basierend auf nicht Referenzspannungslösungen) wird für solche Materialien nicht emp-

fohlen. Diese Arbeit hat gezeigt, dass die Anwendungen der LICON Methode für nicht Referen-

zspannungsmaterialien eine anspruchsvollere mechanische Analyse benötigt (z.B. Finite Element

Methode).

Vorsichtige Untersuchungen haben gezeigt, dass Finite-Element-Kriechanalysen einer Struktur in

nicht singulären numerischen Repräsentationen enden können, falls das Beurteilungsverfahren nicht

richtig definiert wurde. Diese Studie hat hervorgehoben, wie wichtig die Berücksichtigung eines zu-

verlässigen spannungsabhängigen konstitutiven Kriechmodells für die Analyse von Strukturen ist. In

dieser Arbeit wird ein neues (primäres-sekundäres-tertiäres) konstitutives Kriechmodell eingeführt,

welches die stufenweise Änderung von Kriechdeformation/Schadensakkumulationmechanismen unter

varierender Spannungen berücksichtigt. Durch Anwendung des neuen konstitutiven Modells in

der Finite-Element-Kontinuumsschädigungsmechanik konnte die Kriechdeformation und Schade-
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viii Zusammenfassung

nakkumulation in Kriechriss-Inkubationstests reproduziert werden. Die Formulierung der Kriech-

schädigung des vorgestellten konstitutiven Modells basiert auf dem LICON Konzept und die erfol-

greiche Anwendung ist eine neue Bestätigung der Funktionalität der LICON Methodik.

Mit der gesammelten Erfahrung aus der Anwendung der LICON Methode an 1CrMoV Stahl mit

hoher Kriechfesitgkeit, präsentiert diese Arbeit eine Vorgehensweise für die Finite-Element-Analyse

mit der LICON Methode an Materialien welche nicht der Referenzspannung unterliegen. Ob-

wohl dieses Verfahren für die Anwendung an nicht Referenzspannungsmaterialien entwickelt wurde,

wurde unter anderem gezeigt, dass es ebenso anwendbar ist auf Referenzspannungsmaterialien.

Zum Abschluss dieser Arbeit wurde die Anwendung der LICON Methode an einer gemischten

Metall-Veschweissung untersucht. Das beschriebene Material ist Teil einer bestehenden Verschweis-

sung aus 1CrMoV und der Legierung 625 mit Füllmaterial aus der Legierung 617. Die Anwen-

dung der Legierung 617 wurde für Rotorkonstruktionen in hochentwickelten Kraftwerken (z.B.

AD700 Kraftwerke) in Erwägung gezogen. Zur Untersuchung der LICON Methode an dieser

Schweissverbindung wurden uniaxial Kriechversuche, multiaxiale Kriechriss-Inkubationstests und

uniaxial Zugversuche durchgeführt. Zudem wurden mikrostrukturelle Untersuchungen durchgeführt.

Mechanische Analysen der Kriechriss-Inkubationstests haben gezeigt, dass das Material keine vollst-

ändige Spannungsneuverteilung vor Beginn der Rissausbreitung erreichte. Daher kann diese Ver-

schweissung als nicht Referenzspannungsmaterial betrachted werden. Die Anwendung der LICON

Methode folgte daher der vorgeschlagenen Prozedur und nutze die Finite-Element-Methode für den

mechanischen Teil der Analyse. Weiter wurde gezeigt, dass die Formulierung der LICON Meth-

ode zur Voraussage des Kriechbruchverhaltens von uniaxial Schweissproben weitere Entwicklung

benötigt. Die Gleichungen der originalen LICON Methode berücksichtigen einen homogenen uni-

axialen Spannungszustand mit einer belasteten uniaxialen Probe. Diese Annahme ist sinnvoll für

homogene Materialien. Allerdings generiert das unterschiedliche inelastische (Kriechen) Deforma-

tionsverhalten der verschiedenen Sektoren (z.B. Basismaterial, Wärmeeinflusszone, und Schweiss-

material) einen nicht uniformen multiaxialen Spannungszustand in den belasteten, gemischten uni-

axialen Schweissnahtproben.

Diese Arbeit schlägt daher eine Neuentwicklung der LICON Methode vor, welche die Finite-Element-

Methode benutzt um den erzeugten multiaxialen Spannungszustand anzurechnen. Die Anwendung

des entwickelten Verfahrens, zur Vorhersage vom uniaxialem Kriechrissverhalten der untersuchten

Schweissnaht, zeigte eine akzeptable Übereinstimmung mit experimentellen Beobachtungen. Diese

Übereinstimmung hätte ohne die Neuentwicklung nicht erfolgt.
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Chapter 1

Introduction

One of the main challenges in the design of high temperature components such as those

used in modern power generation plant is their lifetime prediction under creep conditions.

It is important to be able to accurately predict the creep lifetimes of such structures, with

due consideration of fitness–for–purpose, reliability, safety and cost effectiveness, and this

has been a main topic of high temperature study for many years. In ideal circumstances,

creep lifetime evaluation is based on strength values derived from experimental observations

from a large quantity of long duration uniaxial tests for the material of interest, ideally for

a number of different heats [1]. In circumstances for which such large datasets do not exist,

long–time properties have to be predicted from the results of relatively short duration tests.

While the latter approach can only be regarded as an interim compromise, and no substitute

for the former approach with regards to accurate design life assessment, it is sometimes the

only way to predict the long–time properties of new alloys in a relatively short–time scale

and to thereby enable their early exploitation.

A number of approaches have been adopted for predicting long–time creep properties of

materials from relatively short duration tests, e.g. extrapolating the results of high stress

isothermal tests using for example the Larson–Miller formulation [2], iso-stress testing [3, 4],

applying the theta projection concept [5, 6], stress relaxation testing [7, 8]. These methods

might work well for materials with stable deformation and rupture mechanisms over a wide

range of temperatures and stresses. However, experience with all of these techniques con-

sistently indicates that none are effective in predicting long–time creep rupture properties

when the rupture mechanism in the long–time regime is different to that in the short–time

regime.
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2 Chapter 1. Introduction

In the late 1990s, an iso-thermal extrapolation approach referred to as the LICON method-

ology was developed in an European Brite Euram project [9, 10]. This methodology relies

on multiaxial loading conditions to bring forward the onset of long–time creep damage for-

mation into the short–time rupture regime. The LICON method employs observations from

several short–time creep crack incubation (CCI) tests in conjunction with the results of a

mechanical analysis for the testpieces to predict the long–time uniaxial creep strength of a

material. The approach provides similarity with the loading conditions experienced in real

structures and enables a more accurate evaluation of the future in-service performance of

materials for which no long term service experience exists.

This method was originally developed for predicting the long term creep rupture strength of

advanced martensitic 9%Cr pipe steels (including their welded joints). Successful application

of the method for P91, E911, P92 and their weldments has been reported in the early

2000s [9, 10]. More recently, the scope of applicability for the LICON method has been

extended to low alloy creep resistant 1CrMoV steels [11, 12]. This study has examined the

applicability of the LICON methodology for predicting the long term uniaxial creep strength

of a dissimilar metal weld (DMW). The investigated weld had been a candidate to use for

rotor constructions in new advanced power plants, i.e. AD700 power plants.

The advanced pulverised 700◦C power plant or shortly AD700 power plant is a project

started in 1994 with a large group of European power generators and equipment manu-

factures. The mission for this group is to create a strategic and technological platform to

convert coal to power with an efficiency of higher than 50% and, thereby contributes to

reduction of CO2 emissions [13].

Maximum steam temperature of the AD700 power plant would be around 720◦C [13, 14].

The realisation of the AD700 project requires materials with 105h rupture strength of

100MPa at 720◦C, and therefore nickel based alloys have been called for application in

the most severely exposed components [13, 15].

Turbine rotors supporting moving blades which are rotated by receiving high temperature

steam experience a high temperature–stress condition [16]. Figure 1.1 illustrates the pre-

dicted temperature distribution within a rotor for the AD700 power plant.
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Figure 1.1: Expected temperature distribution within a rotor for AD700 power plant [17].
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Construction of such a rotor from nickel based alloys is limited by the manufacturable upper

size and the cost [16]. Nickel based alloys are much more expensive than alloyed steels and it

is desirable that the nickel based alloys are used for only portions which must be made of the

nickel base alloys and other portions are made of iron–steel materials. Welding technology

allows the application of appropriate material where needed [15, 16].

One of the candidate designs for welded rotors applicable in AD700 power plants had been

based on the use of Alloy 625 for the high temperature portion and 1CrMoV for the portions

experiencing lower temperatures. The candidate filler metal was Alloy 617 [17]. Long–time

creep behaviour predictions for such designs is critical to establish the technical feasibility

of the new power plant concept [15]. One of the most important assessments is evaluation

of long term creep strength of the welded parts.

This study therefore explores applicability of the LICON method for predicting the long

term creep strength of the weldment of 1CrMoV and Alloy 625 with filler metal of Alloy

617.
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Chapter 2

Basic Concepts

2.1 Creep

Creep of materials is classically regarded as the irreversible and time–dependent deforma-

tion of materials. Although creep can take place at all temperatures above absolute zero,

traditionally creep refers to the time–dependent plastic deformation at elevated tempera-

tures, often higher than roughly 0.4Tm (Tm is material melting temperature). A typical

creep curve for an engineering steel is schematically shown in Figure 2.1. The instantaneous

strain can be characterized by the strain value ε0 which contains elastic strain and possibly

plastic strain depending on the stress level [1, 2].

Following Andrade [3], textbooks generally consider three stages in a typical creep curve:

the first stage (primary or transient creep), the second stage (secondary or stationary creep)

and the third stage (tertiary or accelerated creep). During the primary creep stage, between

t0 and t1, the creep rate decreases with time due to strain hardening until it reaches a

certain value (minimum or steady creep rate, ε̇s). In the secondary creep stage, between

t1 and t2, there is a balance between the strain hardening and thermal softening and the

creep rate remains approximately constant at ε̇s. During the tertiary stage, the creep rate

increases and finally at the end of the tertiary stage creep rupture of the specimen occurs.

The increase in creep rate with time in the tertiary creep stage can arise from increasing

stress (due to cross-section reduction in constant tensile loading) or from microstructure

evolution including damage formation [1, 4].

The shape of the creep curve and the duration of the creep stages for a material depend

strongly on creep testing conditions, namely stress and temperature [1, 4]. The creep curve

5
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Figure 2.1: A typical creep curve for an engineering steel under constant tensile load and constant

temperature.

dependencies on stress and temperature are shown in Figure 2.2.

2.2 Creep Deformation Mechanisms

Several mechanisms contribute to the creep deformation of engineering metals at elevated

temperatures. Representatives of the mechanisms are [6]:

• diffusion creep controlled by volume diffusion (Nabarro–Herring creep)

• diffusion creep controlled by grain boundary diffusion (Coble creep)

• dislocation creep controlled by volume diffusion (at high homologous temperatures)

• dislocation creep controlled by pipe diffusion (at low homologous temperatures)

The four mentioned creep mechanisms are independent of each other and the creep strain

arising from each mechanism contributes additively to the total creep strain. At a given stress

and temperature, the mechanism giving the highest value of creep rate is the controlling

mechanism [6] .
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Figure 2.2: Influence of stress and temperature on material creep behaviour [5].

When secondary creep dominates, the Norton [7] creep model equation gives:

ε̇s = Aσn (2.1)

Creep is a thermally activated process and its temperature dependency can be expressed

with an Arrhenius–type expression [8]:

ε̇s = A exp(
−Qc
RT

) (2.2)

Combination of Equations 2.1 and 2.2 gives:

ε̇s = Aσn exp(
−Qc
RT

) (2.3)

where A and n are constants, R is the universal gas constant and Qc is the activation

energy for creep. The values of n and Qc are sensitive to the mechanism controlling creep

deformation [9].

Plots of log ε̇s vs. log σ for the majority of advanced heat resistant steels show at least one

transition of creep exponent, n, depending on the level of stress (Figure 2.3) [10] . The

change of n corresponds to a transition in dominant creep deformation mechanism. In

general, plots of log ε̇s vs. log σ (and/or log ε̇s vs. 1/T ) provide useful information about the
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Figure 2.3: Schematic illustration of log ε̇s vs. log σ [4, 6].

dominant creep mechanism and its changes due to change of creep condition.

The contribution of different mechanisms to the total deformation of a creeping material de-

pends on the applied stress and temperature. To distinguish between different mechanisms

involved in creep deformation processes under different creep conditions, Ashby [11] devel-

oped a compact method of representation called ’deformation mechanism map’. A schematic

illustration of such a map is shown in Figure 2.4 in which the stress and temperature de-

pendent regions with different dominant creep deformation mechanisms can be represented.

The boundaries between two adjacent fields in the deformation mechanism map indicate the

conditions under which two mechanisms contribute equally to the overall creep rate.

At stresses lower than the material yield stress, creep is controlled by the movement of

dislocations (dislocation creep). Dislocation core diffusion (pipe diffusion) at low homologous

temperatures and volume diffusion at high homologous temperatures control the movement

of dislocations. Therefore, the dislocation creep region may be further divided into two

fields: low and high temperature dislocation creep regions. The expected activation energy

for this mechanism regime is QSD at high and QCD at low temperatures (QSD and QCD
are self diffusion and dislocation core diffusion activation energies, respectively). The stress

exponent of n for this mechanism region is larger than 5. Therefore, dislocation creep has a

strong dependence on the applied stress [6, 9].
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Figure 2.4: Schematic deformation mechanism map [1].

At even lower stresses, diffusion creep (Nabarro–Herring and Coble creep) dominate [12–

14]. At higher homologous temperatures, atoms diffuse through the lattice causing grains to

elongate along the stress axis. This results in a permanent creep strain through a Nabarro–

Herring creep mechanism. At lower temperatures, the Coble mechanism represents the

diffusion of atoms along the grain boundaries resulting in grain elongation in the direction

of stress and occurrence of creep strain. The activation energies for this mechanism regime

are QSD and QBD for the high and low homologous temperatures, respectively (QBD is

grain boundary diffusion activation energy). Theoretically, the diffusion creep mechanisms

take the stress exponent of n = 1 [9].

It should be noted that the consideration of a stress exponent equal to one (n = 1) in

the low stress regime is still under consideration, e.g. [15–18]. Although fundamental creep

deformation theory suggests a value of one in this mechanism regime, there are several

reports of higher values, up to about three, e.g. Spigarelli et al. [19].

It is worthy of mention that the rate of dislocation creep is almost independent of grain size,

but that of diffusion creep (Nabarro–Herring and Coble) increases with decreasing grain size.

Therefore, the diffusion creep fields (especially the Coble creep field) expand with decreasing

grain size.

First Ashby [11] provided the first global overview of deformation mechanisms maps. Later,

they were widely promoted in the literature, e.g. [4, 20–22]. Currently, deformation mech-
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Figure 2.5: A typical deformation mechanism map for 1CrMoV alloy [23].

anism maps are available for various materials being useful in selecting materials for high

temperature applications [23]. Figure 2.5 illustrates a deformation mechanism map for a

1CrMoV alloy with grain size of 100µm.

2.3 Creep Failure Mechanisms

While creep at low temperature rarely leads to failure, creep at high temperature can termi-

nate in fracture. An early indication of eventual fracture is usually the acceleration of creep

rate at the onset of the tertiary stage.

High temperature fracture occurs by one of the two different modes, each based on the

growth and coalescence of voids [10].

• transgranular creep fracture

• intergranular creep fracture

Transgranular or ductile creep fracture is typically accompanied by a relatively high elonga-

tion/reduction in area (necking). Transgranular creep fracture generally results from high

applied stresses and fails by a void forming process similar to that of microvoid coalescence

in room temperature dimple rupture [24, 25].
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Figure 2.6: Schematic of a typical fracture mechanism map for a FCC metal [1, 26].

Intergranular creep fracture occurs at stresses and strain rates lower than those for transgran-

ular creep fracture (long duration failure). In this condition, voids form on grain boundaries

that are normal to the tensile axis and cause fracture. This mechanism is characterized by

little to no reduction in area [24, 25].

By analogy with material deformation mechanism maps, fracture mechanism maps can also

be devised. Fracture mechanism maps are also diagrams with tensile stress (or normalised

tensile stress) as one axis and temperature (or homologous temperature) as the other which

show the fields of dominance of a given fracture mechanism [26]. A typical fracture mecha-

nism map for a FCC metal, reported by Ashby [26], is given in Figure 2.6.

Similar to creep deformation, creep failure is a stress–temperature dependent phenomenon.

Orr–Sherby–Dorn model equation expresses the time to rupture as [27]:

tf = A′σ−n
′
exp(

−Qc
RT

) (2.4)

where A′ and n′ are constants. Similar to that for creep deformation, a transition of n′,

observed in plots of log tf vs. log σ corresponds to a transition in dominant creep failure

mechanism. Typically, creep failure with a low stress exponent (diffusion controlled) ap-

pears at low stresses, whereas it shows a high stress dependence (large stress exponent) at

high stresses . There are several creep life prediction examples neglecting this mechanism
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transition which brought about overestimation of the long term failure life, a multi-region

analysis of creep failure data is therefore recommended [28].

Figure 2.8 illustrates a creep fracture mechanism map for 1CrMoV, reported by Shinya et

al. [29]. The region of practical importance for 1CrMoV steel in power plants is the long–

time to failure region (e.g. 2–3 ×105h time to failure) at temperatures of 550◦C or lower,

which belongs to the intergranular creep fracture field. This suggests that a good knowledge

of the development of creep voids at grain boundaries during creep may contribute to the

improvement of the reliability of creep life estimations for this alloy [1].

2.4 Creep Constitutive Modelling

A constitutive equation is a relation between two or more physical quantities that is specific

to the material and represents the response of that material to external influences. The

requirement for a knowledge of creep constitutive behaviour, ε(t, T, σ) is no longer just for

scientific interest or metallurgical understanding, this in now routinely a requirement for

computer based finite element analysis (FEA) of engineering components loaded at elevated

temperatures [30].

Many creep constitutive models have been developed during the last 100 years and a number
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Figure 2.8: A typical fracture mechanism map for 1CrMoV alloy [29].

of these have recently been reviewed by Holdsworth [30]. Table 2.1 presents a number of

classical representations of primary, secondary and tertiary creep deformation stages. A

small number of the presented equations may be contained in creep constitutive models to

represent the material behaviour over all three creep deformation stages. This can be simply

achieved by summing up the expressions representing primary, secondary and tertiary creep

strains:

εtotal = εprimary + εsecondary + εtertiary (2.5)

Furthermore, a secondary creep model may be extended to primary and tertiary stages by in-

troducing state variables representing primary and tertiary stages. The primary–secondary–

tertiary creep model presented by Dyson and McClean [31] can be regarded as an extension

of the secondary creep model of ε̇s = A sinh(B′σ) proposed originally by Nadai [32]:

ε̇ = A sinh[
B(1−H)

(1− ϕ)(1− ω)
] (2.6)

where state variable H represents the strain hardening that occurs during primary creep, ϕ

describes the evolution of the spacing of the precipitates which leads to a progressive loss

in the creep resistance of particle hardened alloys and ω represents the effect of cavitation

damage accumulation occurring during the tertiary creep stage [33].
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Finally, it is worthy of mention that there is not a single universal constitutive equation

applicable for all materials. The selection of creep constitutive model often depends on

which model best represents the high temperature deformation characteristics of a specific

material at the temperature and stress ranges under investigation [30].

2.4.1 Steady State Creep Modelling

For engineering components in service, the material should never enter the creep tertiary

stage [42]. The ease of access to steady–state creep rate data for materials (e.g. NIMS

Creep Data Sheet [43]) means that some engineering assessments neglect the primary creep

deformation (as well as tertiary creep deformation) and focus only on steady state creep

deformation and therefore use secondary creep models. Numerous applications of secondary

creep models, e.g. Norton creep model [7] can be found in recent studies, e.g. [42, 44, 45].

2.4.2 Stress Regime Dependency

High temperature components can experience creep over a wide range of stresses (and tem-

peratures). Analysis procedures for such components require creep models being represen-

tative of the creep behaviour of the material over a wide range of stresses.

Some creep models (e.g. the conventional Norton [7] equation) involve a general single for-

mulation to describe the behaviour of materials for all stress regimes (i.e. single regime creep

Table 2.1: Classical representations of primary, secondary and tertiary creep stages [30].

Models Mathematical formulations

Primary creep
Logarithmic [34] ε = A log(1 +Bt)
Power [35] ε = Atc

Exponential [36] ε = A[1− exp(−Bt)]
Hyperbolic sine [37] ε = A sinh(Btc)

Secondary creep
Power [7] ε̇s = Aσn

Exponential [32] ε̇s = A exp(Bσ)
Hyperbolic sine [32] ε̇s = A sinh(Bσ)

Tertiary creep
Power [35] ε = Atc

Exponential [38] ε = A[exp(−Bt)− 1]
Omega [39] ε̇ = ε̇0 exp(−Ωε)
Damage type [40, 41] ε̇ = Aσc1 (1− ω)−c2 where ω̇ = Bσc3 (1− ω)−c4
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models). However, for many engineering alloys, the creep deformation mechanism exhibited

at high stresses is not the same as that at lower stresses [10, 23]. Typically, at relatively high

temperatures, dislocation creep controlled by dislocation climb and glide occurs at higher

stresses (when the stress exponent is ≥5), whereas diffusion creep controlled by volume or

grain boundary diffusion occurs at lower stresses (when the stress exponent is around three

or, in the limit, unity). The consideration of single regime creep models cannot represent

the effect of a creep mechanism transition due to a change of stress and ideally should not

be used in applications involving a wide range of stresses.

Consideration of the conventional creep model formulations with different parameter sets for

different stress regimes can be a possibility for consideration of creep mechanism transition.

Extension of the conventional Norton creep model [7] to two mechanism regimes gives:

ε̇s =

{
A1σ

n1 if σ ≥ σ∗

A2σ
n2 if σ < σ∗

(2.7)

Where σ∗ is the stress associated with a creep deformation mechanism change. The applica-

tion of such formulations for application to a wide range of stresses is much more successful

than that of single regime models. However in reality, the stress dependent creep mecha-

nism change is not a sharp transition and considering a step change of creep mechanism at

a critical stress is not a realistic assumption. The more physically acceptable solution is a

gradual and continuous change of creep deformation mechanism with stress variation. Con-

sideration of the overall creep rate as a summation of creep rates arisen from low and high

stress creep deformation mechanisms can represent a continuous creep mechanism transition

due to change of stress, e.g. for the Norton creep model [4]:

ε̇s = A1σ
n1 +A2σ

n2 (2.8)

Figure 2.9 shows a schematic comparison of the expected creep behaviours with different

representation of the Norton creep model (i.e. Equations 2.1, 2.7 and 2.8) for a wide range

of stresses.

2.5 Creep Resistant Steels

Creep resistant steels are steels designed to withstand loads at high temperatures and for

long durations. The main application of creep resistant steels is in power generation and

petrochemical plants. The efficiency of power plants can be improved by increasing the
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Figure 2.9: Schematic comparison of presented creep behaviours with Equations 2.1, 2.7 and 2.8.

maximum operating temperature and pressure and this was the major driving force behind

the continuous development of creep resistant steels for application to higher temperatures

and pressures [1, 46–50].

Up to the 1920s, non-alloyed steels were used for the components exposed to maximum

temperatures of 350◦C and pressures of about 15bar. At the beginning of the 1920s, de-

velopment of low alloyed heat resistant steels improved the operating condition to a steam

temperature of 450◦C and a pressure of 35bar. Later, different low alloyed heat resistant

steels with different chemical compositions were developed [46, 51]. The high creep resistance

of low alloyed steels is attributed to precipitation and solid solution strengthening resulting

from addition of alloying elements of Mo, Cr, V, Nb, Ti and B. Amongst the numerous steel

versions developed, 1CrMoV has found worldwide acceptance for the manufacture of rotors,

casings, valves and bolts for steam turbines [51]. Further information about this alloy is

specifically provided in next section.

The maximum allowable temperature for conventional low alloyed heat resistant steels, for

steam turbine rotor applications, is 565◦C. Continuous development of heat resistant steels

after the 1950s led to development of high strength 9–12%Cr ferritic–martensitic steels

capable of operating in ultra super critical power plants with working temperatures of about

650◦C [51]. The high creep resistance of the early developed 9–12%Cr steels was based on

solution hardening and precipitation of Cr23C6. In 1970s, an advanced steel referred to as
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P91 was developed containing additive of Nb and a controlled amount of N. These additives

form thermal stable precipitates of VN, Nb(C,N) during heat treatment which effectively

increases the creep strength of the alloy. Further enhancement in creep resistance was

achieved by the introduction of W and B for the P92 steel. While B prevents the coarsening

of Cr23(C,B)6 particles, W causes hardening due to both solid solution hardening and Laves

phase particle formation. Later, creep resistance of this class of steels was further improved

by increasing the Cr content from 9 to 11% in T/P122, NF12 and SAVE12 steels. This

high Cr content increases the oxidation resistance of the steel for application at steam

temperatures above 600◦C. Future martensitic 9–10%Cr steels are under development for

steam temperatures up to 650◦C [46, 47, 51].

The development of austenitic steels for use in power plants operating at temperatures

above 650◦C was started in the 1980s. Austenitic creep resistant steels contain consider-

able amounts of Cr and Ni (18%Cr–8%Ni, e.g. AISI 316 and 304). The high Cr content

increases the oxidation and corrosion resistances and with the austenitic stabilizing effect

of Ni, this alloy shows both high strength and high ductility under creep loading condition.

The presence of alloying element of Ti and Nb results in the formation of carbides and ni-

trides improving the creep resistance of these steels. Also, Mo and W cause hardening due

to both solid solution hardening and the formation of Sigma and Laves phases. The limit

for austenitic steels application is approximately 680◦C for 350bar pressure plants. Devel-

opment of austenitic steels with acceptable long term creep strength at a temperature of

700◦C is a future desire. Nickel based alloys (e.g. Alloy 617, Alloy 625 and Haynes 230) can

be used for applications at even higher temperatures, however the material cost for nickel

based alloys is high compared with that for austenitic steels which limits the application of

nickel based alloys [46, 51] .

Figure 2.10 illustrates a schematic comparison of creep ruptures strength of different class

of heat resistant alloys.

CrMoV Alloy

Amongst the numerous low alloyed steel versions developed, 1CrMoV has found worldwide

acceptance for the use in power industry for components such as high pressure (HP) and

intermediate pressure (IP) steam turbine rotors operating at temperatures up to 565◦C

[51, 52]. Depending on the component size and the location of the site of development,

the chemical composition of the alloy is roughly 0.20–0.30%C, 1–1.5%Cr, 0.70–1.25%Mo,

0.25–0.35%V and 0.50–0.75%Ni [1, 53].

The high creep resistance of 1CrMoV originates from solid solution strengthening and precip-
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Figure 2.10: Schematic comparison of creep ruptures strength of heat resistant alloys [46, 51].

itation hardening. Interstitial and substitutional solute atoms (e.g. C, N and Mo) increase

the matrix high temperature strength, however the high creep resistance of 1CrMoV is

mainly due to the presence of fine and stable intragranular vanadium carbides which pin the

dislocations and inhibit recovery [54].

The highest creep strength for 1CrMoV alloy relates to a microstructure consisting of upper

bainite with fine and uniformly distributed precipitates of V4C3. Such a structure however

has low ductility and a tempering treatment should be conducted to increase the ductility

[54–56].

Investigations have shown that composition and heat treatment can significantly affect the

creep behaviour of 1CrMoV alloy [1, 55–57]. Higher austenitizing temperature and lower

tempering parameters generally result in an increased creep strength with the cost of reduced

toughness and high notch sensitivity. A typical heat treatment for 1CrMoV rotor steel

comprises austenitization at 975◦C/12h/oil–quench and tempering at 700◦C/18h/furnace

cool [55]. Table 2.2 gives optimised chemical compositions for HP and IP steam turbine

rotors according to Norton and Strang [55].

Figures 2.11 and 2.12 indicate typical high temperature mechanical behaviour for 1CrMoV

steel.
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Figure 2.11: Variation of tensile properties of 1CrMoV with temperature [56, 58].

2.5.1 Creep Resistant Weldments

Welding is still the major joining technology for power plant components. The joint of com-

ponents such as pipes and tubes can consist of similar metal welding (SMW) and dissimilar

metal welding (DMW). Welding is mainly considered for economic design of components

with application to a wide range of temperatures and corrosion conditions [59, 60].

The heat involved in the welding process strongly influences the microstructure and mechan-

ical properties of creep resistant steels adjacent to the fusion line (FL). The influenced region

is called heat affected zone (HAZ). The resulting microstructures and mechanical proper-

ties of the HAZ are governed by several parameters (e.g. the experienced peak temperature

during welding, post-weld heat treatment (PWHT), etc.) [59, 60].

The microstructures of HAZs for low alloyed ferritic steels exhibit a gradient in characteris-

tics. The HAZ can be divided in to different sections (Figure 2.13) [60]:

Table 2.2: Optimised chemical composition (in wt%) for HP and IP rotor forgings [55].

C Cr Mo Ni V Si Mn P S

0.24 0.98 0.65 0.60 0.27 0.17 0.74 0.007 0.009
0.31 1.15 1.08 0.76 0.36 0.27 0.81 0.003 0.019
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Figure 2.12: Variation of creep properties of 1CrMoV with temperature [56].

• Coarse grained HAZ (CGHAZ): the zone adjacent to the FL experiences very high

temperatures during welding causing full austenitization and grain growth. The final

structure therefore evolves from coarse austenite grains. The high temperatures expe-

rienced by this zone dissolves precipitates which could obstruct the growth of austenite

grains.

• Fine grained HAZ (FGHAZ): lower peak temperature experiences of about 1100◦C

result in full austenitization, but not dissolution of precipitates. Presence of the pre-

cipitates acts as nucleation sites for new austenite grains and, at the same time, limits

their growth. The final structure therefore evolves from fine austenite grains.

• Intercritical HAZ (ICHAZ): peak temperature experience between Ac1 and Ac3 trans-

formation temperatures results in a partial austenitization of structure. While new

austenite grains nucleate at favoured positions, the untransformed structure is simply

tempered. The final structure therefore is a twofold microstructure consisting of newly

formed, and the tempered original structure.

• Over tempered zone: with peak temperatures experienced below Ac1, the microstruc-

ture of this zone does not undergo any phase transformations, but the original mi-

crostructure is tempered at high temperatures which may result in precipitation coars-

ening.
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Figure 2.13: Schematic representation of the microstructure developed in HAZ for ferritic steels [60, 61].

It is worth mentioning that the resulting microstructures of multi-pass welds are more com-

plicated. Additional heat input from subsequent welding passes affects the previously gen-

erated HAZ and weld deposit [60].

As mentioned above, the weld thermal cycle completely changes the optimised microstruc-

ture of parent material (PM), established as the result of a well specified manufacturing

procedure. All these improper changes affect the creep strength of the materials surround-

ing the weld and make the weldments one of the most critical locations in high temperature

components [59, 61].

Cracks in welded joints are classified depending on their location. Cracks arrested in the

deposited weld metal (WM) are referred to as type I and cracks in the deposited WM

which propagate into the HAZ or even into the PM are referred to a type II. These two

cracking types are commonly associated with the welding process or stress relief during

PWHT [62]. Improvements to the cleanliness of the weld deposit for weldments of ferritic

steels has diminished the significance of these cracks. Type III cracks form in the CGHAZ

and can extend in this zone as well as into the PM. This type of cracking, also called reheat

or stress relief cracking, results when the relaxation strains occurring during the exposure

of weldment to elevated temperature exceed the local ductility of the CGHAZ structure.

Multi-pass welding refines the microstructure of prior CGHAZ and results in an increased

rupture ductility for this zone and usually eliminates reheat cracking susceptibility. Type IV

cracking, restricted to the FGHAZ and ICHAZ, is the major failure mechanism for ferritic

steel weldments. The low creep resistance of FGHAZ and ICHAZ causes localization of the
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creep deformation in these zones and generates a multiaxial stress condition in these zones.

This accelerates the nucleation and growth of creep cavities [63], in particular subsurface,

and leads to final failure. Investigations have demonstrated the beneficial effect of controlled

additions of B to parent and weld materials for suppressing the formation of type IV cracking

[64, 65].

In addition, cracks located at or very close to FL have been observed in DMWs. For DMWs,

the mechanism of creep rupture can be complicated by chemical element transfer [66–68].

Solid state diffusion can occurs during PWHT and/or service. The migration of carbon

into the side containing strong carbide forming elements (e.g. austenitic steels with high

Cr content) can produce a decarburized zone in the ferritic steels adjacent to the FL [69].

Regarding creep rupture properties, the carbon depleted zone is weak and is surrounded by

zones of higher creep strength. This leads to localized premature damage in the decarburised

HAZ located in the low alloyed steel part. Brett [70] assigned the term type IIIa cracking to

this type of cracking which usually occurs after long–time service. A common preventative

method for this type of cracking is to use nickel based filler metals as a diffusion barrier

[71]. Service experience has shown that the nickel based joints perform better than those

made with austenitic filler metals. However, it was later found that these fillers can only

decrease the scale of diffusion and long–time service exposure of them (e.g. ∼70,000h at

600◦C [68]) results in a strong susceptibility to low ductility cracking. The cracking in such

conditions is close to the FL and is due to formation of semicontinuous M23C6 (Cr rich) and

M6C (Mo rich) particles in the ferritic steel, parallel and very close to FL (1µm) [66–68, 72].

Nicholson [73] explained that as a result of partial mixing during the welding process, a

thin layer of martensite may form between the ferritic steel and the WM. Later during high

temperature exposure, carbon migrates from the ferritic steel to the WM to compensate

the chemical potential gradient. However, the presence of the martensite band, containing

a relatively high chromium content at the interface introduces an intermediate step in the

overall migration and forms carbides. Creep cavitation at the formed carbides may lead to

low ductility creep failure [72].

Large differences in coefficients of thermal expansion of weld and parent materials, large

creep strength mismatch and the formation of oxide notch at the interface are other pro-

moting parameters in the creep failure of DMWs [74].
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2.6 Creep Life Prediction

Elevated temperature components such as those used in modern power generation plant

are designed using allowable stress under creep conditions. The allowable stress is usually

estimated on the basis of 105h creep rupture strength at the operating temperature [1]. One

of the main challenges in the design process of such components is the prediction of long

term creep strength.

In ideal circumstances, creep lifetime evaluation is based on strength values derived from

experimental observations from a large quantity of long duration uniaxial tests for the ma-

terial of interest, ideally for a number of different heats [75]. Recently, long term creep

rupture test data beyond 105h have become available for a number of creep resistant steels

in several materials test institutions (e.g. NIMS, Japan [43]). In circumstances for which

such large datasets do not exist, long term properties have to be predicted from the results

of relatively short duration tests. While the latter approach can only be regarded as an

interim compromise, and no substitute for the former approach with regards to accurate

design life assessment, it is sometimes the only way to predict the long term properties

of alloys in a relatively short–time scale. A number of approaches have been adopted for

predicting long–time creep properties from relatively short duration tests. The advantages

and disadvantages of each approach for application to different materials at different creep

conditions have been reported in the literature (e.g. [1]). The following text shortly reviews

some of the adopted approaches.

Time Temperature Parameters

Many attempts have been made to formulate dependency of creep life to operating temper-

ature and stress. A promising approach has been the use of time–temperature parameters.

All the various developed time–temperature parameters consist of a combination of time,

temperature and suitable constants. With such parameters and for a given material, a sin-

gle or master curve of stress against the parameter can be obtained and this is of a great

value for extrapolating test results [76]. A few of the various developed time–temperature

parameters are briefly presented here.

• Larson–Miller Parameter [77]:

LMP = f(σ) = T (C + log tr) (2.9)

where C is a constant in the range of 15–35.
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• Orr–Sherby–Dorn Parameter [27, 78]:

OSDP = f(σ) = log tr −
Q

RT
(2.10)

where Q is the activation energy of creep process.

• Manson–Haferd Parameter [79]:

MHP = f(σ) =
T − Ta

log tr − log ta
(2.11)

where Ta and ta are material constants.

The general form for f(σ) is [80]:

f(σ) = c0 + c1 log(T ) + c2 log(σ)2 + c3 log(σ)3 + c4 log(σ)4 (2.12)

It is worth mentioning that, similar to time–temperature parameters, algebraic models can

be used for extrapolation of material creep rupture behaviour. The following represent two

examples for the algebraic models, i.e. the so-called Soviet model (SM) [81] and simplified

minimum commitment model (SMCM) [82]:

tr = exp[c0 + c1 log(T ) + c2 log(σ) + c3/T + c4σ/T ] SM (2.13)

tr = σ exp[c0 + c1 log(σ) + c2] + c3σ
2 + c4T + c5/T SMCM (2.14)

where c0−5 are constant values. During the 1970s, focus was more on the development of

algebraic models which were less flexible than the time–temperature parameter approaches,

but were more stable in extrapolation [83].

Monkman Grant Relationship [84]

The times to creep rupture for many alloy systems correlate with minimum (or steady) creep

rates through the phenomenological Monkman–Grant relationship [84]:

(ε̇)mtr = C (2.15)

where the values of m and C are constants depending on the material and/or temperature.

For metals and alloys originally examined by Monkman and Grant, the exponent m was

between 0.8 and 0.95 and the constant C had the value of 3–20 [85].
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Although the Monkman–Grant relationship was not originally intended for extrapolation

[86], it can be used to estimate the rupture life from minimum creep rate obtained either

from non-accelerated uniaxial tests (without the need for running to rupture) or stress

relaxation test data.

The stress relaxation test based method for creep life prediction was proposed by Woodford

[87]. The procedure involves loading a tensile specimen to a prescribed strain level at the

desired temperature, and then holding the strain constant. The stress relaxes as elastic strain

is replaced by inelastic creep strain and by using an appropriate value of elastic modulus

the stress relaxation response may be converted to a creep strain rate (stress) formulation

which can be used to predict rupture times for a wide range of stress values using the

Monkman–Grant relationship [84].

Theta Projection Method

The theta projection concept assumes that creep is the result of a competition between

hardening and softening processes and represents the creep behaviour of materials as a

stress, temperature and time dependent equation set. Failure is determined by ductility

exhaustion, a failure strain which again depends upon stress and temperature. The method

can be described by the following empirically derived equation:

εr = θ1[1− exp(−θ2t)] + θ3[exp(θ4t)− 1] (2.16)

εr = C1 + C2T + C3σ + C4σT (2.17)

where θ1 and θ2 define the primary and θ3 and θ4 describe the tertiary creep behaviours.

log(θi) is stress temperature dependent parameters parameters, usually in the form of

f(σ, T ) = ci1 + ci2T + ci3σ + ci4σT (Ci, ci are constant values). Determination of the 20

parameters of this equation set requires the results from a well distributed matrix of stress

and temperature accelerated creep tests [88].

MPC Omega Method [39]

The MPC Omega method developed by Prager is based on the idea that current creep strain

rate, along with a brief history of creep strain rates, can provide information on the past

and future behaviour of a material under creep condition [39]. This method considers only

tertiary creep and expresses the creep rate of a material as:

ε̇ = ε̇0 exp(Ωε) (2.18)
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where ε̇0 is initial tertiary creep rate and Ω is materials creep damage susceptibility param-

eter which should be determined experimentally. This gives rise to [89]:

Life fraction consumed =
ε̇tΩ

1 + ε̇tΩ
(2.19)

Wilshire Method [90, 91]

In the early 2000s, Wilshire developed a methodology for predicting the long term creep

lives, minimum creep rates and the times to various strains of materials. In this method,

the applied stress is normalised through measured values of tensile stress at the creep tem-

perature (σm) and then the multi-heat data is superimposed onto a sigmoidal master curve.

For creep rupture durations:

σ

σm
= exp{−k1[tr exp(QSD/RT )]u} (2.20)

where constant values of k1 and u are different in the high and low stress regimes, determined

from plots of log[tr exp(QSD/RT )] against log[σ/σm] and [91].

The LICON Method

In the late 1990s, an advanced iso-thermal extrapolation approach referred to as the LICON

methodology was developed in an European Brite Euram project to predict the long term

creep rupture behaviour of new generation steels from the results of relatively short duration

multiaxial specimen tests [92, 93]. This methodology relies on multiaxial loading conditions

to bring forward the onset of long–time creep damage formation into the short–time rupture

regime to thereby enable extended extrapolation of rupture strength into the long–time

fracture regime [94].

The LICON method is based on the formulation:

ti,x = A(σ̄)−ν(H)−γ (2.21)

with H = σ1/σ̄, where σ1 is the maximum principal stress and σ̄ is the von Mises equiva-

lent stress, and where A, ν and γ are constants determined for the material and tempera-

ture of interest and the associated multiaxial creep–rupture response. The LICON method

characterises the material behaviour in different creep failure mechanism regimes. For the

regime where creep failure is σ̄–controlled, γ = 0 and for condition where creep failure is

σ1–controlled, γ′ → ν′ [94, 95]. With a knowledge of σ̄ and H values from the results of
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Figure 2.14: Schematic representation of the LICON concept.

mechanical analysis for the multiaxial testpieces and knowing the value of rupture criterion

obeyed by the material (i.e. γ), the values of A and ν and eventually uniaxial creep rup-

ture behaviour of material can be determined from the results of a series of short duration

multiaxial tests. Figure 2.14 schematically represents the concept of LICON method.

Continuum Damage Mechanics

The continuum damage mechanics (CDM) approach was first introduced by Kachanov, based

on a continuum mechanics concept [40]. On the microscale, material structure is discontin-

uous and inhomogeneous, because of the existence of mico-defects or damage. Continuum

mechanics however considers a continuous representative volume element (RVE) for all prop-

erties that can be represented by homogenized variables [96]. CDM introduces a damage

parameter which, in contrast to the traditional material mechanics concept of perfect or

failed, points out an intermediate stage existing between perfect and failed material. The

damage variable is 0 for perfect and 1 for failed and broken stages [96]. The variation of

the damage parameter should be defined by a damage evolution equation. Several different

damage evolution equations have been defined in the literature, from phenomenological to

physically based, and with single or multi, scaler or tensorial damage variables [40, 96–99].

The damage variables may define cavity formation, precipitation growth or other material
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degeneration phenomena. The predictability of this approach depends heavily on the choice

of an appropriate damage evolution equation and accurate determination of the equation

constants [97]. These are usually determined by means of dexterous trial and error and

computationally expensive numerical optimizations. With the rapid development of modern

computer technology and FEA, CDM has found considerable attentions during recent years

[96]. Table 2.3 presents some literature reported damage evolution equations (the list is not

exhaustive and only gives some examples of damage evolution equations).

There are other approaches for the prediction of creep life time of materials such as the

initial strain method (ISM) [100] and the β–envelope method [101], etc. But these are not

considered further.

2.6.1 Creep Life Prediction of Weldments

Weldment creep life can be affected by several different parameters such as weld imperfec-

tions, weld residual stresses, metallurgical transformations, etc. Furthermore, a weldment is

a multi-material system (parent, HAZ and weld materials) and under creep loading condi-

tions, each material creeps at a different rate [102] which results in development of complex

multiaxial stress states.

In general, weldment creep rupture strength is lower than that of PM (Figure 2.15). Design

codes therefore recommend to consider a weld strength factor (WSF) in the design of com-

ponents with weldments. The WSF is defined as the ratio between creep rupture strength

of weldment and PM [60, 103]. Design codes usually consider a constant (material, time

and temperature independent) WSF factor, for example WSF= 0.8 by German AD2000–

Merkblatt B0 [60, 104]. However, many researches have reported either higher but also

significantly lower WSF factors dependent on several factors like material type, stress level,

temperature, etc [61, 105–107]. The European Creep Collaborative Committee (ECCC) has

Table 2.3: Uniaxial creep damage evolution equations.

Equations Mathematical formulations

Kachanov–Rabotnov [40, 41] ω̇ = Bσp

(1+q)(1−ω)q

Liu–Murakami [98] ω̇ = D
1−exp(−q)

q
σp exp(qω)

Dyson–Osgerby [99] ω̇1 = Nc1ε̇, ω̇2 = c2
3

(1− ω2)4
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Figure 2.15: Comparison of base metal and cross-weld creep rupture strengths for E911 at different

temperatures [105].

defined the WSF as follows [108]:

WSFt,T =
σrt,T (weldment)

σrt,T (PM)
(2.22)

where σrt,T is the creep rupture strength at time t and temperature T (other factors are

also defined [108]).

Design of real components concerned with long–time applications needs WSF factors for

long term conditions. Observations of significant reductions of WSF factor after long–times

have highlighted the risk involved in extrapolation of long term WSF factor from short term

creep rupture data. In the 1990s, the occurrence of several catastrophic failures of welded

steam piping systems acted as a driving force for increasing research activities on creep

failure of welded joints [60].

A weldment has different microstructural constituents with different creep deformation/failure

behaviours. Creep behaviour characterisation of HAZ and WM is difficult and there is only

limited data available in the literature. Figure 2.16 shows a comparison of the creep resis-

tance of parent, HAZ and weld materials.

The overall creep lifetime of weldments may be simply defined as the minimum creep lifetime
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Figure 2.16: Schematic comparison of creep rupture strengths of PM, HAZ and WM in [109].

of the individual sections (i.e. weld, HAZ and parent materials) under the homogeneous

reference stress determined for the component (the reference stress concept is explained in

the next section). Despite the simplicity of the approach, the basic problem is that it does

not account for the stress redistribution occurring within the weldment due to different creep

deformation behaviours of the weldment constituent [110].

Coleman et al. [111] have shown that for a creep loaded weldment, the stress may distribute

differently within the different sections of the weldment. To consider this effect, another

approach may factor the global stress to give the stresses at the different constituents of

weldments [112]. The overall creep lifetime of weldments is then defined from the minimum

creep lifetime of individual sections at the correspondingly factored reference stresses. The

factors however can vary for each specific weldment and creep condition and hence, their

specification is difficult. As another approach, numerical analysis such as FEA may be used

to determine the stationary stress state for weldments and determine the reference stress for

each individual section of the weldment [110].

The above approaches determine the creep rupture life of a weldment based on an estimated

stationary stress state. The basic assumption here is that for a loaded component, there

are two distinct phases. In the first phase, without considerable damage formation, creep

strains accumulate to distribute the stress and form a stationary stress state. In the second

phase, it is assumed that, without further stress redistribution, the established stationary
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stress state leads to creep damage accumulation and final failure [110]. Preservation of a

stationary stress state during the second phase however is not a realistic assumption. During

the second phase, when damage develops in some regions, the load bearing capacity of those

regions reduces and consequently stress is off-loaded onto stronger (less-damaged) regions.

It means that stress redistribution may start again in the second phase. Therefore, while

the above approaches can be effective for conditions for which the stationary stress state

is preserved for a large portion of creep life, more accurate analyses are required for other

conditions.

Finite element continuum damage mechanics (FECDM) is generally a more accurate ap-

proach which considers continuous stress redistribution and damage formation within the

whole life of a component [110]. The basis of CDM has already been explained in the previ-

ous section and FECDM is simply an implementation of the CDM concept into the material

constitutive formulation of an FEA solver. Basically a successful application of FECDM

for analysis of a structure, with or without welding, can predict not only the lifetime of

a component, but also its deformation behaviour and failure location [110]. For example,

Hall and Hayhurst [113] have used FECDM to predict the deformation, life time and failure

location for a pressurised butt welded ferritic steel pipe. The generated predictions were in

good agreement with experimental observations reported by Coleman et al. [111, 114].

The success of FECDM for analysis of a weldment significantly relies on the accuracy of

the implemented material constitutive information. The use of FECDM methods demands

accurate materials testing data to describe the deformation and rupture of different material

sections of the weldment [109, 110]. In fact, the lack of accurate creep deformation and failure

data for the HAZ and WM is the main drawback of this approach.

As another approach, the LICON method can be used to predict the creep rupture behaviour

of weldments. The basis for the LICON method has been already explained in the previ-

ous section. Briefly, the LICON method predicts the long term creep failure behaviour of

materials/weldments using the results from several short term creep crack incubation (CCI)

tests. After demonstration of successful application of this method for predicting the creep

life of advanced 9%Cr pipe steel cross-welds in late 1990s [93], this study examines the ap-

plicability of the method for a DMW (1CrMoV–Alloy 617–Alloy 625). It must be remarked

that the effectiveness of the approach for application to welded structures of copper (SMW)

is currently under investigation at VTT institute, Finland [115].
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2.7 Creep Analysis of Structures

The creep analysis of structures is an important subject and has received increasing atten-

tion in engineering design [116]. The aim of such analyses is to reflect basic features of

creep in engineering structures including inelastic deformation, stress redistribution as well

as creep damage development and failure [117]. As a generality, the resolution of creep prob-

lems is more difficult than that of elastic–plastic problems, as the constitutive behaviour of

material during creep deformation is very complicated [116]. Ideally, the mechanical anal-

ysis of a creeping structure needs extensive information concerning the creep behaviour of

the material from which the structure is made (under different loading conditions) [118].

Engineering methods however try to minimise the amount of needed data. Therefore, while

approaches such as reference stress methods approximate the creep behaviour of a structure

with minimum data availability, numerical analyses such as FEA can potentially provide

more accurate results but with a more extensive material data requirement. The following

explains two methods which can be used to mechanically analyse a structure under creep

loading condition.

2.7.1 Reference Stress Approach

The idea of a reference stress method was first introduced by Soderberg [119] and later

improved by Mackenzie [120], Sim [121] and others. This approach, in certain conditions, can

provide accurate predictions for the creep deformation and rupture behaviour of components

under creep loading conditions and, because of its simplified nature, is widely used for

analysis and design of engineering components [122].

For a component loaded under creep conditions, after instantaneous elastic and plastic defor-

mation, creep begins, stresses redistribute and then, a stationary state is eventually reached

[118]. The deformation behaviour of a structure under creep may therefore be expressed by:

φ = φi + φc = φi + (φs + φt) if t > tred (2.23)

where φ is a general deformation parameter, φi is the initial deformation, φc is the creep

deformation (including stationary and transient components, φs and φt, respectively) and

tred is the stress redistribution time (Figure 2.17) [118].

The stationary creep deformation part of equation 2.23 for a material with the creep gov-
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Figure 2.17: Deformation components of a structure under creep loading conditions [118].

erning law of εc = σnΓ(t) can be expressed in the form of:

φs = (σnom)nFnFdimΓ(t)

=
[σnom

σ0

]n
FnFdimε0 (2.24)

where Fn and Fdim are functions of stress exponent n and dimensions, respectively. The

σnom is the nominal stress of the structure (proportional to the magnitude of applied load),

σ0 is an arbitrary stress and ε0 = σ0Γ(t) [118].

Anderson et al. [123] and Mackenzie [120] have investigated the stationary state creep de-

formation behaviour of several geometries and have shown that for a suitable choice of σ0,

the function of [σnom/σ0]nFn is weakly dependent on n and, therefore to some extent on

material creep behaviour. This value of σ0 is called reference stress, σref, hence [118]:

φs = BFdimεref
(2.25)

where B = [σnom/σref]
nFn. Equation 2.25 illustrates the power of the reference stress

approach which can express the stationary creep deformation behaviour of a structure in

terms of uniaxial data for a single value of stress [118]. Marriott and Leckie [124] have

shown that, only for some geometries, the reference stress can be identified with the stress
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at a skeletal point for the structure where the stress remains constant during redistribution

[118].

Later, Penny and Marriott [125] used the similarity of creep behaviour when n = ∞ with

the rigid–perfectly plastic behaviour and showed:

σref =
P

PL
σy (2.26)

where σy is the yield stress of the material, P is the magnitude of applied load [118]. PL is

the collapse load which has been determined for a range of simple geometries [126] and can

numerically be calculated for any other geometry. Equation 2.26, being an upper bound for

reference stress, gives an easily obtainable value for the reference stress [118].

For long durations, t >> tred, transient deformation, φt , can be neglected and the addition

of instantaneous deformation (which can be determined from simple elastic–plastic analysis)

and the stationary deformation is an approximation for the total deformation [118].

The reference stress concept is also applicable for rupture properties. Hayhurst et al. [127]

have shown that for creep ductile materials with rupture obeying an equivalent shear stress

criterion, the rupture reference stress is the same as that for creep deformation [118]. How-

ever, for creep brittle materials, the creep deformation reference stress is a lower bound for

creep rupture reference stress and can therefore result in non-conservative lifetime predic-

tions [128]. Sim [129] alleviated this shortcoming by assuming the creep rupture reference

stress as a function of the principal stress and the equivalent stress [130]. Finally, R5 defined

an empirical estimation for the rupture reference stress as [131–133]:

σrref = [1 + 0.13(χ− 1)] σref (2.27)

where χ = (σ̄max/σref ) is a stress concentration factor for the adjustment of reference stress

and σ̄max is the maximum value of the equivalent stress in the structure calculated from an

elastic analysis [134].

Generally, it is doubtful if ideal reference stresses exist for real components and real mate-

rials. However for many real situations, an approximate reference stress which is insensitive

to the material behaviour rather than independent of that, can be determined to predict the

creep behaviour of structures to an acceptable degree of accuracy [118].
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2.7.2 Finite Element Analysis

The design and life assessment of high temperature components increasingly rely on deter-

minations of the creep stress/strain (rate) state at the critical locations. In principal, it is

possible to calculate the stress and strain distributions throughout a structure provided that

the constitutive behaviour of the material from which the structure is made is known [130].

As a generality, the resolution of creep problems is more difficult than that of elastic–plastic

problems and hence, FEA appears to be the only practical solution to this type of problems

[116]. The underlying premise of FEA is that an approximate solution to any complex engi-

neering analysis can be obtained by subdividing the problem into smaller (finite) elements

where complex non-linear equations can be reduced to a set of linear equations.

Most time–dependent non-linear FEAs are based on determining small increments of strain

(displacement) over small time increments. The procedure starts with the assumption of an

increment of strain (displacement) to be accumulated over a small increment of time. The

code should then determine the increment of inelastic strain. This can be calculated using

a constitutive law for the material, but it requires an assumption that the stress is constant

during the increment. the determination of inelastic strain can be based on the stress value

at the start of the increment or, in an iterative procedure, at the end of increment. By

either of the solution, it is possible to determine the stress at the end of the increment. An

accuracy check then examines the validity of assuming a constant stress over the increment

and if it fails, the process is repeated with a smaller increment. For the implicit FEA, a

second check is also conducted to assure that the structure is in equilibrium at the end of

the increment. When both checks are passed, the codes starts a new time increment and

the process repeats until the final time is reached, and the final strains, displacements and

stresses are determined. This simplified procedure, shown in Figure 2.18, is adequate to

accurately analyse a structure provided a reasonable set of tolerances is used.

Determination of creep strain using a constitutive law may consider either a strain or a time

hardening assumption. In the time hardening assumption, the creep strain increment is

assumed to depend on the current stress and time, whereas in the strain hardening assump-

tion, the creep strain increment depends on the current stress and the accumulated creep

strain. The more realistic assumption is strain hardening although time hardening is often

convenient to use in situations of constant or nearly constant stress [135].

A number of general purpose finite element (FE) codes (e.g. ABAQUS, ANSYS, NASTRAN,

COMSOL, MARC, ADINA, etc) have been developed which can be used to solve creep prob-

lems [117]. They usually offer several options for solving strategy, constitutive behaviour

definition, time incrementation, etc. The user should be aware of their characteristics to
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Fail 
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Fail 

Pass 

Figure 2.18: Displacement–based FEA procedure (implicit).

be able to choose the appropriate option or, if required, to develop an appropriate option.

For example, commercial FE codes adopt sophisticated procedures incorporating automatic

adjustment of the time increment. However, more sophisticated procedures should be imple-

mented by the user if the tertiary creep stage is modelled. Similarly, the commercial codes

are usually able to consider only a few simple creep constitutive models, e.g. Norton creep

model. The user may therefore need to write a user–defined material subroutine to imple-

ment more sophisticated creep models with several internal state variables (e.g. damage),

special types of stress and temperature functions, etc. [117, 135].
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Chapter 3

Articles

3.1 Article One

Overview

This section contains a reprint of the article: E. Hosseini, S.R. Holdsworth, E. Mazza,

Experience with using the LICON methodology for predicting long term creep behaviour

in materials, International Journal of Pressure Vessels and Piping, 2012, Volume 92, 70–76,

with permission from Elsevier.

Background Motivation

Investigation of the applicability of the LICON methodology for welded joints, as the main

objective of this research project, requires understanding of the previous applications of the

method for other material types. Re-examination of the LICON method application to a

low alloy creep resistant steel (i.e. 1CrMoV) has highlighted some undiscussed details about

the mechanical analysis part of the LICON method which require further consideration.

Summary

This article re-examined the applicability of the LICON methodology for a high creep

strength 1CrMoV alloy when different assumptions in the mechanical analysis part of the

method (i.e. finite element analysis) were considered. The focus was on examination of
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different assumptions for finite element model mesh configuration and adopted creep con-

stitutive model. Finally, the sensitivity of the LICON approach prediction to the evaluated

conditions are discussed.

Main Conclusions, Link to the Next Article

The conclusion was that the LICON method long term creep rupture strength predictions

are sensitive to input conditions for the associated finite element analysis used to evaluate

creep crack incubation tests. It has been shown that special care should be considered in

designing the finite element model mesh configuration. Moreover, it was found that the con-

sideration of different types of creep constitutive model in the mechanical analysis part of

the LICON method might provide different long term creep rupture strength predictions for

the material under investigation. The next article further explains the sensitivity of creep

finite element analysis to the adopted creep constitutive model.
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Experience with Using the LICON Methodology for Predicting

Long Term Creep Behaviour in Materials1

Abstract

The LICON methodology is a newly developed approach for predicting the lifetime of mate-

rials under creep loading condition. The LICON method has gained attention for application

to newly developed materials, for which there is little existing creep–rupture data, and for

their welded structures. The LICON method predicts long term uniaxial creep strength us-

ing the results from several short duration creep crack incubation (CCI) tests in conjunction

with the outcome of a mechanical analysis (e.g. involving finite element analysis (FEA), at

least initially for a new material and/or multiaxial specimen geometry). In this study, the

sensitivity of results from the LICON method to input conditions for the associated FEA

is investigated. Two important considerations for creep FEAs are the mesh configuration

and the type of creep constitutive model used. In order to evaluate the sensitivity of the

outcome of the approach to finite element (FE) mesh condition, twelve different configura-

tions in terms of size, geometry and interpolating formulation are examined. Moreover, to

examine the sensitivity of the outcome of the approach to the type of creep equation em-

ployed, three constitutive models have been evaluated. Finally, the sensitivity of the LICON

approach to the evaluated conditions have been discussed with reference to the information

contained in a comprehensive creep–rupture database available for a high creep strength

(HCS) 1CrMoV steel at 550◦C.

Keywords:

Finite element analysis; Mesh configuration; Creep constitutive model; 1CrMoV.

1E. Hosseini, S.R. Holdsworth, E. Mazza, International Journal of Pressure Vessels and Piping 92 (2012),
70–76
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3.1.1 Introduction

One of the main challenges in the design of high temperature components such as those

used in modern power generation plant is their lifetime prediction under creep conditions.

It is important to be able to accurately predict the creep lifetimes of such structures, with

due consideration of fitness–for–purpose, reliability, safety and cost effectiveness, and this

has been a main topic of high temperature study for many years. In ideal circumstances,

creep lifetime evaluation is based on strength values derived from experimental observations

from a large quantity of long duration uniaxial tests for the material of interest, ideally for

a number of different heats [1]. In circumstances for which such large datasets do not exist,

long term properties have to be predicted from the results of relatively short duration tests.

While the latter approach can only be regarded as an interim compromise, and no substitute

for the former approach with regards to accurate design life assessment, it is sometimes the

only way to predict the long term properties of new alloys in a relatively short–time scale.

A number of approaches have been adopted for predicting long–time creep properties from

relatively short duration tests, and some of these are reviewed in the following text. Initially,

it was common practice to simply extrapolate the results of high stress (short duration) tests

out to long durations using, for example, a Larson–Miller type parameter (e.g. [2]), but it

was soon recognised that such an approach could be responsible for non–conservative pre-

dictions because it did not account for strain enhanced thermal ageing affects which could

influence creep deformation and rupture mechanisms at long times, in particular for met-

allurgically complex steels (e.g. [3]). Subsequently, the iso–stress test method was adopted

to accelerate strain enhanced thermal ageing effects (e.g. [4] and [5]). In this approach,

the creep–rupture times at the temperature of interest are extrapolated from the results of

a number of iso–stress tests performed at progressively higher temperatures. The disad-

vantage of this approach is that thermal enhancement in this way can change the material

microstructure, and subsequent deformation and rupture mechanisms, in a way that does

not occur at the temperature of interest at long creep–rupture durations.

In 1985, Evans & Wilshire introduced a methodology involving both stress and temperature

acceleration for predicting long duration creep–rupture behaviour [6]. The ’theta projection’

concept assumes that creep is the result of a competition between hardening and softening

processes and represents the creep behaviour of material as a stress, temperature and time

dependent equation set. Determination of the parameters for this equation set requires the

results from a well distributed matrix of stress and temperature accelerated creep tests,

and has been shown to work well for materials with balanced primary and tertiary creep

strain characteristics which are stable in terms of their deformation and rupture mechanisms
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over a wide T , σ regime. In practice, these conditions are not fulfilled for many engineering

materials, although more recent improvements have extended the applicability of the concept

[7].

In 1993, a stress relaxation based accelerated testing method was proposed by Woodford [8].

The procedure involves loading a tensile specimen to a prescribed strain level at the desired

temperature, and then holding the strain constant for around 20h during which time the

stress relaxes as elastic strain is replaced by inelastic creep strain. The test material can

be in either the virgin, long–time thermally exposed or service exposed condition. By using

an appropriate value of elastic modulus the stress relaxation response may be converted to

a creep strain rate (stress) formulation which can be used for example to predict rupture

times for a wide range of stress values (e.g. using the Monkman–Grant relationship [9]). It

was said that the approach could be effective for predicting the long–time properties of high

strength nickel base alloys [8], but was less effective for other material classes such as low

alloy steels [10].

Experience with all of these techniques consistently indicated that none were effective in

predicting long–time creep–rupture properties from the results of relatively short duration

tests when the rupture mechanism in the long–time regime was different to that in the

short–time regime.

In the late 1990s, an iso–thermal extrapolation approach referred to as the LICON method-

ology was developed in an European Brite Euram project to predict long term creep strength

values for a new generation of advanced martensitic 9%Cr pipe steels (including their weld-

ments) [11, 12]. This methodology relied on multiaxial loading conditions to bring forward

the onset of long–time creep damage formation into the short–time rupture regime. More

recently, the applicability of this method for low alloy creep resistant 1CrMoV steels was

confirmed [13, 14] and, currently, the effectiveness of the approach for application to welded

structures of 1CrMoV steel and copper is being investigated by the authors and others (e.g.

[15]).

The LICON method employs observations from several short term creep crack incubation

(CCI) tests (e.g. using compact tension (CT) specimens) in conjunction with the results

of a mechanical analysis of the testpieces to predict the long term uniaxial creep strength

of a material. The original concept was for the mechanical analysis part to only involve

finite element analysis (FEA) to establish the necessary creep stress state parameters in the

first evaluation of a new material type and/or testpiece geometry, and thereafter to rely

on these initial findings ideally in the form of more approximate solutions (e.g. [16]). One

purpose of the present study was to re–examine the feasibility of this approach. While sev-

eral studies (e.g. [11–15]) have evaluated the LICON method and its application to different
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materials and multiaxial geometries, the sensitivity of the approach to FEA input condi-

tions has not been systematically investigated. Two important input conditions for creep

FEAs are the mesh configuration and the type of creep constitutive model adopted for the

simulation. The sensitivity of the LICON approach to the adopted FEA input conditions

has been investigated in the present study by using an available comprehensive uniaxial

and multiaxial creep database for a high creep strength (HCS) 1CrMoV at 550◦C. Twelve

mesh constructions with different configurations in terms of size (coarse, medium and fine),

geometry (tetrahedral and hexahedral) and interpolating formulation (linear and quadratic)

have been examined to provide an indication of their influence on the analytical outcome.

In order to reveal the sensitivity of the LICON approach to creep constitutive equation type,

three models have been evaluated, namely two–regime Norton (2RN), Norton–Bailey+2RN

and Bartsch. The 2RN model simply acknowledges that the parameters in the conventional

Norton equation [17], for a given material, are different for different deformation mechanism

regimes, i.e.

ε̇ =

{
A1σ

n1 if σ ≥ σ∗

A2σ
n2 if σ < σ∗

2RN model (3.1.1)

where σ∗ is the stress below which there is a change in the deformation mechanism, reflected

by a change in the constant and the stress exponent (e.g. Figure 3.1.1). In Figure 3.1.1,

the ε̇(σ) creep data for 1CrMoV extracted from [18] clearly exhibit bi–linear characteristics,

and the 2RN model constants have been set to reflect this for the MMS001 heat of the steel

under investigation.

While the Norton equation only represents secondary creep deformation, combining the

model with the Norton–Bailey (NB) model [19] enables both primary and secondary creep

deformation to be characterized, i.e.

ε =

{
Bσbtc +A1σ

n1t if σ ≥ σ∗

Bσbtc +A2σ
n2t if σ < σ∗

NB+2RN model (3.1.2)

The Bartsch model [20] provides an alternative representation of primary and secondary

creep deformation, i.e.

ε = A1 exp(a1σ)σb1tc

+ A2 exp(a2σ)σb2t Bartsch model (3.1.3)
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Figure 3.1.1: Minimum creep strain rate (stress) diagram showing the basis of the 2RN model used

for the heat of 1CrMoV steel (MMS001) under investigation.

The models reviewed above represent either primary–secondary or secondary (only) creep

deformation behaviour. Tertiary creep models (e.g. [21, 22]) were not considered for the

purpose of this study. While this could be regarded as an omission in a consideration of

constitutive equations for the assessment of service component remaining life, this is not the

case for the determination of creep stress distribution ahead of the crack starter of a CT

testpiece as part of the LICON procedure.

The sensitivity of the outcome of the LICON approach to FEA mesh configuration and the

creep model used in the simulation is examined in the following sections.

3.1.2 LICON Methodology

The original LICON development is based on the formulation:

ti,x = A(σ̄)−ν(H)−γ (3.1.4)

with H = σ1/σ̄, where σ1 is the maximum principal stress and σ̄ is the relevant von Mises

effective stress, and where A, ν and γ are constants determined for the material and temper-

ature of interest and the associated multiaxial creep–rupture response. Typically γ varies
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between zero for σ̄–controlled rupture and ν for σ1–controlled rupture [13, 23]. In its orig-

inal formulation, the LICON model equations characterised the rupture behaviour in two

mechanism regimes. In regime–1, the damage mechanism for ferritic steels is typically void

nucleation due to particle/matrix decohesion, and rupture is σ̄–controlled (i.e. with γ′ → 0),

such that:

tr = A′(σ0)−ν
′

uniaxial (3.1.5)

ti,x = A′(σ̄CT )−ν
′

multiaxial (e.g. CT specimen) (3.1.6)

In regime–2, for ferritic steels, creep damage nucleates and develops at grain/lath boundaries

and rupture is σ1–controlled (i.e. with γ′′ → ν′′ [13]), such that:

tr = A′′(σ0)−ν
′′

uniaxial (3.1.7)

ti,x = A′′(σ̄CT )−ν
′′
(HCT )−γ

′′
multiaxial (e.g. CT specimen) (3.1.8)

The LICON equation set is specifically defined above for predicting long duration uniaxial

rupture times from relatively short duration CCI tests using CT specimens. It may also

be used for determining the lifetimes of components with multiaxial features [13, 14], but

this application is not considered here. In Equations 3.1.6 and 3.1.8, reference is made to

the crack initiation criterion, x. The crack initiation criterion adopted here for 1CrMoV

steel is ∆a=0.5mm, following the experience reviewed in [24]. Equations 3.1.5–3.1.8 are

schematically presented in Figure 3.1.2.

Having determined the values of A′′(HCT )−γ
′′

and ν′′ from the results of a series of CCI

tests using CT specimens, and with a knowledge of the appropriate reference stress σ̄CT and

HCT values (e.g. from the results of FEA), the long–time uniaxial rupture behaviour can be

predicted using Equation 3.1.7. More accurate predictions may be made with a knowledge

of the actual value of rupture criterion obeyed by the material (e.g. γ′′ = 0.74γ′′ for 1CrMoV

[13]).

In the original LICON development applied to three advanced 9%Cr steels [11, 12], the initial

FEA indicated that σ̄CT (or a von Mises equivalent stress [16]) and HCT at a distance of

0.5mm ahead of the notch root could be regarded as representative reference quantities

for the CT specimen geometries. This reference distance conveniently coincided with the

adopted crack initiation criterion (∆a=0.5mm). In the subsequent investigation of 1CrMoV

steel [13, 14], the initial FEA also indicated that the determined quantities for σ̄CT (or von

Mises equivalent stress [16]) and HCT at the same reference distance could also be regarded

as representative quantities for the CT specimen geometry. However, there was a significant
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Figure 3.1.2: Schematic representation of the LICON concept.

difference between the analyses for the two material classes which is worthy of note. HCT

for the 9%Cr steels was determined to be ∼ 3.6 [12], whereas for the 1CrMoV steels it was

determined to be ∼ 3.1 [13]. It should be acknowledged that in the first study a traditional

(single regime) Norton model was used in the FEA evaluation, while in the second study, the

Bartsch model (Equation 3.1.3) was adopted. It was unknown if the determined difference

in HCT was a function of material or creep model. In this study, the sensitivity of HCT to

creep model is investigated.

3.1.3 Material and Experimental Details

The focus of the present study is a high creep strength (HCS) 1CrMoV steel (heat MMS001,

Table 3.1.1). For this particular heat of the steel, there were uniaxial creep–rupture data

for stresses (σ0) in the range 211–306MPa at 550◦C (1.2<tr<33.6kh, Figures 3.1.1 and 3.1.3

[13]) and CT specimen CCI data for loads in the range 11.2–25.5kN (0.3<ti,x<3.7kh [14]).

Table 3.1.1: Material details for MMS001 heat of 1CrMoV.

C, wt% Cr, wt% Mo, wt% Ni, wt% V, wt% Rp0.2, MPa Rm, MPa E, GPa

0.25 0.880 0.76 0.69 0.33 640 780 220
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Figure 3.1.3: Creep strain data for 1CrMoV steel at 550◦C with model fits using NB+2RN and Bartsch

creep equations.

Constant load CCI tests were performed, where appropriate, in accordance with [25] using

fully instrumented 25mm thick CT testpieces with side grooves. Full experimental details

are given elsewhere [13, 14].

3.1.4 FE Analyses

Overview

In the present study, the elastic–plastic–creep FE analysis of a CT testpiece using 1/4 model

symmetry conditions was used to calculate the values of σ̄CT and HCT at the reference point

(Figure 3.1.4). The geometry shown is representative of the CT testpiece used in the ex-

perimental test programmed [13, 14]. Five load conditions in the range 11.2–25.5kN were

simulated. The FE code employed a non-linear kinematic hardening plasticity model to rep-

resent the rate independent flow characteristics of the material, while uniaxial creep strain

response was represented by model fits to uniaxial experimental data available for the 1Cr-

MoV steel under investigation at 550◦C. The formulations for the three evaluated creep

models are defined by Equations 3.1.1–3.1.3, and the ECCC fitting approach [1] was used

to determine the numerical constants of the formulations. The model fits of the NB+2RN

and Bartsch equations to the experimental data are shown in Figure 3.1.3. The constitu-
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2RN Model 
Reference point 

Figure 3.1.4: Optimised FE mesh configuration.

tive models were implemented in the commercially available FE code of ABAQUS through

FORTRAN subroutines assuming strain hardening in their formulation.

In order to investigate the sensitivity of the calculated values of σ̄CT and HCT at the

reference point to the FE mesh configuration, twelve different mesh configurations for the

load level of 25.5kN were evaluated using the Bartsch model. The details of the twelve mesh

configurations are given in Table 3.1.2. Having determined an optimized mesh configuration,

the sensitivity to creep constitutive model type of reference σ̄CT and HCT values, and

then, LICON method predicted uniaxial creep–rupture strength curves was investigated for

different load levels.

Table 3.1.2: Details of the considered FE models.

No. Name Description Node spacing∗

1 Coarse (TL) 29,578 tetrahedral elements with linear interpolation 234µm
2 Coarse (TQ) 29,578 tetrahedral elements with quadratic interpolation 234µm
3 Coarse (HL) 25,405 hexahedral elements with linear interpolation 234µm
4 Coarse (HQ) 25,405 hexahedral elements with quadratic interpolation 234µm
5 Medium (TL) 53,571 tetrahedral elements with linear interpolation 157µm
6 Medium (TQ) 53,571 tetrahedral elements with quadratic interpolation 157µm
7 Medium (HL) 34,934 hexahedral elements with linear interpolation 157µm
8 Medium (HQ) 34,934 hexahedral elements with quadratic interpolation 157µm
9 Fine (TL) 90,762 tetrahedral elements with linear interpolation 118µm
10 Fine (TQ) 90,762 tetrahedral elements with quadratic interpolation 118µm
11 Fine (HL) 55,804 hexahedral elements with linear interpolation 118µm
12 Fine (HQ) 55,804 hexahedral elements with quadratic interpolation 118µm
∗ Node spacing at the crack tip
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Figure 3.1.5: Effect of mesh configuration characteristics on the FE analysis predicted creep reference

effective stress (see Table 3.1.2 for key to element and interpolation types).

FE Mesh Configuration Sensitivity

It is generally recognised that reducing the element size improves FEA solution accuracy.

However, the use of extremely fine mesh in the FE model can result in excessive computation

times and computer memory demands, which can significantly influence the efficiency of the

simulation. An evaluation of mesh sensitivity, and a consideration of the optimum conditions

for a LICON stress analysis of a CT specimen have therefore been conducted.

The mesh sensitivity analysis was performed using the Bartsch creep equation (i.e. Equa-

tion 3.1.3). The results of reducing node spacing, for various element and node interpolation

types, on the reference σ̄CT and HCT values for the CT testpiece are respectively shown in

Figures 3.1.5 and 3.1.6. The results show that hexahedral elements with quadratic interpo-

lation, even with the coarse mesh configuration, can represent acceptable values for stress

components at the reference point of CT testpiece. It can also be seen that the HCT value is

the most sensitive parameter to variations in the mesh configuration characteristics. On the

basis of the evidence in Figures 3.1.5 and 3.1.6, it was concluded that future σ̄CT and HCT

determinations should involve the use of hexahedral elements with quadratic interpolation,

with a convergence check on node spacing to ensure that convergence had been achieved for

HCT .
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Figure 3.1.6: Effect of mesh configuration characteristics on the FE analysis predicted creep reference

HCT value (see Table 3.1.2 for key to element and interpolation types).

Creep Constitutive Model Type Sensitivity

Using the optimized mesh configuration (i.e. quadratic hexahedral elements with a node

spacing of 157mm at the crack tip), the influence of load on the reference σ̄CT andHCT values

for the CT testpiece at 550◦C is shown in Figures 3.1.7 and 3.1.8. The σ̄CT reference stresses

determined using the three creep models increase approximately in line with the plane stress

von Mises equivalent reference stress [16], although there are significant differences between

the respective values shown (Figure 3.1.7). Interestingly, there are notable difference in

the magnitudes of σ̄CT determined by the two creep equations modelling both primary and

secondary behaviour (i.e. NB+2RN and Bartsch), despite the fact that their respective fits

to the source uniaxial experimental data are comparable (Figure 3.1.3). A comparison of

the predicted creep strain behaviour at 100MPa using these two models (i.e. well outside the

uniaxial experimental stress range of 211–306MPa) indicates significant differences (Figure

3.1.9). This demonstrated the levels of uncertainty which can be encountered when extending

the use of creep models to stress levels well below the experimental range for which they

were determined.

At loads greater than 22kN the level of HCT appears to be independent of the creep model

used. However, with decreasing load below 22kN, there is a deviation in the value of the

stress triaxiality factor determined using different creep models (Figure 3.1.8). As before,



58 Chapter 3. Articles

6 12 18 24 30

0

100

200

300

400

LOAD LEVEL, kN 

R
E

F
E

R
E

N
C

E
 M

IS
E

S
 S

T
R

E
S

S
, 
M

P
a

 

Hexahedral elements with quadratic interpolation 

Node spacing at the crack tip of 157µm 

Equivalent  

stress [24] 

NB+2RN model 

2RN model 

Bartsch model 

Figure 3.1.7: Sensitivity of the creep reference equivalent stress to the type of creep constitutive model
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Figure 3.1.9: Creep strain behaviour at 100MPa predicted by the NB+2RN and Bartsch constitutive

models.

this is regarded as a reflection of the change in the creep deformation characteristics of

1CrMoV for stresses below ∼200MPa, and the ability of the different models to extrapolate

into the lower stress regime.

LICON predictions

The reference σ̄CT and HCT values shown in Figures 3.1.7 and 3.1.8 were used to form

the basis of LICON predicted Regime–2 uniaxial rupture strength values using the 2RN

(Figure 3.1.10), NB+2RN (Figure 3.1.11) and Bartsch (Figure 3.1.12) creep models. When

compared with the existing experimentally determined long–time creep–rupture strength

values available for the heat of 1CrMoV steel under investigation, it can be seen that good

agreement is achieved with the 2RN secondary creep model based prediction (Figure 3.1.10),

while conservative and non–conservative predictions are respectively determined using the

two primary–secondary creep models (i.e. Figures 3.1.11 and 3.1.12 respectively).

The original concept of the LICON approach was to only employ fully inelastic FEA initially

to establish the steady–state creep reference H value and identify the appropriate reference

stress solution for a new material type and/or multiaxial testpiece geometry (it was originally

believed that the creep reference H value would only depend on material and geometry).
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Thereafter, mechanical analysis was to involve the use of the reference stress solution (e.g.

[16]) and H established for the conditions of interest without the need for repeated FEA.

Importantly, the evidence presented here has shown that the creep reference H value is not

independent of load (e.g. Figure 3.1.8). In these circumstance, it is therefore recommended

that the mechanical analysis part of the LICON approach is always based on the results of

fully inelastic FE analysis performed in accordance with the guidance given in the paper.

In performing this FE analysis care should be taken in the choice of the creep model and

parameters used, in particular to ensure representative predictions of deformation behaviour

beyond the range of the source experimental data (e.g. Figure 3.1.1).

3.1.5 Concluding Remarks

The LICON approach was initially developed as a means of predicting long–time creep–

rupture strength values from the results of relatively short duration CCI tests involving

fracture mechanics type compact tension (CT) specimens. The use of a multiaxial testpiece

accelerates the onset of creep damage encountered after long times, but requires fully in-

elastic finite element analysis (FEA) to characterize the creep reference stress state. The

paper has evaluated the sensitivity of LICON predicted rupture strength values to various
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Figure 3.1.10: Comparison of actual and LICON predicted regime–2 uniaxial rupture strength data

lines for HCS 1CrMoV at 550◦C (prediction using the 2RN creep model, Equation (3.1.1)).
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Figure 3.1.11: Comparison of actual and LICON predicted regime–2 uniaxial rupture strength data

lines for HCS 1CrMoV at 550◦C (prediction using the NB+2RN creep model, Equation (3.1.2)).
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Figure 3.1.12: Comparison of actual and LICON predicted regime–2 uniaxial rupture strength data

lines for HCS 1CrMoV at 550◦C (prediction using the Bartsch creep model, Equation (3.1.3)).
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FEA input conditions, with the following conclusions.

• It is shown that care is required in the choice of FEA mesh configuration for char-

acterising the creep stress state ahead of the notch root of a CT specimen. The

evidence indicates that reproducible results are determined using hexahedral elements

with quadratic interpolation, and an element size which has been optimized to give

convergence of the stress multiaxiality factor.

• The LICON predicted rupture strength is sensitive to the creep model used in FEA

simulations to determine creep stress state ahead of the notch root of a CT specimen.

It is not only important to consider which type of creep equation is most appropriate

(in terms of its ability to represent primary, secondary and/or tertiary deformation

behaviour), but it is also necessary to evaluate how well the constitutive model is

likely to represent the deformation characteristics at stress levels significantly below

the experimental range of stresses for which it was established.
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3.2 Article Two

Overview

This section contains a reprint of the article: E. Hosseini, S.R. Holdsworth, E. Mazza, Creep

constitutive model considerations for high temperature finite element numerical simulations,

Journal of Strain Analysis for Engineering Design, 2012, Volume 47(6), 341–349, with per-

mission from SAGE.

Background Motivation

In the previous paper, it was illustrated that LICON method long term creep strength predic-

tions are sensitive to the input conditions for the finite element analysis used for evaluation

of creep crack incubation tests. It was shown that results of finite element calculations on

generated stress states ahead of the notch of compact tension specimens might vary when

different considerations for creep constitutive behaviour of the material were adopted. This

article has further discussed the sensitivity of finite element calculation for high temperature

components to the adopted creep constitutive model.

Summary

This article has used the finite element method to simulate the behaviour of fracture me-

chanics compact tension specimens made of 1CrMoV in a series of creep crack incubation

tests. The simulations used five different creep constitutive models fitted to a set of ex-

perimental uniaxial creep curves for 1CrMoV at 550◦C. Comparison of the resulting finite

element analysis representations from consideration of different creep constitutive models

clearly demonstrated the sensitivity of high temperature finite element analyses of struc-

tures to the adopted creep constitutive model. This article has presented discussions on the

source of this sensitivity and recommended prior benchmark examination for checking the ef-

fectiveness of finite element simulation procedures for critical high temperature components.

Main Conclusions, Link to the Next Article

This article has demonstrated the potential sensitivity of high temperature finite element

analyses of structures to the type of creep constitutive model adopted, and to the scope of

the experimental data from which the model is derived. Important for the LICON method

application, it has been shown that the finite element calculated stress state distributions
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ahead of the notch of compact tension specimens exhibit a strong sensitivity to the type

of creep model adopted. This study has also highlighted the need for adoption of stress

regime dependent creep constitutive models for consideration in finite element analyses of

structures with a wide range of redistribution stresses. This topic has been further explained

in the next article.
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Creep Constitutive Model Considerations for High Temperature

Finite Element Numerical Simulations1

Abstract

Finite element modelling is increasingly used as an integral part of creep analyses for the

integrity assessment of high temperature structures. An important consideration in such

finite element (FE) simulations is the constitutive model used to represent the creep strain

response of the component material as a function of temperature, stress and time. There

are a variety of creep models which can be chosen by the analyst for implementation in FE

codes. In this study, five different creep models have been fitted to a set of experimental

uniaxial creep curves for a 1CrMoV turbine rotor steel at 550◦C. Subsequently, the derived

constitutive equations have been implemented in FE model representations of a series of

fracture mechanics compact tension (CT) specimens manufactured from the same heat of

the steel and loaded at the same temperature. The outcome clearly demonstrates the po-

tential sensitivity of high temperature numerical analyses of structures to the type of creep

model adopted, and to the scope of the experimental data from which the model is derived.

This is shown by comparing the load point displacement (LPD) records from a number of

CT specimen creep crack incubation (CCI) tests with the results of FE simulations employ-

ing the different creep deformation models. FE calculated steady–state creep stress/strain

distributions ahead of the notches of CT specimens can also exhibit a strong sensitivity to

the type of creep model adopted. Prior benchmarking the effectiveness of FE simulation

procedures for critical high temperature components with the selected material creep model

equation is therefore strongly recommended.

Keywords:

Creep Finite element analysis; Creep constitutive model; Compact tension test; 1CrMoV.

1E. Hosseini, S.R. Holdsworth, E. Mazza, Journal of Strain Analysis for Engineering Design 47(6) (2012),
341–349
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3.2.1 Introduction

Increasingly the design and remaining life assessments of high temperature components

rely on determinations of the creep stress/strain (rate) state at the critical location using

non-linear finite element (FE) analysis, irrespective of whether the analysis procedure is

concerned with the consideration of defect–free or defective structures. For example, defect–

free assessments can involve the application of phenomenological or physical based modelling

[1–9]. In particular, continuum damage mechanics (CDM) may consider the local creep

damage intensity to be proportional to the time integration of creep strain rate and stress

multiaxiality factor [7, 8]. Alternatively, defect assessments requiring a knowledge of creep

crack incubation (CCI) and growth times can depend on a knowledge of C∗ [10, 11], a

parameter which characterises the stress and strain rate fields at a crack tip [12–15]. While

the potential advantages of physical based modelling have been promoted for many years

[6–8], the application of such models is still essentially limited to research study and their

adoption for practical (industrial) application is not commonplace. There is therefore still

a place for the judicial use of phenomenological modelling [16].

The onset of creep crack growth (CCG) from a pre-existing (manufacturing) defect is gener-

ally preceded by an incubation period during which time sufficient creep damage is generated

at the crack tip for initiation to occur. The duration of the incubation period is determined

by the creep ductility of the material, and can occupy a significant proportion of life in the

case of creep ductile materials [17]. CCI and CCG properties are typically determined in

tests involving compact tension (CT) testpieces [18, 19]. CCI test data determined using

this specimen geometry were investigated in the present study for a high creep strength

(HCS) 1CrMoV turbine rotor steel identified as MMS001 (for which material details and

uniaxial creep properties are given in Ref. [20]).

The results of CCI tests can be used to form the basis of ti(C
∗) diagrams [10, 17, 19],

time–dependent failure assessment diagrams [10, 11], and for estimating long time uniax-

ial creep rupture strength values [20]. Observations from a research project evaluating the

effectiveness of using CCI test results for the latter application [20, 21] provide the back-

ground to this consideration of creep constitutive models for high temperature FE numerical

simulation in the present paper.

The specific aim of this paper is to reveal the sensitivity of FE numerical creep analyses

to the creep constitutive model adopted. Using available creep data for a 1CrMoV turbine

rotor steel at 550◦C, the parameters for five creep constitutive models have been determined

to evaluate the states of stress and strain generated in fracture mechanics CT specimens

forming part of a series of CCI tests for the same material and temperature [20].
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3.2.2 Creep Constitutive Models

Creep constitutive models represent the creep strain response of a material as a function

of temperature, stress and time. Many models have been developed during the last 100

years [22], and a number of these have recently been reviewed [23]. The Norton equation

is the most commonly used, describing the secondary (or minimum) creep rate as a power

law function of stress [1] (Table 3.2.1). Secondary (or minimum) creep rates are commonly

available for many engineering materials, and consequently there is extensive use of this

model. This formulation implies a single power law creep deformation mechanism for all

stresses in a specified range of application.

For many engineering alloys, the creep deformation mechanism exhibited at high stresses is

not the same as that at lower stresses [4, 16]. As an alternative to the conventional Norton

equation, a two–regime form of the model may therefore be adopted [21], with different pa-

rameter sets for high and low stress regimes. Typically, at relatively high temperatures, creep

is controlled by dislocation glide and climb (high temperature power law creep) at higher

stresses (when the stress exponent is ≥ 5), whereas diffusion creep controlled by volume

diffusion occurs at lower stresses (when the stress exponent approaches unity). Parameter

fitting for models such as the two–regime Norton (2RN) equation requires experimental

creep strain data from low stress (long duration) creep tests which are not usually avail-

able for most materials. Indeed, the basis for the 2RN model parameters adopted for the

MMS001 heat of 1CrMoV [20] in the present study also exploited the long duration test data

published in the NIMS Data Sheet for 1CrMoV steel [24], Figure 3.2.1. This experimental

dataset indicated that the stress exponent in the low stress regime for the low alloy creep

resistant steel at 550◦C was 3 rather than unity (as was assumed by Naumenko et al. [16]).

The two Norton model equation variants are based on secondary creep, and neglect primary

Table 3.2.1: Creep constitutive model parameters for HCS 1CrMoV (MMS001) at 550◦C.

Models Mathematical formulations

Norton [1] ε̇ = 2.0× 10−33σ11

2RN [21] ε̇ =

{
2.9× 10−14σ03 σ∗ < 235
1.2× 10−39σ13 σ∗ ≥ 235

Bartsch [5] ε = 4.9× 10−07σ exp(1.3× 10−3σ)t0.4 + 1.3× 10−15σ exp(5.7× 10−2σ)t

NB+2RN [21] ε =

{
1.4× 10−09σ2.3t0.3 + 2.4× 10−14σ03t σ∗ < 235
1.4× 10−09σ2.3t0.3 + 2.1× 10−43σ15t σ∗ ≥ 235

2RSinh ε̇ = 1.8× 10−09 sinh(0.06σ(1−H)) + 1.7× 10−14 sinh(0.15σ(1−H))
Ḣ = 0.1σ2ε̇(1−H/0.54)
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Figure 3.2.1: Secondary (or minimum) creep rate (stress) diagram for MMS001 at 550◦C (including a

comparison of experimental data with creep model representations).

creep deformation. However, if the available dataset includes complete creep strain–time

curves, the adoption of primary+secondary models is also possible. The full Bartsch equa-

tion [5] may be adopted as a model with only primary and secondary terms [20]. It is used

here in the same way as the conventional Norton equation (assuming a single creep mech-

anism for all stresses) but, like the 2RN model, it may also be formulated with different

parameter sets for high and low stress regimes. The fourth model equation investigated in

this study (Table 3.2.1) is the combination of a simple primary creep power law [2] with the

2RN model to enable the implementation of a two–regime primary+secondary model (i.e.

NB+2RN) [21]. This formulation provides a primary and secondary creep representation

assuming different deformation mechanisms in high and low stress regimes. The simultane-

ous contribution of more than one creep mechanism can be summed in a continuous way by

adopting a two–term hyperbolic sine expression in conjunction with a hardening parameter

(H) to account for primary creep behaviour (Table 3.2.1). The two–regime hyperbolic sine

expression formulated here is referred to as the 2RSinh model, and originates from the sin-

gle term variant [7, 8]. The first and second terms in the 2RSinh model formula relate to

high stress and low stress regime creep mechanisms, respectively. Figure 3.2.1 summarises

the considered creep data for 1CrMoV in terms of secondary (or minimum) creep rate as

a function of stress. It can be seen that the MMS001 heat of the steel [20] is significantly

more resistant to creep than the NIMS heats of 1CrMoV [24]. This is because the alloy
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composition of MMS001 had been intentionally adjusted to have HCS at the top of the

scatter–band for 1CrMoV rotor steels. It can also be seen in Figure 3.2.1 that a single

regime model (i.e. simple Norton or Bartsch equation) representation of the creep proper-

ties of MMS001 does not accurately represent the creep resistance of the steel in the low

stress regime. Influenced by the two–regime characteristics exhibited by the NIMS heats,

it was possible to formulate a 2RN (& NB+2RN) model representation for MMS001, but

with a sharp transition from the high to the low stress regime at a stress of ∼235MPa. The

2RSinh model provides an alternative representation with a continuous transition from high

to low stress creep response.

Whereas the Norton creep equation is a standard option in most FEA software appli-

cations, it was necessary to write special subroutines for FE implementation of the pri-

mary+secondary creep models adopted in this study. The considered hardening rule for

Bartsch and NB+2RN model implementations was strain–hardening, while the internal state

variable concept employed by Hayhurst et al. [8] was used for the 2RSinh model implemen-

tation.

The mathematical formulations for the five creep models are summarised in Table 3.2.1.

The material parameters were determined for the 1CrMoV rotor steel at 550◦C using a uni-

axial creep strain to rupture dataset which had been previously established for the MMS001

heat for rupture times of up to ∼ 33.5kh [20]. Model–fitting within the range of the exper-

imental data for MMS001, and with reference to the NIMS dataset [24] in the low stress

regime, was achieved using the MATLAB optimisation toolbox [25]. Ultimately, model–fit

acceptability was checked using a procedure recommended by ECCC [22, 23]. The model

parameters determined by this approach are included in Table 3.2.1. The model fits of the

three primary+secondary creep models to the experimental data are shown in Figure 3.2.2.

The multiaxial generalisation of the creep equations used for the FE numerical simulation

is included as a footnote to Table 3.2.1.

3.2.3 Finite Element Analysis

For the FE analysis of the CT testpiece, a three–dimensional (3D) elastic–plastic–creep FE

model using 1/4 model symmetry conditions was designed to be solved using the commer-

cially available code of ABAQUS [26]. The adopted mesh detail involving 21770 elements

(20–node hexahedral elements with quadratic interpolation) is shown in Figure 3.2.3 (a

detailed discussion on mesh discretisation of the model is provided elsewhere [21]). This

arrangement was used to simulate the states of stress and strain in a series of CCI tests per-

formed on a 1CrMoV rotor steel at 550◦C, with loading levels of 11.2, 13.5, 18.0, 22.4 and
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Figure 3.2.2: Creep strain data for MMS001 at 550◦C with model fits using NB+2RN, Bartsch, and

2RSinh creep equations.

25.5kN. The FE code employed a non-linear kinematic hardening plasticity model [21] to

represent the rate independent flow characteristics of the material. Plasticity model param-

eters were determined using tensile test data at 550◦C, while uniaxial creep strain response

was represented by model fits to uniaxial experimental data available for the 1CrMoV steel

under investigation at 550◦C (Table 3.2.1). The adopted multiaxial generalisations of the

creep equations are also given in Table 3.2.1. Simulations were stopped at the experimen-

tally observed CCI times. The onset of creep crack extension was identified from the test

records of continuous crack monitoring using DC electrical potential instrumentation [20].

Prior to the onset of creep cracking in CCI tests, there is an incubation period while sufficient

creep damage develops immediately ahead of the crack starter [17]. Tertiary creep deforma-

tion occurs in the local process zone, which for this steel is less than 2–3 grain diameters

[17]. Typically for the 1CrMoV steel, crack initiation occurs at around or before the stress

redistribution time (as approximated by K2/[EC∗(n+ 1)], but still while approximately

steady–state creep conditions dominate in the remaining ligament of the CT testpiece. As

the focus of this study was on the stress/strain state beyond the boundary of the process

zone, the analyses did not include the consideration of tertiary creep deformation.
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Figure 3.2.3: FE mesh detail of CT testpiece.

3.2.4 Finite Element Results

Figure 3.2.4 shows the FE simulated maximum principal stress (σ1), von Mises equivalent

stress (σ̄), and stress multiaxiality factor (σ1/σ̄) distributions along the centre line ahead of

the stress concentration, at the mid–thickness plane of the CT specimen geometry, deter-

mined with the five different creep constitutive model implementations. Figure 3.2.5 shows

the equivalent creep strain distributions. The figures show the situation for two load levels

of 11.2 and 25.5kN at 550◦C. Figures 3.2.4 and 3.2.5 clearly indicate that FE simulations

of creep stress/strain state are very sensitive to the constitutive model adopted, and to the

scope of the ε(T, σ) data to which the model is fitted, in particular for the lower load level

of 11.2kN.

FE simulations were performed of uniaxial specimen deformation at high and low stresses

(Figure 3.2.6). The simulations compared the responses obtained using the three pri-

mary+secondary creep constitutive models. The results showed that there was good agree-

ment between the predictions of the different creep equations at the high stress of 250MPa.

The same conclusion can be derived from Figure 3.2.2 which also shows the good consistency

of different creep model predictions with the experimental observations at stresses in the

range of 211 to 306MPa. However, for lower stress levels of 190 and 130MPa (for which

there was no experimental data) for the MMS001 heat, the predictions diverge significantly.

During CCI tests, the load point displacement (LPD) of the CT specimen evolves in an

analogous way to the total strain in a uniaxial creep test [17, 19, 20]. On loading a CT

specimen at high temperature, there is an instantaneous LPD response, followed by an

increase in magnitude with time due to the accumulation of primary and then secondary
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Figure 3.2.4: Sensitivity of FE simulated stress field distribution to the type of implemented creep

model (MMS001 at 550◦C, CT testpiece).
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Figure 3.2.5: Sensitivity of FE simulated creep strain distribution to the type of implemented creep

model (MMS001 at 550◦C, CT testpiece).

creep deformation. The effectiveness of the five creep models to reproduce such behaviour

for the five CCI tests by FE simulation has been evaluated, and the results are shown in

Figure 3.2.7. The secondary creep models consistently underestimated LPD development

in the CCI tests, while the primary+secondary models were more successful (depending on

the applied load level). The 2RSinh and NB+2RN models most consistently represented

the experimental data.
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Figure 3.2.6: predicted creep strain responses of MMS001 at 550◦C at different stress levels using

primary+secondary creep equations.

3.2.5 Discussion

The sensitivity of FE numerical creep analyses to the adopted creep constitutive model

has been evaluated using experimental uniaxial and CT specimen CCI data for a HCS

1CrMoV turbine rotor steel at 550◦C. It has been shown that stress/strain state predictions

of experimental behaviour at 550◦C are dependent not only on the type of constitutive model

used to represent the steels creep response, but also on the respective scopes of: (a) the test

stresses providing the data to underpin the creep model, and (b) the stress distribution in

the simulated components.

Model Type

Two categories of model have been evaluated, one representing only secondary creep defor-

mation behaviour and one representing both primary and secondary creep strain accumula-

tion characteristics. Secondary creep deformation behaviour is modelled by conventional and

two–regime versions of the Norton equation (Table 3.2.1). Primary+secondary creep strain

accumulation characteristics are modelled using three types of formulations, i.e. Bartsch [5],

NB+2RN [21] and a new 2RSinh model.

The observed differences between the FE predictions using the secondary and primary+ sec-
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Figure 3.2.7: Comparison of FE predicted LPD responses using the five creep models with the observed

behaviour in CCI tests (MMS001 at 550◦C).
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ondary creep model implementations are not surprising when applied to a material exhibiting

significant primary creep. Since the secondary models neglect the incidence of primary creep

deformation, they inevitably underestimate the extent of stress relaxation and redistribution

within the crack near field relative to that predicted with primary+secondary creep models.

The consequence of this is the prediction of higher stresses and lower creep strains in the

vicinity of the crack tip (e.g. Figures 3.2.4 and 3.2.5) in such materials. The explanation

for the observed differences between FE predictions using the different primary+secondary

creep models (or different secondary creep models) is complex and is examined in the next

section.

It is important to acknowledge that there is not a single model capable of representing the

creep response of all materials. For example, unlike 1CrMoV at 550◦C, some materials do

not exhibit significant primary creep deformation under certain conditions and, for these,

the adoption of a primary plus secondary model is unnecessary. Model selection should

therefore be based on the deformation characteristics of the material under evaluation.

Stress Regime

The 2RN equation was proposed to overcome a problem associated with modelling ε̇(σ) data

in high and low stress regimes in a relatively simple way [21]. Even though the conventional

Norton model fit was based on uniaxial creep strain data for stresses in the range 211

to 306MPa [20], reference to the NIMS 1CrMoV dataset [24] indicated that there was a

mechanism change (reflected by a significant change in stress exponent) at stress between

200–235MPa, dependent to the relative creep strength of steel [21]. It is believed that the

2RSinh model describes this creep mechanism change in a more realistically continuous way

(Figure 3.2.1). The model form in Naumenko et al. [16] also represents the creep strain rate

dependence on stress in a continuous way, but only for secondary deformation rates.

The different ways in which the creep behaviour of the MMS001 heat of the 1CrMoV steel

was represented were responsible for the very different predictions of stress/strain state in

the remaining ligaments of CT specimens during CCI tests.

The situation is illustrated in Figure 3.2.6 for uniaxial creep strain predictions using the three

primary+secondary creep models. At a stress of 250MPa, predictions of primary+secondary

creep strain are consistent (same condition was observed for four other stress levels of 211,

245, 275 and 306MPa (Figure 3.2.2) which also confirmed the consistency of different models

with the experimental observations). At lower stresses of 190 and 130MPa (well below

the minimum uniaxial creep test stress for this heat of 1CrMoV), the agreement between

predictions is not so good. The extrapolation characteristics of these three models beyond
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the range of the experimental input data are significantly different.

In complex loaded structures such as the CT specimen geometry, the component material

experiences a wide range of effective stresses, from very high to very low, with increasing

distance ahead of the critical feature. The prediction of different creep strain behaviour

by different creep models for the low stress regime results in the representation of different

stress/strain states in the remaining ligaments of CT specimens during CCI tests. The ana-

lyst must therefore recognise that the constitutive models used in FE numerical simulations

should adequately represent creep deformation behaviour throughout the full range of ap-

plication stresses of interest. When this is not possible, the prediction uncertainties must

be acknowledged.

Increasing the applied load on CT specimens increases the magnitudes of ligament (reference)

stresses closer to the stress levels applied in the uniaxial tests thereby resulting in more

consistent FE results from the different creep model implementations at high load levels

(e.g. Figures 3.2.4, 3.2.5 and 3.2.7).

It has been shown that more reliable FE predictions can be achieved using two–regime creep

model implementations accounting for different creep response characteristics in different

stress (mechanism) regimes (i.e. using the 2RSinh and NB+2RN models). This finding is

similar to that of Naumenko et al. who also employed a stress regime dependent creep model

to more effectively predict stress relaxation in a number of engineering structures [16].

In the absence of a fully validated creep constitutive equation, it is strongly recommended

to benchmark model effectiveness using for example the LPD results from CT specimen CCI

tests, as shown in Figure 3.2.7. In this case, for example, it is demonstrated that use of the

2RSinh and NB+2RN models provides the most consistent representation of creep response

in 1CrMoV steel CT specimen CCI tests conducted for a range of load (stress) levels at

550◦C.

3.2.6 Concluding Remarks

The aim of the paper has been to highlight the sensitivity of finite element (FE) numerical

creep analyses to the adopted creep constitutive model. It has been shown that even when

different creep models are carefully fitted to the same experimental uniaxial dataset, very dif-

ferent predictions of stress/strain distributions can be determined. This emphasises the need

for benchmarking creep FE simulations before using the results to predict time–dependent

behaviour at critical locations of high temperature components.

The evaluation has employed the results of uniaxial creep to rupture tests and creep crack
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incubation (CCI) tests using compact tension (CT) specimens on the same heat of a 1CrMoV

turbine rotor steel at 550◦C. From the uniaxial creep to rupture test data, parameters have

been determined for five constitutive model equations, namely a conventional Norton model,

a two–regime variant of the Norton model (i.e. the 2RN model), the Bartsch model, the

NB+2RN model (where NB stands for Norton–Bailey) and a new two–regime hyperbolic

sine (2RSinh) model. The first two of these models represent secondary creep behaviour

only, while the second three represent primary plus secondary creep deformation behaviour.

Creep behaviour predictions for 1CrMoV at 550◦C are sensitive to whether the constitutive

model represents secondary creep deformation or primary plus secondary creep deforma-

tion. However this may not be true for all materials at all temperatures and stresses, and

model selection should be determined by the deformation characteristics of the alloy under

evaluation.

There is also an important sensitivity to stress, in particular if the stress for which predictions

are needed is responsible for a deformation mechanism which is different to that relating to

the stress regime in which model underpinning experimental observations were generated.
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3.3 Article Three

Overview

This section contains a reprint of the article: E. Hosseini, S.R. Holdsworth, E. Mazza,

Stress regime dependent creep constitutive model consideration in finite element continuum

damage mechanics, International Journal of Damage Mechanics, 2013, with permission from

SAGE.

Background Motivation

For many engineering alloys, the creep deformation/damage accumulation mechanisms ex-

hibited at high stresses is not the same as that at lower stresses. Previous articles explained

the need for consideration of stress regime dependent creep constitutive models in finite

element analyses of structures with a wide range of redistribution stresses. This article has

introduced a new creep constitutive model, applicable for particle hardened alloys over a

wide range of stresses, which considers a gradual change of creep deformation/damage ac-

cumulation mechanism with stress variation.

Summary

This article has introduced a new (primary–secondary–tertiary) stress regime dependent

creep constitutive model. The creep deformation part of this model has been based on the

Garofalo creep model and viscous glide creep considerations. The creep damage development

part of the model has been constructed based on the LICON method concept. Application

of the introduced creep model in finite element continuum damage mechanics for simulat-

ing the creep deformation/damage accumulation in a series of creep crack incubation tests

involving fracture mechanics compact tension specimens made of 1CrMoV has been shown

to be successful.

Main Conclusions, Link to the Next Article

This article has shown that, in particular for analysis of components with a wide range of

redistributing stresses, it is crucial to adopt creep constitutive models which consider stress

regime dependency of creep deformation/damage accumulation behaviour of materials. The

newly developed creep constitutive model which considers a gradual change of creep defor-

mation/damage accumulation mechanisms with stress variation could successfully reproduce
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the deformation and damage accumulation behaviours of 1CrMoV in a series of creep crack

incubation tests. The creep damage accumulation part of this model has been constructed

based on the LICON method formulation and successful demonstration of it provided a

new confirmation for the LICON formulation, and from a different point of view, i.e. fi-

nite element continuum damage mechanics. The next article has summarised the gathered

knowledge about creep finite element analysis and LICON method application for 1CrMoV.
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Stress Regime Dependent Creep Constitutive Model Consideration

in Finite Element Continuum Damage Mechanics1

Abstract

Structural analysis and the design of high temperature components require the consideration

of material inelastic deformation and damage accumulation characteristics for a wide range

of stresses and temperatures. For many engineering alloys, the creep deformation/damage

accumulation mechanism exhibited at high stresses are not the same as those at lower

stresses. This paper explains the importance of considering this stress regime dependency

in the creep model formulations and introduces a new (primary–secondary–tertiary) creep

model which considers a gradual change of creep deformation/damage accumulation mech-

anism with stress variation. Application of the new stress regime dependent creep model

formulation in finite element continuum damage mechanics (FECDM) to simulate creep de-

formation/damage accumulation in a series of creep crack incubation (CCI) tests involving

fracture mechanics compact tension (CT) specimens showed a good agreement with exper-

imental observations which was not achievable by considering conventional single regime

creep model equations.

Keywords:

Stress regime dependent creep behaviour; Creep constitutive model; Finite element contin-

uum damage mechanics; Creep crack development; 1CrMoV alloy.

1E. Hosseini, S.R. Holdsworth, E. Mazza, International Journal of Damage Mechanics 22(5) (2013),
xxx–xxx
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3.3.1 Introduction

Many important components of power generation plant are subjected to high tempera-

tures and complex loading conditions over a long period of time. Design procedures for

the life assessment of such components can require the consideration of material inelas-

tic deformation and damage accumulation characteristics for a wide range of stresses and

temperatures. Structural analysis under creep conditions requires a reliable constitutive

model which reflects time–dependent deformation and accompanying processes like harden-

ing/recovery and damage accumulation. A creep model should therefore represent the creep

deformation/damage accumulation of a material over a wide range of stresses and temper-

atures. Many creep constitutive models have been developed during the last 100 years and

a number of these have recently been reviewed by Holdsworth [1].

Some creep deformation models (e.g. the conventional Norton equation [2] or the version

of the Bartsch equation [3] used by Holdsworth and Mazza [4]) involve a general single

formulation to describe the behaviour of material for all stress regimes (i.e. single regime

creep models). However, for many engineering alloys, the creep deformation mechanism

exhibited at high stresses is not the same as that at lower stresses [5, 6] and such creep

models cannot represent the effect of a creep mechanism transition due to a change of

stress.

Typically, at relatively high temperatures, dislocation creep controlled by dislocation climb

and glide (high temperature power law creep) occurs at higher stresses (when the stress

exponent is ≥5), whereas diffusion creep controlled by volume or grain boundary diffusion

occurs at lower stresses (when the stress exponent is around three or, in the limit, unity).

Some creep models like two–regime Norton (2RN) provide a bi-linear formulation with dif-

ferent parameter sets for high and low stress regimes and therefore need experimental creep

data from both stress regimes to fit the creep model parameters [7]. The application of

such formulations for a wide range of stresses is much more successful. However in real-

ity, the stress dependent creep mechanism change is not a sharp transition and considering

a sudden change of creep mechanism at a critical stress is not a realistic assumption. In

addition, consideration of two different sets of equations for the creep constitutive model

introduces numerical difficulties in the simulation of complex stress states and demands in-

creased numerical effort. The more physically acceptable and numerically efficient solution

is a gradual and continuous change of creep deformation mechanism with stress variation

(i.e. the formulation proposed in this study).

The same statement is valid for creep damage accumulation. While in a high stress regime,

creep damage arises mainly due to σ̄–controlled mechanisms, σ1–controlled mechanisms are
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responsible for creep damage in a low stress regime. For example, for ferritic steels of the

type considered in this work, at high stresses, the damage mechanism is predominantly void

formation due to particle/matrix decohesion (σ̄–controlled) while at lower stresses, damage

nucleates and develops at grain/lath boundaries (σ1–controlled) [4]. Consequently, as for

creep deformation model equations, creep damage equations are therefore expected to cover

multiple mechanism regimes and represent a gradual and continuous change of creep damage

mechanism with stress variation.

In this paper, a modification to the primary–secondary version of a single regime creep model

proposed by Dyson and Osgerby [8] (originating from the Garofalo creep model equation

[9]) is presented. The new creep model considers a stress regime dependent creep defor-

mation mechanism change with stress variation. Furthermore, influenced by the LICON

method formulation proposed by Auerkari et al. [10], a stress regime dependent creep dam-

age accumulation function is derived. This function is then introduced to the developed

primary–secondary creep constitutive model to extend it for covering the tertiary creep

regime.

The effectiveness of the developed creep constitutive (stress regime dependent primary–

secondary–tertiary) model is later examined for reproducing experimental observations from

a series of creep crack incubation (CCI) tests. The considered CCI tests, conducted by

Holdsworth and Mazza [4], involve fracture mechanics compact tension (CT) specimens

made of 1CrMoV turbine rotor steel loaded at 550◦C. In general, CCI tests are specifically

performed to observe the time to the onset of creep crack extension and are not creep crack

growth tests. Typically, the creep crack initiation criterion adopted for such tests is 0.5mm

(or 0.2mm) crack extension. The tests are intentionally stopped before the development of

significantly long cracks and the specimens are then used to metallurgically investigate early

creep damage development characteristics.

The prediction of creep deformation in CT specimens provides an appropriate challenge for

any new creep model because of the wide range of stresses (from high to low) redistributing

across the remaining ligament ahead of the sharp notch crack starter of this geometry. The

effectiveness of the new creep constitutive model is therefore independently checked with

respect to experimental observations from the CCI tests on 1CrMoV at 550◦C reported by

Holdsworth and Mazza [4]. For this reason, the creep model is applied in a finite element

continuum damage mechanics (FECDM) implementation to predict deformation/damage

accumulation in the CCI tests. The application of the new creep model formulation is

shown to be successful in predicting creep deformation and early damage accumulation in

the CCI tests, thus confirming the applicability of the proposed creep constitutive model.
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3.3.2 Stress Regime Dependent Creep Model

Ferritic steels of the type considered in this work, are strengthened primarily by carbide

precipitates. Originating from the Garofalo creep model equation [9], Dyson and Osgerby

proposed the creep rate of an alloy with an interparticle distance of l to be [8]:

ε̇Dis = ε̇0 sinh
σ

σ0
(3.3.1)

where ε̇Dis is the creep rate resulting from dislocation glide/climb, ε̇0 is a stress–independent

coefficient, σ is the applied stress, σ0 = 5kTf(Vp)/b
2l and k, T , Vp and b are Boltzmann’s

constant, temperature, volume fraction of precipitates and Burger’s vector, respectively.

Following the approach of Dyson and Osgerby [8], the state variable of ϕ = 1 − l0/l is

introduced, where l0 is the initial interparticle distance:

ε̇Dis = A1 sinh[b1
σ

(1− ϕ)
] (3.3.2)

A1 and b1 are material–temperature dependent constants.

For particle–strengthened alloys, the above formulation applies, in particular for moderate

to high stress regimes. However, other creep deformation mechanisms (e.g. diffusion creep

mechanisms) which are less influential at higher stresses may significantly affect the material

creep deformation behaviour in the low stress regime. Hence, the consideration of these for

creep analyses over wide ranges of stresses is essentially required.

At low stresses, diffusion creep may occur because the chemical potential of vacancies in

grain boundaries are affected by the stress direction with respect to the boundary plane,

leading to diffusional mass fluxes from boundaries orientated along the tensile axis to those

normal to the direction of applied stress, with the result that permanent creep strain may

occur. The flow of vacancies may take place either through the crystalline lattice (Nabarro–

Herring diffusion creep [11, 12]) or along the grain boundaries (Coble diffusion creep [13]).

They give:

ε̇N−H = bN−H
DlV

d2kT
σ (3.3.3)

ε̇Cob = bCob
δDgbV

d3kT
σ (3.3.4)

where bN−H and bCob are constants, Dl and Dgb are the coefficients for lattice and grain

boundary diffusion and δ, V and d are respectively the effective width of the grain boundary

for vacancy diffusion, the atomic volume and the grain size.

These creep deformation mechanisms are assumed to act independently to each other and
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the creep strain produced by each mechanism to contribute additively to the total creep

strain [14, 15]. The overall material creep rate can therefore be written as:

ε̇ = ε̇Dis + ε̇N−H + ε̇Cob (3.3.5)

ε̇ = A1 sinh[b1
σ

(1− ϕ)
] +

Ω

kT
[bN−H

Dl

d2
+ bCob

δDgb

d3
]σ (3.3.6)

ε̇ = A1 sinh[b1
σ

(1− ϕ)
] + b2σ

n (3.3.7)

where b2 is a material–temperature dependent constant and n = 1. The summation of

the two expressions can therefore provide a reliable continuous representation of the creep

behaviour of a material for a wide range of stresses. Such a continuous transition in creep

deformation mechanism is a more plausible assumption than that represented by bi–linear

creep models (e.g. 2RN [7]). Moreover, it is much easier for numerical simulations to deal

with a gradual behaviour transition than with the sharp change presented by bi–linear

models. Equation 3.3.7 may be compared with the one proposed by Naumenko et al. [16]

which assumed the minimum creep rate to be the sum of linear and power law functions.

It should be noted that adoption of a stress exponent equal to one (n = 1) for low stress

regime models (such as Equation 3.3.7) is still under review, e.g. [17–20]. Although funda-

mental creep deformation theory suggests a value of one in this mechanism regime, there

are several reports of higher values, up to about three, e.g. [21]. For 1CrMoV at 550◦C,

Sidey reported a creep stress exponent of about 3 at stresses lower than 230MPa, while it

was about 16 at higher stresses [22]. This study therefore considers also the implementation

of Equation 3.3.7 with a stress exponent of three, n = 3.

Dyson and Osgerby, using ’standard coarsening theory’, implemented the following equation

for interparticle spacing evolution [8]:

ϕ̇ =
C2

3
(1− ϕ)4 (3.3.8)

where C2 is a material–dependent rate function varying exponentially on temperature and

inversely with l0
3. Equation 3.3.8, defining ϕ between zero and unity, is a first approxi-

mation for modelling the evolution of interparticle spacing. Increasing interparticle spacing

(and/or particle growth) is mainly a diffusion controlled process. The diffusion coefficient

of a material can increase with applied stress [23], and therefore, in a more accurate defi-

nition, the evolution of ϕ should also depend on applied stress. Observations for 1CrMoV,

reported by Roberts and Strang [24], on the different magnitudes of hardness drop in the

gauge sections and grip ends of uniaxial specimens after creep testing clearly demonstrate
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the dependency of particle coarsening (interparticle distance evolution) on stress, time and

temperature. It should be noted that while for relatively short thermal exposure durations,

the particle state is likely to remain unchanged and ϕ ' 0, application of the creep model

to long–time behaviour prediction certainly needs to consider the evolution of strengthening

particles, i.e. with ϕ 6= 0

The extension of the creep model to the primary creep regime can be achieved in a manner

similar to that proposed by Ion et al. [25] and employed by others [8, 26, 27]. Introducing

the internal state variable H(= σi/σ, where σi is the ’internal’ stress growing during primary

creep, as a hardening parameter, the primary creep included version of the proposed creep

model is given by the following equation–set [28]:

ε̇ = A1 sinh[B1
(1−H)

(1− ϕ)
σ] +B2[(1−H)σ]n

Ḣ =
C1

σα
[1− H

H∗
]ε̇

ϕ̇ =
C2

3
(1− ϕ)4 (3.3.9)

where B1, B2, C1 and H∗ are material–temperature dependent constants and α defines the

dependency of primary creep strain on the stress magnitude. The state variable H is ini-

tially zero and takes the saturated value of H∗ when the material enters the secondary creep

regime. The original formulation introduced an inverse linear dependency for H parameter

evolution on stress, i.e. Ḣ ∝ σ−1 [8, 25]. Evolution of the H parameter defines the primary

creep deformation behaviour of the material. As previously revealed [29], the stress depen-

dency of primary creep deformation for 1CrMoV at 550◦C cannot be reproduced with the

above assumption. Updating the relationship to the form of Ḣ ∝ σ−α, the α value can be

determined from a best fit of the creep model to experimental uniaxial primary creep strains

for different stress conditions.

The extension of the creep model to the tertiary creep regime is possible by introducing a

third state variable ω to represent creep damage intensity. The damage parameter represents

the effective area reduction due to the formation of microscopic cracks and cavities [30–32].

As mentioned earlier, different creep damage mechanisms may be considered for high and

low stress regimes. After Hayhurst [33], Cane [34], Lonsdale and Flewitt [35] and as cited

in the LICON method formulation by Martins and Holdsworth [36], the rupture behaviour

of material for each damage (failure) mechanism regime can be presented by:

tf i = ciσ̄
−νiH−γi (3.3.10)
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where ci, νi and γi are temperature–material dependent parameters and H = σ1/σ̄. Typ-

ically for ferritic steels, two damage mechanisms are involved, void nucleation due to par-

ticle/matrix decohesion at high stresses (σ̄–controlled, γi → 0) and nucleation and devel-

opment of creep damage at grain/lath boundaries at low stresses (σ1–controlled, γi → νi)

[4]:

tf 1 = c1σ̄
−ν1 particle/matrix decohesion

tf 2 = c2σ̄
−ν2H−γ2 grain/lath boundary cavitation

(3.3.11)

Based on a time fraction linear damage summation consideration [37], the overall behaviour

can be written as:

1

tf
=

1

tf 1

+
1

tf 2

1

tf
=

σ̄ν1

c1
+
σ̄ν2

c2
Hγ2 (3.3.12)

The evolution of damage intensity can be estimated to be:

ω̇ =
1

tf

(1− e−q)
q

eqω (3.3.13)

where q is a parameter introduced by Liu and Murakami [38]. Substituting 3.3.12 in 3.3.13,

while C3,4 are 1/c1,2, gives:

ω̇ = (C3σ̄
ν1 + C4σ̄

ν2Hγ2)
(1− e−q)

q
eqω (3.3.14)

Therefore, the uniaxial and multiaxial representations of the proposed creep model are:

ε̇ = A1 sinh[B1
(1−H)

(1− ϕ)(1− ω)
σ] +B2[

(1−H)

(1− ω)
σ]n

Ḣ =
C1

σα
[1− H

H∗
]ε̇

ϕ̇ =
C2

3
(1− ϕ)4

ω̇ = (C3σ
ν1 + C4σ

ν2)
(1− e−q)

q
eqω (3.3.15)
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and:

ε̇ij =
3Sij
2σ̄
{A1 sinh[B1

(1−H)

(1− ϕ)(1− ω)
σ̄] +B2[

(1−H)

(1− ω)
σ̄]n}

Ḣ =
C1

σ̄α
[1− H

H∗
]ε̇e

ϕ̇ =
C2

3
(1− ϕ)4

ω̇ = N(C3σ̄
ν1 + C4σ̄

ν2Hγ2)
(1− e−q)

q
eqω (3.3.16)

where σ̄ and ε̇e are the von Mises equivalent stress and strain rate values, Sij and ε̇ij are

the deviatoric stress and the creep strain rate tensor components and N = 1 if σ1 > 0,

otherwise N = 0.

3.3.3 Creep Deformation/Damage Accumulation of 1CrMoV Alloy

To examine the applicability of the proposed creep model, it is used to represent a series

of experimental creep curves of a high creep strength (HCS) 1CrMoV turbine rotor steel,

identified as MMS001 (d = 60µm), at 550◦C. The creep behaviour observations from four

uniaxial creep tests at stress levels of 306, 275, 245 and 211MPa (rupture times of 1–34kh

[4]) in conjunction with the test data published in the NIMS Data Sheet [39] were used

to underpin the creep model for the MMS001 alloy. It was necessary to complement the

MMS001 1CrMoV creep data with those from the NIMS Data Sheet [39] for the turbine

rotor steel because MMS001 was a strong production heat for which there was only high

stress regime data (Figure 3.3.1 and 3.3.3). The NIMS lower creep strength (higher creep

rate) data provided the necessary basis for the low stress regime model representation.

In order to evaluate the predictive capability of the proposed creep deformation/damage

accumulation formulation, the creep model was applied in a FECDM implementation to

reproduce the load point displacement (LPD) and creep crack development records for five

CCI tests. The constant load CCI tests involved fully instrumented 25mm thick specimen

with sidegrooves (a0/W = 0.5) made of MMS001 and loaded at 550◦C to five different load

levels of 25.5, 22.4, 18.0, 13.5 and 11.2kN (testing times of 0.5–6kh). More information

concerning the experimental details is available elsewhere [4].
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Determination of Model Parameters

From Equation 3.3.16, it can be seen that the parameters which are required to be obtained

are A1, B1, B2, n, C1, α, H∗, C2, C3, ν1, C4, ν2, γ2 and q2. The numerical values of these

parameters are summarised in Table 3.3.1 and the methodologies for obtaining them are

described as follows:

Secondary Creep Model Parameters ( A1, B1(1 − H∗), B2(1 − H∗)n and n) In

the secondary creep regime: H = H∗ and ϕ = ω = 0 (where the assumption of ϕ = 0

is only valid if the times to secondary creep of the considered experiments are relatively

short). Following the approach of Kowaleski et al. [40], the expressions A1, B1(1−H∗) and

B2(1−H∗)n were estimated from the variation of the minimum creep strain rate with stress

while two assumptions for the n value were considered (n = 1, 3) (Figure 3.3.1).

Versions of Equation 3.3.16 with values of n = 1 and n = 3 are compared in Figure 3.3.1

with respect to the NIMS data [39] to indicate the appropriateness of a stress exponent of

three, similar to [21]. Furthermore, consideration of the creep model with n = 1 in the FE

analysis of the CCI tests resulted in unacceptable creep deformation representations for the

CT specimens (shown in Section 3.3.3). The consideration of n = 3 is therefore followed

here.

Figure 3.3.1 also shows the line calculated from the original creep model equation (single

regime creep model) [8]:

ε̇ = A′1 sinh[B′1(1−H∗)σ] (3.3.17)

As can be seen, the single regime creep model underestimates the amount of deformation at

low stresses. This illustrates the advantage of the considered formulation over the original

formulation by Dyson and Osgerby [8]. This has been further explained in Section 3.3.3.

Primary Creep Model Parameters (C1, α and H∗) In the primary creep regime:

ϕ = ω = 0 and the parameters C1, α and H∗ were defined to have optimum fit for primary

creep strains at all the uniaxial tested stresses for MMS001 (Figure 3.3.2).

Interparticle Spacing Evolution Parameters (C2) The second state variable, ϕ, de-

scribes the evolution of the spacing of the carbide precipitates which is known to lead to

a progressive loss in the creep resistance of particle hardened alloys. For long term creep

response, carbide evolution can significantly affect the creep resistance of materials and

the evolution of ϕ is an important part of the formulation. However, in relatively short
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Figure 3.3.1: Secondary (or minimum) creep rate (stress) diagram for 1CrMoV steel at 550◦C including

a comparison of experimental uniaxial data with the creep models representations.
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Figure 3.3.2: Uniaxial creep strain representation of the creep model for HCS 1CrMoV steel at 550◦C

in comparison with the experimental records (primary and secondary creep regimes).
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Figure 3.3.3: Rupture time (stress) diagram for 1CrMoV steel at 550◦C including a comparison of

experimental data with the assumed formulation (Equation 3.3.12).

term creep application, the extent of carbide evolution is negligible (ϕ ' 0). For 1CrMoV

at 550◦C, the carbide condition changes only significantly after ∼20kh [24] which is much

longer than the adopted CCI benchmark tests (≤6kh). The simulation presented in this

study therefore neglected the effect of carbide evolution (C2 = 0).

Creep Damage Evolution Parameters (C3, ν1, C4, ν2, γ2 and q) Under uniaxial

testing conditions, H = 1, and according to Equation 3.3.12, C3,4 and ν1,2 can be determined

from a fit on uniaxial creep rupture times at different stresses (Figure 3.3.3). Then, all the

constants required in the unixial version of the creep model are known except for the q value.

The q value was therefore defined to have the optimum fit for the tertiary creep strains at

all the uniaxial tested stresses (Figure 3.3.4). Finally, the reported value by Holdsworth and

Mazza [4] of γ2 for 1CrMoV steel at 550◦C was considered in this study (γ2 = 0.74ν2) to

implement the effect of stress multiaixiality in the creep damage evolution.

FECDM Results

After determination of the constitutive model parameters, Equation 3.3.16 was implemented

into an ABAQUS [41] FE analysis using the mesh shown in Figure 3.3.5 to simulate the creep
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Figure 3.3.4: Uniaxial creep strain (primary–secondary–tertiary) representation of the new creep

model in comparison with the experimental records for HCS 1CrMoV steel at 550◦C.

deformation/damage accumulation of MMS001 at 550◦C in the series of CCI tests. The main

calculations was performed with a FE mesh involving 21770 quadratic hexahedral elements

(element size of 100µm at the notch root of the CT specimen), and CREEP+USDFLD

subroutines were used to implement the new constitutive model in to the code. The elas-

tic modulus was updated according to the value of damage parameter, E = E0/(1 − ω),

and no rate–independent plasticity was considered in the calculations. As explained in Ap-

pendix, the presented simulations employed a new programming procedure to overcome the

commonly occurring numerical instabilities experienced in FE calculations concerned with

continuum damage mechanics.

Figures 3.3.6 and 3.3.7 present the results of FECDM calculations which illustrate an ac-

ceptable agreement between simulation and experimental CCI test results for LPD and

Table 3.3.1: Creep constitutive model parameters for the HSC 1CrMoV (MMS001) at 550◦C.

Parameters A1 B1 B2 n C1 α H∗
Values 8.2 ×10−13 0.12 2.2 ×10−13 3.00 1.2 ×10−2 -2.00 0.54
Parameters C2 C3 ν1 C4 ν2 γ2 q
Values 0.00 2.8 ×10−47 17.5 2.8 ×10−14 3.87 0.74×ν2 13.0
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Figure 3.3.5: The adopted FE mesh for 25mm thick CT specimen.
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Figure 3.3.6: Comparison of FECDM predicted LPD responses with the observed behaviour for

1CrMoV CT specimens at 550◦C.

crack development (except for the load level of 13.5kN). While there is a good agreement

between predicted and observed LPD results for the 13.5kN CCI test, there is currently no

satisfactory explanation for the inconsistency in the crack development comparison. Figure

3.3.8 compares the FECDM predicted crack development pattern with that of one of the

experiments, both images representing a plane strain crack development pattern.
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Figure 3.3.8: Comparison of FECDM predicted crack growth pattern with the observed pattern for a

1CrMoV CCI test at 550◦C
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Figure 3.3.9: Sensitivity of LPD and crack extension predictions to the FE mesh size (element sizes of

60, 80, 100, 120µm at the crack tip, load level of 18.0kN, new creep model consideration (Equation 3.3.16)

with n = 3).

Sensitivity Analysis of FECDM Calculations

FECDM analyses of notch containing structures can be sensitive to the adopted FE model

model configuration. Two main causes of the mesh dependence of FECDM calculations

are the stress singularity in front of the crack tip and the stress sensitivity of damage

equations [38, 42]. Figure 3.3.9 shows the mesh sensitivity of calculated LPD and creep crack

development responses for the performed FECDM calculations obtained with the proposed

creep model formulation when element size at the crack tip varies between 60–120µm (60, 80,

100, 120µm). Furthermore, Figure 3.3.10 examines the same sensitivity for the calculated

von Mises stress and creep strain evolutions at a position close to the notch root of the

CT specimen. The weak mesh sensitivity observed for the FECDM results obtained from

consideration of the proposed creep model is in line with the findings reported in [38, 43].

These works also implemented an evolution equation for the damage variable dependent on

σ exp(qω) rather than as, usually for Kachanov–type damage models [44], on σ/(1− ω).

In addition to the mesh sensitivity, this study has examined the accuracy of explicit creep

integrations for the performed FECDM calculations. The accuracy of the creep integration

in the ABAQUS FE code is controlled by an accuracy tolerance term called CETOL which is

the maximum allowed difference between the creep strain increments calculated with stress



100 Chapter 3. Articles

0

100

200

300

0 600 1200 1800

0

1

2

3

S
T

R
E

S
S

, 
M

P
a

 

TIME, h 

C
R

E
E

P
 S

T
R

A
IN

, 
%

 

0.06 mm

0.08 mm

0.10 mm

0.12 mm

CREEP STRAIN 

MISES STRESS 

Figure 3.3.10: Sensitivity of stress/strain evolutions predictions at 0.5mm from the notch root in

mid-thickness plane of the CT testpiece to the FE mesh size (element sizes of 60, 80, 100, 120µm at the

crack tip, load level of 18.0kN, new creep model consideration (Equation 3.3.16) with n = 3).

states at the current and previous time increments [41]. The chosen CETOL parameter in

the presented FECDM calculations was 10−4. Figure 3.3.11 shows the sensitivity of per-

formed FECDM calculations to the chosen value for CETOL. Observations of the negligible

sensitivity of the FECDM results to the chosen value of CETOL in the range of 10−3 and

10−5 confirm accuracy of the performed FECDM calculations in this study (with CETOL

of 10−4).

Stress Regime Dependency

Previous studies have indicated the need to consider the stress regime dependency of sec-

ondary creep rates [7, 16]. The creep model developed in this study (Equation 3.3.16) has

extended the consideration of stress dependency to the primary and tertiary creep regimes.

The effectiveness of the model is demonstrated in simulations of creep deformation in CT

specimens which provide an appropriate challenge because of the wide range of stresses (from

high to low in magnitude) redistributing across the remaining ligament ahead of the sharp

notch crack starter.

An example of the effectiveness of the model in simulations of creep deformation in CT
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Figure 3.3.11: Sensitivity of LPD and crack extension predictions to the chosen accuracy tolerance

parameter of CETOL (load level of 18.0kN, new creep model consideration (Equation 3.3.16) with n = 3).

specimens is shown in Figure 3.3.12. The results in Figure 3.3.12 show good agreement

between observed and predicted LPD using Equation 3.3.16 with n = 3. Using an exponent

of n = 1 gives an LPD prediction which is significantly overestimating the actual behaviour.

This provides further justification for adopting an exponent of n = 3 for 1CrMoV steel in

the low stress regime.

The primary–secondary part of the proposed constitutive model (i.e. Equation 3.3.16 with

ω = 0) is a modification to the primary–secondary version of the single regime creep model

proposed by Dyson and Osgerby [8]. Comparison of the FE simulation results obtained

from the application of the Dyson and Osgerby creep model [8] and the new creep model

(n = 3) in Figure 3.3.12 clearly demonstrates the importance of stress regime dependent

creep deformation consideration in the developed constitutive model formulation.

3.3.4 Concluding remarks

In this study, the need for consideration of the stress dependent deformation/damage accu-

mulation of materials in creep model formulations is demonstrated, not just in the secondary

creep regime, but also in the primary and tertiary regimes. A new stress regime dependent

creep model formulation is proposed which considers a gradual change of creep deforma-
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tion/damage accumulation mechanism with stress variation. The application of the new

proposed creep model through finite element continuum damage mechanics (FECDM) to

represent the deformation/damage accumulation behaviour exhibited in a series of creep

crack incubation (CCI) tests involving fracture mechanics compact tension (CT) specimens

made of a high creep strength (HCS) 1CrMoV turbine rotor steel loaded at 550◦C has

successfully confirmed the effectiveness of the proposed creep model (CT specimens being

selected because of the wide range of stresses redistributing across the remaining ligament

ahead of the sharp notch crack starter).
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Appendix

Numerical instability is one of the main problems encountered when implementing creep

damage equations in finite element (FE) codes, in particular for commercial FE codes such

as ABAQUS [41]. The existing procedure for creep strain increment calculation in the FE

code of ABAQUS is shown in Figure 3.3.13(a).

For the conventional creep damage theories (independent on whether the damage variable

increases with σ/(1− ω) [44], or with σ exp(qω) [38]) there is a strong–mutual dependency

between the rates of creep strain and damage development. Typically when a material

element is severely damaged and its damage parameter reaches a high value (usually greater
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Figure 3.3.13: The procedure used by ABAQUS code to calculate the creep strain increment; (a) the

original formulation and (b) the modified formulation.
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than 0.5), there is a rapid growth of the damage parameter causing an over-acceleration of

the creep strain rate which stops the simulation with a convergence error report. To solve

this problem, a new conditional statement has been added to the code which guarantees a

smooth damage parameter growth for the elements (see Figure 3.3.13(b), in which ωc is a

critical creep damage growth increment which is set to 1% in this study).

This statement forces the code to cutback the time increment if it involves a large dam-

age parameter increment. In the modified formulation, damage development is checked to

grow slowly. Such a moderate damage development allows the elastic and inelastic strain

developments to gradually release the stress from the damaged elements and permit further

progress of the simulation.

The ideal ultimate value for the damage parameter of a failed element, ωmax, is unity (0.99).

However, some studies arbitrarily decrease this value to remove the mentioned convergence

error. By applying the adopted formulation, consideration of ωmax = 0.99 was possible for

the present constitutive model formulation without any convergence error report.
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3.4 Article Four

Overview

This section contains a reprint of the article: E. Hosseini, S.R. Holdsworth, E. Mazza,

The LICON methodology for predicting the long time uniaxial creep rupture strength of

materials, International Journal of Pressure Vessels and Piping, 2013, with permission from

Elsevier.

Background Motivation

The first article re-examined the LICON method application to 1CrMoV and reported some

undiscussed details about the mechanical analysis part of the method. The second and

third articles focused on the mechanical analysis of a series of creep crack incubation tests

involving fracture mechanics compact tension specimens made of 1CrMoV and reported

some important observations about creep constitutive model consideration in finite element

analysis of high temperature structures. This article has used those findings and, in a more

general point of view, discussed the details of mechanical analysis consideration for the LI-

CON method.

Summary

This article has summarised the previous findings about application of the LICON method-

ology to different types of material. In the original LICON method development, it was

aimed to use approximate reference stress solutions as the mechanical analysis part of the

approach. It has been shown that the application of reference stress solutions to some

conditions such as creep crack incubation examinations of high creep strength 1CrMoV is

not appropriate. The recommendation of this study for such conditions is to consider a

more sophisticated mechanical analysis tool (i.e. finite element analysis). This study has

explained the details of a successful procedure for consideration of finite element analysis in

the LICON method, when it is to applied for ’non-reference stress’ materials.

Main Conclusions, Link to the Next Article

This article has shown that the behaviour of materials in creep crack incubation examina-

tions can be classified in two categories. Creep ductile, notch insensitive materials achieve

complete stress redistribution before any crack extension and hence, a reference stress solu-
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tion is applicable for them (i.e. ’reference stress’ materials such as P91). On the other hand,

for creep brittle, notch sensitive materials with fast creep crack initiation, crack extension

starts before complete stress redistribution and application of reference stress solutions for

them is not appropriate (i.e. ’non-reference stress’ materials such as high creep strength

1CrMoV). This article has concluded that application of either a reference stress solution

based or finite element analysis based LICON method for ’reference stress’ materials is ap-

propriate. However, application of the LICON method to ’non-reference stress’ materials

requires careful consideration of an advanced mechanical analysis (e.g. finite element analy-

sis). The next article has taken advantages of the already gathered knowledge and examined

the applicability of the LICON methodology to a dissimilar metal weld.



3.4. Article Four 111

The LICON Methodology for Predicting the Long Time Uniaxial

Creep Rupture Strength of Materials1

Abstract

The LICON methodology is an approach for predicting the lifetime of materials under creep

loading conditions. The LICON method predicts long–time uniaxial creep strength using

the results from several short duration creep crack incubation (CCI) tests in conjunction

with the outcome of a mechanical analysis on the testpiece. This method was first applied to

creep ductile, notch insensitive materials for which a reference stress solution was appropri-

ate (e.g. advanced 9%Cr pipe steels). The original concept for the mechanical analysis part

of the methodology was therefore to adopt reference stress solutions. This study explains

the challenges involved in application of the reference stress based LICON method to creep

brittle, notch sensitive materials and identifies the need for a careful implementation of ad-

vanced mechanical analyses (i.e. finite element analysis, FEA) for this application. Details

are presented for the consideration of FEA in the LICON methodology, and the demonstra-

tion of a successful application of the FEA based LICON method for creep life assessment

of a ’non-reference stress’ material, i.e. high creep strength (HCS) 1CrMoV steel.

Keywords:

LICON methodology; Reference stress solutions; Finite element analysis; 1CrMoV; P91

1E. Hosseini, S.R. Holdsworth, E. Mazza, International Journal of Pressure Vessels and Piping (2013)
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3.4.1 Introduction

One of the main challenges in the design of high temperature components such as those

used in modern power generation plant is their lifetime prediction under creep conditions.

It is important to be able to accurately predict the creep lifetimes of such structures, with

due consideration of fitness–for–purpose, reliability, safety and cost effectiveness, and this

has been a main topic of high temperature study for many years. In ideal circumstances,

creep lifetime evaluation is based on strength values derived from experimental observations

from a large quantity of long duration uniaxial tests for the material of interest, ideally for

a number of different heats [1]. In circumstances for which such large datasets do not exist,

long–time properties have to be predicted from the results of relatively short duration tests.

While the latter approach can only be regarded as an interim compromise, and no substitute

for the former approach with regards to accurate design life assessment, it is sometimes the

only way to predict the long–time properties of new alloys in a relatively short–time scale

and to thereby enable their early exploitation.

A number of approaches have been adopted for predicting long–time creep properties from

relatively short duration tests, e.g. extrapolating the results of high stress isothermal tests

using the Larson–Miller formulation [2], iso-stress testing [3, 4], applying the ’theta projec-

tion’ concept [5, 6], stress relaxation testing [7, 8], etc. (a review of these approaches can be

found in [9]). These methods might work well for materials with stable deformation and rup-

ture mechanisms over a wide range of temperatures and stresses. However, experience with

all of these techniques consistently indicates that none are effective in predicting long–time

creep rupture properties when the rupture mechanism in the long–time regime is different

to that in the short–time regime.

In the late 1990s, an iso-thermal extrapolation approach referred to as the LICON method-

ology was developed in an European Brite Euram project [10, 11]. This methodology relies

on multiaxial loading conditions to bring forward the onset of long–time creep damage for-

mation into the short–time rupture regime. Here, the LICON method employs observations

from several short–time creep crack incubation (CCI) tests (using fracture mechanics com-

pact tension (CT) specimens) in conjunction with the results of a mechanical analysis of the

testpieces to predict the long–time uniaxial creep strength of a material. In practice, other

multiaxial specimen geometries may be employed, such as circumferentially grooved round

bar or tubular specimen loaded in tension and/or torsion [10, 11]. The approach provides

similarity with the loading conditions experienced in real structures and enables a more

accurate evaluation of the future in-service performance of materials for which no long term

service experience exists.
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The LICON method was first applied to creep ductile, notch insensitive materials for which a

reference stress creep rupture data analysis approach was appropriate. The original concept

for the mechanical analysis part of the LICON methodology was therefore to adopt reference

stress solutions. It was envisaged that it would only be necessary to employ finite element

analysis (FEA) to establish the necessary stress–state parameters in the first evaluation of a

new material type and/or testpiece geometry, and thereafter to rely on these initial findings

ideally as a means to underpin an existing reference stress solution (e.g. [12]).

Early reports on successful application of the LICON method to advanced martensitic 9%Cr

pipe steels (including their weldments) were published in 2001 [10, 11]. However, later studies

exploring the applicability of the LICON methodology to low alloy creep resistant steels

revealed several challenges, in particular for a high creep strength (HCS) heat of 1CrMoV

[9, 13, 14].

Careful evaluation has indicated that HCS 1CrMoV does not have the necessary charac-

teristics to be examined with the LICON approach in its original form. HCS CrMoV is

a notch sensitive (creep brittle) material exhibiting relatively short CCI durations. Creep

crack initiation in such a material occurs before ’complete stress redistribution’ and HCS

1CrMoV is therefore an example of a ’non-reference stress’ material [15]. Simple application

of the reference stress based LICON method to this sort of material is not recommended.

’Reference stress’ materials are typically creep ductile and notch insensitive for which a

reference stress solution may be applied to multiaxial specimens (structures) for predicting

creep–rupture times from the results of uniaxial tests [16]. In contrast, ’non-reference stress’

materials are typically creep brittle and notch sensitive, such that multiaxial creep rupture

stresses may not be simply predicted using reference stress solutions and uniaxial creep

rupture data (e.g. [15]).

This study introduces a procedure for extending the applicability of the LICON method-

ology to ’non-reference stress’ materials. The modified procedure recommends a careful

implementation of advanced mechanical analysis (i.e. FEA) instead of simply considering a

reference stress solution. The application of this modified procedure for the creep life as-

sessment of HCS 1CrMoV alloy, as an example of a ’non-reference stress’ material, is shown

to be successful.

Adoption of an appropriate FEA for this application requires a creep model representing

the steady–state creep behaviour of the material over a wide range of stresses. Some creep

deformation models (e.g. the conventional Norton equation [17] or the version of the Bartsch

equation [18] used in [13, 14]) involve a general single formulation to describe the behaviour

of the material for all stress regimes (i.e. single regime creep models). However, for many



114 Chapter 3. Articles

engineering alloys, the creep deformation mechanism exhibited at high stresses is not the

same as that at lower stresses [19, 20] and such creep models cannot represent the effect of a

creep mechanism transition due to a change of stress. Recent studies by the authors [9, 21, 22]

have adopted a number of stress regime dependent creep model equations (i.e. two–regime

Norton (2RN), two–regime hyperbolic sine (2RSinh) and hyperbolic sine+Norton (Sinh+N))

and highlighted the advantages resulting from consideration of these over conventional single

regime models [21]. The proposed FEA based LICON method procedure therefore considers

a stress regime dependent creep model equation (e.g. 2RN model) rather than a single regime

creep model, as has previously been applied in [13, 14].

The remaining challenge is however that the required creep data for underpinning stress

regime dependent creep models and building an appropriate finite element (FE) model for

application to the LICON method includes information from steady–state creep rates of the

material at low stresses. Such information was available for HCS 1CrMoV using available

creep databases for 1CrMoV at 550◦C [13, 23]. However, when the LICON method is

applied to a newly developed alloy, the available creep data is usually limited to the high

stress regime, and implementation of the proposed procedure is more challenging. Ways to

overcome this problem are explored.

After a short introduction to the LICON methodology, the article examines the challenges

associated with application of the reference stress based LICON method to HCS 1CrMoV.

Sections 3.4.4 and 3.4.5 describe a procedure for applying the LICON methodology to HCS

1CrMoV at 550◦C, as an example of a ’non-reference stress’ material. Section 3.4.6 examines

application of the proposed procedure to a ’reference stress’ material (i.e. P91 at 600◦C). It

demonstrates that although the newly proposed procedure is developed for application to

’non-reference stress’ materials, it is equally applicable for ’reference stress’ materials. Sec-

tion 3.4.7 explains the remaining challenge for application of the FEA based LICON method

to materials with limited available creep information and proposes a potential solution to

overcome the difficulty. Finally, the last section summarises the main findings of this study.

3.4.2 LICON Methodology

The LICON methodology is based on the formulation:

ti,x = A(σ̄)−ν(H)−γ (3.4.1)

with H = σ1/σ̄, where σ1 is the maximum principal stress and σ̄ is the von Mises effective

stress, and where A, ν and γ are constants determined for the material and temperature of
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interest and the associated multiaxial creep–rupture response. Typically γ varies between

zero for σ̄–controlled rupture and ν for σ1–controlled rupture [13, 14, 24]. The LICON

model equations characterise the rupture behaviour in two mechanism regimes. In regime–

1, the damage mechanism for ferritic steels is typically void nucleation due to particle/matrix

decohesion, and rupture is σ̄–controlled (i.e. with γ′ → 0), such that:

tr = A′(σ0)−ν
′

uniaxial (3.4.2)

ti,x = A′(σ̄CT )−ν
′

multiaxial (e.g. CT specimen) (3.4.3)

In regime–2, for ferritic steels, creep damage nucleates and develops at grain/lath boundaries

and rupture is mainly σ1–controlled (i.e. with γ′′ → ν′′, e.g. for 1CrMoV: γ′′ = 0.74ν′′

[13, 14]), such that:

tr = A′′(σ0)−ν
′′

uniaxial (3.4.4)

ti,x = A′′(σ̄CT )−ν
′′
(HCT )−γ

′′
multiaxial (e.g. CT specimen) (3.4.5)

where σ̄CT and HCT are reference von Mises stress and reference stress multiaxiality factor

for the CT testpiece [9, 13, 14]. In Equations 3.4.3 and 3.4.5, reference is made to the

crack initiation criterion, x. Following the experience reviewed in [25], the crack initiation

criterion of ∆a=0.5mm is conventionally used in LICON method applications (e.g. for 9%Cr

[10, 11] and 1CrMoV steels [13, 14]). Equations 3.4.2 to 3.4.5 are schematically presented

in Figure 3.4.1.

The LICON equation set is specifically defined above for predicting long duration uniaxial

rupture times from relatively short duration CCI tests using CT specimens (a general form

of the LICON method has been applied in conjunction with a continuum damage mechanics

analysis to predict creep damage accumulation in [22]).

Prediction of the long–time uniaxial rupture behaviour (i.e. defining the values of A′′ and ν′′)

from the results of a series of CCI tests needs determination of the values of σ̄CT and HCT

using mechanical analysis. The LICON method was first applied to advanced 9%Cr pipe

steels which coincidentally were also reference stress (creep ductile, notch insensitive) mate-

rials. The original concept for the mechanical analysis part of the approach was therefore to

consider a reference stress solution for determination of von Mises equivalent stress and to

use tabulated stress multiaxiality factors for the common multiaxial creep testing geometries

(or to involve FEA to determine it in the first evaluation of a new testpiece geometry). It

was intended that users of the LICON methodology would not need to perform FEA for

laboratory testpieces as long as they used the standard configuration characterised within
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Figure 3.4.1: Schematic representation of the LICON concept.

the LICON project [10, 11]. For example, the introduced formulation for determination of

the required stress state parameters for the CT specimen includes: σ̄CT = P/(m∗BnW ) and

HCT = 3.6 (where P is the applied load, Bn is the specimen net section, W is the specimen

width and m∗ is the yield load ratio) [10, 11]. Consideration of the above expressions for the

LICON method application to advanced 9%Cr pipe steels was successful which demonstrated

the applicability of the original LICON concept for ’reference stress’ materials. However,

as shown in the next section, application of the LICON method to HCS 1CrMoV is not so

straightforward.

3.4.3 Reference Stress Based LICON Application for HCS

1CrMoV

Figure 3.4.2 shows the LICON long–time predictions resulting from consideration of an

acknowledged CT specimen reference stress solution for HCS 1CrMoV at 550◦C, i.e. σ̄CT =

P/(m∗BnW ) and HCT = 3.6 [10, 11] or 3.1, [13, 14]. As can be seen, although such

an approach was successful for advanced 9%Cr pipe steels [10, 11], the long–time LICON

predictions resulting from this consideration is not acceptable for HCS 1CrMoV at 550◦C.

Figure 3.4.3 shows the FEA result on the evolution of von Mises stress at the reference

position of the CT testpiece (0.5mm from the notch root in the mid–thickness plane [10,
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Figure 3.4.2: Comparison of experimental and LICON predicted regime–2 uniaxial rupture strength

for HCS 1CrMoV at 550◦C (predictions using consideration of reference stress solution and HCT = 3.6

[10, 11] and 3.1 [13, 14]).

11, 13, 14]). This shows that HCS 1CrMoV does not exhibit the necessary characteristics

to be examined with the reference stress based LICON method. HCS 1CrMoV is a notch

sensitive (creep brittle) material exhibiting relatively short CCI durations at 550◦C. Creep

crack initiation in such materials occurs before ’complete stress redistribution’ and HCS

1CrMoV is thereby an example of a ’non-reference stress’ material. The application of the

LICON method to this sort of material is not recommended without the adoption of suitable

analytical tools.

3.4.4 FEA Considerations for the LICON Methodology

This section considers the adoption of more advanced analytical tools as an alternative to the

use of approximate reference stress solutions for the mechanical analysis part of the LICON

approach when it is to be applied to ’non-reference stress’ materials (e.g. HCS 1CrMoV).

The representation of non–uniform creep redistributing stress and strain states throughout

a testpiece/component/structure is a challenging problem, and FEA is likely to be the most

effective solution for this type of problem. FEA is therefore proposed for the mechanical

analysis part of the LICON method, in particular when it is to applied to ’non-reference

stress’ materials.
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Figure 3.4.3: FEA calculated stress–state evolution at reference position of CT testpiece (HCS

1CrMoV at 550◦C, load: 11.2kN, creep constitutive model: 2RN, Equation 3.4.6).

Creep FEA to determine the stress–state in a high temperature testpiece/structure can

result in non–unique numerical representations if the analysis procedure (e.g. creep model

selection) has not been carefully defined [21]. Defining such a procedure for consideration

of FEA for the mechanical analysis part of the LICON approach involves: a) describing the

characteristics of the FE model to be used and b) defining the reference position and time

for determining σ̄CT and HCT . Without careful definition, the uncertainty associated with

the LICON long duration rupture time predictions can be unacceptable for a given set of

analysis input conditions.

FE model characteristics such as geometrical dimensions, loads, notch length, notch root

radius, etc. are influential parameters and should be representative of the tested specimens

and conducted experiments. Furthermore, recent studies by the authors have examined

the sensitivity of creep FEA for the CT testpiece to the adopted constitutive model and

size of FE elements [9, 21]. The results demonstrated the sensitivity of the calculated

stress–state quantities (e.g. σ̄CT and HCT ) to the chosen constitutive model and FE mesh

configuration. According to the findings reported in [9], the best choice for the element type,

for this application, is the hexahedral element in conjunction with a quadratic interpolating

formulation. To determine the optimum size of elements, a check on mesh discretisation

for H parameter convergence is recommended. For the constitutive model, the gathered
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experience with the LICON application for HCS 1CrMoV indicated that FE consideration

of an elastic–plastic–(secondary) creep constitutive model, where the creep model is a good

representation of the material steady–state creep rate over a wide range of stresses, can

provide good LICON long–time predictions (more details are provided in the next section

when the LICON method application for HCS 1CrMoV is described).

The FEA calculated stress–state (e.g. σ̄ and H) in a loaded CT testpiece is a function

of position and varies with time. Determination of σ̄CT and HCT from FEA calculations

therefore needs to be specified for a reference position and reference time. The original

assumption of the LICON approach for reference position–time, when the CT testpiece

was first analysed for determination of the HCT value, was to consider 0.5mm from the

notch root as the reference position and the time to ’complete stress redistribution’ as the

reference time. This consideration of reference position was coincident with the adopted

crack initiation criterion of ∆a=0.5mm.

As shown in Figure 3.4.3, ’complete stress redistribution’ for creep brittle materials with

relativity short CCI times does not occur until after crack initiation. Consideration of

the stress redistribution time as the reference time in the LICON method application of

such materials relates to a time–condition which cannot be achieved and an alternative

assumption has to be introduced.

The recommendation of this study is therefore to keep the coincidence of reference position

and crack initiation criterion at 0.5mm, but to replace ’complete stress redistribution’ time

with the CCI time as the reference time (Figure 3.4.4).

In summary, the recommendations of this study for consideration of FEA for the mechanical

analysis part of the LICON methodology are:

• to adopt an elastic–plastic–(secondary) creep constitutive model, with the creep model

being representative of the material behaviour over a wide range of stresses, i.e. the

adoption of a stress regime dependent secondary creep model.

• to adopt 0.5mm from the notch root (in the mid–thickness plane of the CT testpiece)

as the reference position and the CCI time as the reference time, with 0.5mm crack

extension being the considered crack initiation criterion.

• to adopt a sufficiently refined mesh configuration for the FE model (quadratic hexa-

hedral elements with converged HCT value).

It should be acknowledged that an important aim for the LICON approach was for it to be

readily applicable. This was achieved with the original LICON description through using
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Figure 3.4.4: Representation of the proposed procedure for FEA consideration for the LICON method.

established reference stress solutions and tabulated H values (i.e. avoiding extensive use of

FEA). This study therefore acknowledges the ongoing aim of the LICON concept to have

simple applicability, but introduces the need for the use of FEA for the mechanical analysis

part of the approach for certain materials.

3.4.5 FEA Based LICON Application for HCS 1CrMoV

This section explains the application of the LICON methodology for HCS 1CrMoV when the

procedure proposed in Section 3.4.4 is used for the mechanical analysis part of the approach.

The adopted FE code for analysis of CCI tests employed a non–linear kinematic harden-

ing plasticity model to represent the rate independent flow characteristics of the material.

Plasticity model parameters were determined using tensile test data at 550◦C. The represen-

tation of rate dependent plasticity (creep) behaviour of the material was based on adoption

of stress regime dependent secondary creep models. As shown in Figure 3.4.5, the results

of four uniaxial creep tests [13, 14] with reference to the published NIMS [23] low stress

steady–state creep rate data for different heats of 1CrMoV at 550◦ were used to underpin

the 2RN creep model (Equation 3.4.6). The numerical values of the creep model parameters
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Figure 3.4.5: Steady–state creep rate (stress) diagram for 1CrMoV at 550◦C including a comparison

of experimental data with the 2RN creep model representation.

can be found in Table 3.4.1.

ε̇s =

{
A1σ

n1 if σ ≥ σ∗

A2σ
n2 if σ < σ∗

2RN model [9] (3.4.6)

The 2RN creep model is implemented into pre-designed FE codes [9] representing a series of

CCI tests for HCS 1CrMoV at 550◦C (five load levels of 11.2, 13.5, 18.0, 22.4 and 25.5kN).

Consistent with the proposed procedure in Section 3.4.4, the results of FEA for reference

stress–state were considered in the LICON formulation to predict the long–time uniaxial

rupture strength of the alloy (Figure 3.4.6). The conclusion was that the proposed procedure

for the FEA consideration in the LICON approach is successful for HCS 1CrMoV at 550◦C

(this study only presents the outcome of a 2RN creep model implementation, although other

stress regime dependent secondary creep models such as Sinh+N and 2RSinh [21, 22] are

equally applicable for the FEA based LICON method).

Table 3.4.1: 2RN creep model parameters for HCS 1CrMoV at 550◦C (Equation 3.4.6).

Parameter A1 n1 A2 n2 σ∗

Value 1.16×10−39 13.74 2.92×10−14 3.00 231.29
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Figure 3.4.6: Comparison of experimental and LICON predicted regime–2 uniaxial rupture strength

for 1CrMoV at 550◦C (predictions using 2RN creep model, Equation 3.4.6). Note: The investigated heat

of 1CrMoV in this study is significantly more resistant to creep than the NIMS heat of 1CrMoV and hence

referred to as HCS 1CrMoV.

It should be noted that a combination of reference stress solution and FEA (based on a

single regime creep model equation) for the mechanical analysis part of the LICON method

was employed in earlier studies [13, 14] to predict long term creep strength of HCS 1CrMoV

using CCI tests data at load levels of 13.5, 18.0, 22.4 and 25.5kN. Implementation of the

later generated CCI test result for a load level of 11.2kN showed that the predictions can be

effectively improved by implementation of the procedure proposed in this study, i.e. FEA

based LICON method based on a stress regime dependent secondary creep model.

Figure 3.4.7 shows the LICON long–time predictions for HCS 1CrMoV at 550◦C resulting

from implementation of a conventional (single regime) Norton [17] creep model. As can

be seen, the accuracy of LICON long–time predictions considerably decreases when the

stress regime dependency of creep deformation behaviour is neglected. Of more concern,

such predictions can be non-conservative. Therefore for this application, the consideration

of stress regime dependency in creep constitutive model is essentially required, otherwise,

the uncertainty associated with the LICON long duration rupture time predictions can be

unacceptable.

It should be mentioned that for the evaluated HCS CrMoV steel at 550◦C, the available
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Figure 3.4.7: Comparison of experimental and LICON predicted regime-2 uniaxial rupture strength

for HCS 1CrMoV at 550◦C (predictions using 2RN and conventional Norton models).

uniaxial dataset [13, 14] in conjunction with the published NIMS data [23] provided the

possibility to underpin stress regime dependent creep models. However, when the LICON

method is applied to a newly developed alloy, the available creep data is usually limited

to the high stress regime and underpinning a stress regime dependent creep model is more

challenging. Resolving this problem is currently under investigation and a potential solution

is proposed in Section 3.4.7.

3.4.6 FEA Based LICON Application for P91

Alloy P91 can be regarded as a reference stress (creep ductile, notch insensitive) material.

Application of the LICON method for this material using a standard reference stress solution

(σ̄CT = P/(m∗BnW ) and HCT = 3.6) has already been demonstrated [10, 11] and this

section examines the applicability of the FEA based LICON method for this material.

Performed FE calculations for CCI tests using CT specimens made of P91 at 600◦C con-

sidered a 2RN creep constitutive model and the reference quantities of stress–state were

determined according to the procedure defined in Section 3.4.4. As mentioned earlier, in

contrast to HCS 1CrMoV, P91 exhibits relatively fast stress redistribution characteristics

and the von Mises stress at the reference position is completely redistributed before the start
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Figure 3.4.8: Von Mises stress evolution at reference position of CT testpiece (P91 at 600◦C, load:

9.8kN, creep constitutive model: 2RN, Equation 3.4.6).

of the creep crack extension (Figure 3.4.8). Figure 3.4.9 shows the results of the LICON

prediction for P91 at 600◦C. As can be seen, the LICON predicted low stress rupture times

are reasonable using either FEA or reference stress calculations.

3.4.7 FEA Based LICON Method for Newly Developed Alloys

It was demonstrated in the previous sections that the successful implementation of a FEA

based LICON approach for creep life assessment of a material requires a steady–state creep

rate model for the material over a wide range of stresses. This is a significant challenge for

the LICON methodology, because the LICON method was originally developed to predict

long term creep strength of materials with little existing creep data (e.g. for newly developed

alloys). For such materials, the available creep data is usually limited to high stress (short

duration) tests and developing an effective FE solution for LICON method application is

not guaranteed. This section proposes a potential way to resolve this problem.

Figure 3.4.10 shows a typical variation of log ε̇s vs. log σ exhibiting different regimes with

n > 8 at high stresses and 2 < n < 6 at lower stresses. At very low stresses (very long

durations), fundamental creep deformation theory predicts a third regime with n = 1 [19,

20, 27].
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Figure 3.4.9: Comparison of experimental and LICON predicted regime–2 uniaxial rupture strength

for P91 at 600◦C (predictions using either FEA or the reference stress solution [10, 11, 26]).

Figures 3.4.11 and 3.4.12 summarise experimentally measured steady–state creep rates for

a range of heat resistant alloys. Evaluation shows:

• There are only two regimes for the practical range of stresses considered, and a third

regime with n = 1 is not encountered. Earlier investigations have also examined the

existence of the regime with n = 1 for the studied range of stresses [28–32]. It is

therefore concluded that even though such a regime may exist for very low stresses, it

can be neglected for the stresses responsible for life durations of 200–300kh, i.e. typical

design life durations for high temperature components.

• While in the high stress regime (i.e. the power–law breakdown regime) very different

n values have been observed, the variation of n in the viscous–glide stress regime is

limited to 2.5–5.2.

• Time independent yield properties, e.g. 0.2% proof stress (Rp0.2) and limit of propor-

tionality (LP, σLP ) can be used to approximate the transition stress for the steady–

state creep rate behaviour of materials. Normalising the transition stress with respect

to 0.2% proof stress and LP for the evaluated alloys reveals that, in particular, LP

is a potential parameter to be used for determination of the transition stress with an

acceptable accuracy.
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Figure 3.4.10: Schematic representation of steady–state creep rate vs. stress.
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Figure 3.4.11: Steady–state creep rate as function of normalised stress with respect to 0.2% proof stress

for different heat resistant alloys [10, 11, 23, 26, 33–37] Steady–state creep rate as function of normalised

stress with respect to 0.2% proof stress for different heat resistant alloys.
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Figure 3.4.12: Steady–state creep rate as function of normalised stress with respect to LP for different

heat resistant alloys [10, 11, 23, 26, 33–37] (LP values are estimated based on available information for 0.2%

proof stress (Rp0.2) and tensile strength (Rm), see Appendix).

This study concludes that for a newly developed alloy with only high stress creep and short

term tensile data available, adoption of 2RN creep model with consideration of σ∗= 63%σLP
and n = 3.54 (Table 3.4.2) can be used as an early approximation for the steady–state creep

Table 3.4.2: 2RN creep model equation parameters for the viscous glide stress regime for different heat

resistant alloys.

Material Temperature σ∗/Rp0.2 σ∗/σLP n2

12Cr1Mo1W0.25V [33] 550◦C 56% 66% 2.57
12Cr1Mo1W0.25V [33] 600◦C 52% 65% 2.78
12Cr1Mo1W0.3V [34] 500◦C 58% 66% 2.96
12Cr1Mo1W0.3V [34] 550◦C 53% 61% 3.01
9Cr0.5Mo1.8WVNb [35] 650◦C 49% 62% 5.15
9Cr0.5Mo1.8WVNb [35] 700◦C 48% 67% 4.63
1Cr0.5Mo0.25V [33] 450◦C 58% 68% 3.95
1Cr0.5Mo0.25V [33] 500◦C 52% 63% 2.93
1Cr1Mo0.25V [23] 550◦C 47% 60% 3.98
9Cr1MoVNb [10, 11, 26] 600◦C 43% 59% 5.21
Ni based 15.5Cr2.5Ti1Nb7Fe [36] 850◦C 42% 59% 4.25
Fe based 21Cr32NiTiAl [37] 800◦C 41% 57% 4.05

95% confidence bounds (50±3.4)% (63.0±2.0)% 3.54±0.68
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Figure 3.4.13: Comparison of experimental and LICON predicted regime–2 uniaxial rupture strength

for HCS 1CrMoV at 550◦C (predictions using 2RN model where σ∗= 63% σLP and n2 = 3.54).

rate behaviour of the material in the viscous–glide stress regime. The appropriateness of

the presented approximation for application to creep life assessment of HCS 1CrMoV steel

using a FEA based LICON approach is now examined.

The calculations described in Section 3.4.5 have been repeated. The steady–state creep

rates observed in three high stress uniaxial tests (i.e. at 306, 275 and 245 MPa) were used

to determine the 2RN creep model parameters in the high stress regime (A1, n1). The

viscous–glide stress regime parameters are calculated with considerations of n2 = 3.54 and

σ∗= 63%σLP . Figure 3.4.13 shows the generated LICON predictions which demonstrate the

potential applicability of the proposed approximation for the FEA based LICON approach.

The study therefore introduces this approximate method as a potential solution for appli-

cation of the LICON method to new materials with little/no existing low stress creep data,

but also acknowledge the involved uncertainty. Improvement of this method is currently

under investigation.

3.4.8 Concluding Remarks

In this paper, the application of the LICON methodology for different types of materials

has been re-examined. This method was first applied to creep ductile, notch insensitive
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materials for which a reference stress solution was appropriate (e.g. advanced 9%Cr pipe

steels). The original concept for the mechanical analysis part of the methodology was

therefore to adopt reference stress solutions. This study shows that extending the scope of

applicability of the LICON method to creep brittle, notch sensitive (non-reference stress)

materials requires the adoption of a more sophisticated mechanical analysis (i.e. advanced

finite element analysis (FEA)). The details of a proposed procedure to consider FEA as the

mechanical analysis part of the LICON method when it is to be applied for ’non-reference

stress’ materials has been described. It is explained that, in such circumstances, construction

of an appropriate FE model for application to the LICON method requires knowledge of

steady–state creep rates of the material over a wide range of stresses (from high to low

stresses). The successful application of the proposed procedure for creep life assessment

of the high creep strength (HCS) 1CrMoV alloy, as an example of a ’non-reference stress’

material, has been demonstrated. Examination of the FEA based LICON approach for

application to a ’reference stress’ material (i.e. P91 at 600◦) indicates the methodology is

also appropriate for this purpose. This study proposes a viable approximate method to

estimate the creep rates of newly developed alloys in the viscous–glide stress regime based

on time independent yield properties as a solution to the problem of applying the FEA based

LICON method to a newly developed alloy with little existing low stress creep data.
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Appendix

For a material under uniaxial tensile testing conditions, the limit of proportionality (LP,

σLP ) is the maximum stress for which strain remains proportional to stress. The exact

position of this limit is sometimes difficult to determine from experimental stress strain

curves. The accepted approach is therefore to use an offset method and to determine σLP
as the stress required to produce a permanent strain of 0.02% (or 0.005%).

The NIMS reported tensile properties for heat resistant alloys do not include σLP and only

provide 0.2% proof stresses (Rp0.2) and tensile strengths (Rm). The following describes a

method to approximate σLP from a knowledge of Rp0.2 and Rm.

The Ramberg–Osgood model describes the non–linear relationship between stress and strain

[38]:

εp = Kro

(
σ

E

)nro

= K ′ro σ
nro (3.4.7)

where εp is the plastic strain, E is the elastic modulus, Kro, K
′
ro and nro are material

constants. For σLP and Rp0.2, it gives:

0.02% = K ′ro (σLP )nro (3.4.8)

0.2% = K ′ro (Rp0.2)nro (3.4.9)

and hence:

σLP = (0.1)1/nro Rp0.2 (3.4.10)

Therefore, for a known nro, Rp0.2 can be used to determine σLP .

The tensile strength of a material, Rm, is equal to the maximum force during the uniaxial

tensile test divided by the initial cross section area of the specimen (engineering stress).

Therefore:

σ
∣∣∣
Max Force

= Rm exp(εp)
∣∣∣
Max Force

(3.4.11)

At the maximum force:

dF = 0 (3.4.12)

= σdS + dσS (3.4.13)

where F is the force and S is the specimen cross section area. Volume constancy gives:

dS

S
= −dlg

lg
= −dεp (3.4.14)
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where lg is the specimen gauge length. Combination of 3.4.13 and 3.4.14 results in:

dεp
dσ

∣∣∣
Max Force

=
1

σ

∣∣∣
Max Force

(3.4.15)

dεp/dσ can also be calculated from the Ramberg–Osgood model equation:

dεp
dσ

= nro K
′
ro σ

nro−1 =
nro
σ
εp (3.4.16)

From Equations 3.4.15 and 3.4.16:

nro =
1

εp

∣∣∣
Max Force

(3.4.17)

Combination of Equations 3.4.17 and 3.4.11 gives:

σ
∣∣∣
Max Force

= Rm exp(
1

nro
) (3.4.18)

and from the Ramberg–Osgood model equation:

1

nro
= K ′ro (Rm exp(

1

nro
))nro (3.4.19)

Combination of Equation 3.4.9 and 3.4.19 gives:

0.2%

1/nro
=
[ Rp0.2

(Rm exp( 1
nro

))

]nro

(3.4.20)

Resolution of Equation 3.4.20 defines the value of nro and then σLP can be determined from

Equation 3.4.10.
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3.5 Article Five

Overview

This section contains a reprint of the article: E, Hosseini, S.R. Holdsworth, E. Mazza, Ex-

ploring the applicability of the LICON methodology for a dissimilar metal weld, International

Journal of Pressure Vessels and Piping, 2013, with permission from Elsevier.

Background Motivation

The main objective of this PhD project is to examine the applicability of the LICON method-

ology for predicting the long term creep rupture strength of a dissimilar metal weld. Previous

articles have re-examined early applications of the LICON method for bainitic 1%Cr and

martensitic 9%Cr steels and reported some undiscussed, but important, details about me-

chanical analysis considerations in the method. This article takes the advantage of already

gathered knowledge and deals with the main objective of this research project, i.e. exami-

nation of the LICON method applicability for a dissimilar metal weld.

Summary

This article has reported details of experimental and analytical efforts made for examination

of the LICON method applicability to a dissimlar metal weld. The investigated material is

part of an existing weldment of 1CrMoV and Alloy 625 with filler metal of Alloy 617 which

had been a candidate to use for rotor constructions in new advanced power plants. Mechan-

ical analysis of the conducted creep crack incubation tests for the weldment has shown that

this joint, similar to the high creep strength 1CrMoV, is an example of ’non-reference stress’

materials. The LICON method application to this joint therefore requires consideration of

an advanced mechanical analysis, i.e. finite element analysis. The proposed procedure in the

previous article for consideration of finite element analysis in the LICON method application

for ’non-reference stress’ materials has been followed in this article.

Main Conclusions

This article has examined the applicability of the LICON method for the weldment of 1Cr-

MoV and Alloy 625 with filler metal of Alloy 617. Beside the conducted analytical/numerical

analyses, experimental examinations including uniaxial and multiaxial creep testing and mi-

crostructural investigations have been performed to provide the required information for
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examination of the LICON method. It has also been shown that the LICON method for-

mulation for application to predict the creep rupture behaviour of dissimilar metal weld

uniaxial testpieces requires further development. This study therefore proposed a new de-

velopment for the LICON approach which uses finite element analysis to account for the

generated multiaxial stress states within weld uniaxial testpieces. Application of the de-

veloped approach for predicting uniaxial creep rupture behaviour of the investigated joint

showed an acceptable agreement with experimental observations which was not achievable

without introducing the new development.
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Exploring the Applicability of the LICONMethodology for the Creep

Assessment of a Dissimilar Metal Weld1

Abstract

The LICON methodology is an approach for predicting the lifetime of materials under creep

loading conditions. The LICON method predicts long–time uniaxial creep strength using

the results from several short duration creep crack incubation (CCI) tests in conjunction

with the outcome of a mechanical analysis for the adopted multiaxial specimen geometry.

The applicability of the methodology for long term creep strength prediction of martensitic

9%Cr and bainitic 1%Cr steels has already been demonstrated. This study has examined

the applicability of the procedure for predicting long term uniaxial creep strengths for a

dissimilar metal weld (DMW). It has required new developments to the original formulation.

Application of the developed formulation for predicting uniaxial creep rupture behaviour of

the investigated DMW shows an acceptable agreement with experimental observations which

was not previously achievable.

Keywords:

LICON methodology; Dissimilar metal weld; Long term creep strength; Finite element

analysis; 1CrMoV; Alloy 617/625

1E, Hosseini, S.R. Holdsworth, E. Mazza, International Journal of Pressure Vessels and Piping (2013)
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3.5.1 Introduction

The LICON methodology was originally developed in the late 1990s to predict the long–

time creep rupture behaviour of new generation steels, including their welded joints, from

the results of relatively short duration multiaxial specimen tests. The methodology relies

on the acceleration of creep damage development under multiaxial loading conditions to

enable extended extrapolation of rupture strength into the long–time rupture regime. The

approach provides similarity with the loading conditions experienced in real structures and

enables a more accurate evaluation of the future in-service performance of components made

of new–generation materials for which no long–time service experience exists.

After recent reports on successful application of the methodology for martensitic 9%Cr pipe

steels (including their weldments) [1, 2] and 1CrMoV alloys [3–6], this study examines the

applicability of the methodology for prediction of the long term creep strength of a dissimilar

metal weld (DMW).

3.5.2 Experiments

Experimental Procedure

The investigated material in this study is part of an existing weldment of 1CrMoV and

Alloy 625 with Alloy 617 filler metal which was considered as a candidate to use for rotor

constructions in advanced 700◦C power plants (AD700) [7–9].

Figure 3.5.1 presents an optical image of the as-received DMW under investigation. The

figure illustrates five different zones: 1CrMoV parent material (PM), 1CrMoV heat affected

zone (HAZ), Alloy 617 weld material (WM), Alloy 625 HAZ and Alloy 625 PM. The creep

strengths of Alloy 625 (PM/HAZ) and Alloy 617 WM are much higher than that of the

1CrMoV (PM/HAZ) at the maximum applicable temperature and hence, occurrence of

creep failure in these zones is less probable.

Mechanical Testing Uniaxial constant load creep tests were conducted at 550◦C using

round bar testpieces for cross–weld (x–weld), 1CrMoV PM and Alloy 617 WM property

determinations. Figure 3.5.2a shows the used uniaxial creep specimen configuration (8mm

diameter with 42mm gage length). Table 3.5.1 provides details of the performed uniaxial

creep tests.

Constant load creep crack incubation (CCI) tests at 550◦C were performed using fully in-

strumented 25mm–thick compact tension (CT) testpieces with side–grooves (Figure 3.5.2b).
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Figure 3.5.1: Different microstructural zones in joint of 1CrMoV/Alloy 617/Alloy 625 (as received,

etchant: Marble’s Reagent).
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Figure 3.5.2: (a) Uniaxial creep and (b) CT specimens.

The crack starter was located in the middle of the 1CrMoV HAZ and its final part was a

spark–eroded slot. Five load levels of 17.8, 13.7, 8.4, 8.0 and 6.0kN have been examined.

Load point displacement (LPD) was recorded using a clip–on type mechanical extensometer

attached to the testpiece integral knife edge. In addition, creep crack development was con-

tinuously monitored using electrical direct current potential drop (DCPD) instrumentation.
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The tests were run to the attainment of creep crack extensions larger than 0.5mm. A central

3mm–thick slice for metallographical examination was extracted from the testpiece by spark

erosion, prior to final fracture at room temperature to reveal the full extent of creep crack

extension [3, 4]. Physical measurement of the actual extent of creep cracking at the end of

test complemented and verified the online crack extension results determined by the DCPD

instrumentation.

Uniaxial tensile tests at 550◦C were conducted for characterisation of the time independent

mechanical behaviour of 1CrMoV PM and Alloy 617 WM.

Microstructural Investigations Samples from crept specimens were prepared by stan-

dard metallographic techniques for microstructural investigations. Different techniques were

used to investigate the material microstructure. Optical microscopy was initially used to

observe the microstructure of the material. While Marble’s Reagent was used to reveal the

Alloy 617/625 microstructures, Nital was used to reveal the microstructures of 1CrMoV

(PM/HAZ). Also, Vilella’s Reagent was used to expose prior austenitic grain boundaries in

the 1CrMoV steel.

As a part of post-test examination of the crept specimens, it was important to define the

location of developed creep cavities with respect to the grain boundaries. Employment of

the CCI test results within the LICON method requires a knowledge of the corresponding

creep crack development mechanisms (e.g. by particle/matrix decohesion or grain boundary

cavitation). Optical examination of etched specimens however could not provide confident

observations for the responsible creep failure mechanism in the fine grained structure of the

1CrMoV HAZ. More detailed microstructural investigation was therefore performed using

an electron channelling contrast (ECC) imaging technique. This technique uses back scatter

electrons (BSE) in a scanning electron microscopy (SEM) to identify grain/subgrain bound-

aries in un-etched specimens to a much higher resolution than that using optical microscopy.

The high sensitivity of 1CrMoV to pitting corrosion, in particular when connected to a more

noble alloy (i.e. Alloy 617), introduced difficulties associated with the observation of creep

Table 3.5.1: Uniaxial creep tests description.

Testpiece x–weld x–weld x–weld x–weld x–weld Alloy 617
Stress, MPa 220 200 120 80 50 440
Status ruptured ruptured ruptured ruptured interrupted interrupted

Testpiece 1CrMoV 1CrMoV 1CrMoV 1CrMoV 1CrMoV 1CrMoV
Stress, MPa 300 280 260 200 180 160
Status ruptured ruptured ruptured interrupted interrupted interrupted
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Figure 3.5.3: Constant load uniaxial creep test results for the DMW at 550◦C.

cavities in etched samples, and using un-etched samples with an ECC imaging technique

was therefore an advantage.

Since discrimination between low–angle subgrain and high–angle grain boundaries was not

possible in ECC images, electron backscatter diffraction (EBSD) analysis was conducted as

a complementary technique.

Experimental Results

Mechanical Testing Figure 3.5.3 shows the results of constant load uniaxial creep tests

at 550◦C for cross–weld specimens. The results were used for a) indicating the secondary

creep deformation behaviour of the DMW and b) providing data for evaluation of the LICON

method uniaxial creep strength predictions.

Figure 3.5.4 shows the results of constant load uniaxial creep tests at 550◦C for 1CrMoV

PM and Alloy 617 WM specimens. The results were only to indicate the secondary creep

deformation behaviour of the materials and therefore, some of the tests were interrupted

after reaching the steady–state creep deformation condition (secondary creep). The test for

Alloy 617 WM at the high stress level of 440MPa demonstrated the high creep resistance of

this alloy at 550◦C. For the same stress level, creep deformation of Alloy 617 in comparison

with that of 1CrMoV is negligible and therefore, calculations described in the following
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Figure 3.5.4: Constant load uniaxial creep test results for 1CrMoV PM and Alloy 617 WM at 550◦C.

sections neglected the creep deformation for Alloy 617 WM and, similarly, for Alloy 625

(PM/HAZ).

Figure 3.5.5 shows the uniaxial tensile test results for 1CrMoV PM and Alloy 617 WM at

550◦C. The results were used to underpin non-linear kinematic hardening plasticity models

for 1CrMoV (PM/HAZ) and Alloy 617 WM. The approximation assuming the behaviour

of 1CrMoV HAZ to be the same as that for 1CrMoV PM is acknowledged. As is explained

later, the stresses developed for Alloy 625 (PM/HAZ) during the conducted creep tests in

this study were much less than its yield strength and therefore, characterisation of the plastic

behaviour of Alloy 625 was not required.

Figure 3.5.6 shows the evolution of LPD and creep crack extension for the performed CCI

tests at 550◦C. As can be seen, the LPD increases with time in a similar way to the creep

strain accumulation observed in a uniaxial testpiece. The tests were intentionally stopped

before the development of significantly long cracks and the specimens were then used to

metallurgically investigate early creep damage development characteristics. The presented

creep crack extension records in Figure 3.5.6 (inset) show that prior to the onset of creep

cracking, there is an incubation period during which time sufficient creep damage devel-

ops ahead of the crack starter to initiate creep crack extension. This stage is followed by

creep crack growth until final rupture. Time durations to a crack extension of 0.5mm were

considered as CCI times for later application to the LICON methodology [3, 4].
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Figure 3.5.5: Uniaxial tensile test results for 1CrMoV PM and Alloy 617 WM at 550◦C.

Microstructural Observations Figure 3.5.7 shows the optical microstructures of the

DMW. As can be seen, 20–80µm sized grains were observed in 1CrMoV PM. The microstruc-

tural transition to the 1CrMoV HAZ section can be seen in Figure 3.5.7b in the form of

some fine recrystallised grains located at the prior austenite grain boundaries (intercritical

HAZ, ICHAZ). Figure 3.5.7c shows the central region of the 1CrMoV HAZ comprising a very

fine structure (fine grain HAZ, FGHAZ) and finally, Figure 3.5.7d illustrates the interface

between 1CrMoV HAZ and Alloy 617 WM. The weld has been deposited in a way to give

almost 100% FGHAZ adjacent to the fusion line (FL).

Figure 3.5.8 shows the results of preliminary trials to reveal the mechanism of creep damage

development experienced in the performed CCI tests. Confident judgement on the location

of creep cavities with respect to grain boundaries using the shown micrographs was not

possible, because the very fine structure was not easily resolvable using optical microscopy.

More detailed microstructural investigation was performed using an ECC imaging tech-

nique. This technique used BSE signals in a SEM to determine the orientation of different

grain/subgrains and could define the location of boundaries in an un-etched specimen to a

much higher resolution than that of the optical microscope. Figure 3.5.9 shows the results of

ECC imaging of samples form CT specimens and shows that the nucleation of creep cavities

has occurred at fine grain boundaries.

Figure 3.5.10 shows the results of the EBSD analysis which confirmed that the majority of
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Figure 3.5.6: LPDs and creep crack extensions for of the conducted CCI tests for the DMW at 550◦C.

observed boundaries in ECC images were high–angle grain boundaries. This demonstrated

that the sites of creep cavity nucleation were located at grain boundaries and that the

mechanism of creep crack development, even for the highest examined load and the shortest

CCI test, was grain boundary cavity nucleation, growth and coalescence and this is the

damage mechanism anticipated after long–time creep. The CCI test data can therefore be

used by the LICON method formulation for predicting the long–time creep rupture behaviour

of DMW uniaxial testpieces.
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Figure 3.5.7: Microstructure of the DMW (Etchant: Vilella’s Reagent).
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Figure 3.5.8: Microstructure of the DMW after CCI test at load level of 8.0kN at 550◦C (Etchant:

Nital).
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Figure 3.5.9: ECC images for the DMW after CCI tests at 550◦C ((a,b,c): 17.8kN, (d): 13.7kN, (e):

8.4kN and (f): 8.0kN).
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Figure 3.5.10: EBSD results for the DMW after CCI test at the load level of 8.0kN (550◦C) presenting

high-angel grain boundaries in 1CrMoV HAZ.

3.5.3 LICON Methodology Application for Dissimilar Metal Welds

LICON Methodology

The LICON methodology is currently based on the formulation:

ti,x = A(σ̄)−ν(H)−γ (3.5.1)

with H = σ1/σ̄, where σ1 is the maximum principal stress and σ̄ is the von Mises equivalent

stress, and where A, ν and γ are constants determined for the material and temperature of

interest and the associated multiaxial creep rupture response. Typically γ varies between

zero for σ̄–controlled rupture and ν for σ1–controlled rupture [3, 10]. The LICON method

equations characterise the rupture behaviour in two mechanism regimes. In regime–1, the

damage mechanism for ferritic steels is typically void nucleation due to particle/matrix

decohesion, and rupture is σ̄–controlled (i.e. with γ′ → 0), such that [3, 4]:

tr = A′(σ0)−ν
′

uniaxial (3.5.2)

ti,x = A′(σ̄CT )−ν
′

multiaxial (e.g. CT specimens) (3.5.3)

In regime–2, for ferritic steels, creep damage nucleates and develops at grain/lath boundaries

and rupture is mainly σ1–controlled (i.e. with γ′′ → ν′′), such that [3, 4]:

tr = A′′(σ0)−ν
′′

uniaxial (3.5.4)

ti,x ≈ A′′(σ̄CT )−ν
′′
(HCT )−ν

′′
multiaxial (e.g. CT specimen) (3.5.5)
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Figure 3.5.11: Schematic representation of the LICON concept.

where σ̄CT and HCT are respectively reference von Mises stress and reference stress mul-

tiaxiality factor for the CT testpiece. Following the experience reviewed in [11], the crack

initiation criterion of ∆a=0.5mm is conventionally used in LICON applications (e.g. for

9%Cr [1, 2] and 1CrMoV steels [3, 4]). Equations 3.5.2 to 3.5.5 are schematically presented

in Figure 3.5.11.

The LICON equation set is specifically defined above for predicting long duration uniaxial

rupture times from relatively short duration CCI tests using CT specimens. Prediction of

the long–time uniaxial rupture behaviour (i.e. defining the values of A′′ and ν′′) from the

results of a series of CCI tests needs determination of the values of σ̄CT and HCT using a

mechanical analysis.

The LICON method was first developed for application to advanced 9%Cr pipe steels which

coincidentally were creep ductile and notch insensitive materials. The original concept for

the mechanical analysis part of the approach was therefore to consider a reference stress

solution for determination of a net section representative von Mises stress and to use tab-

ulated stress multiaxiality factors for the common multiaxial creep testing geometries (or

to employ finite element analysis (FEA) to determine their values in a first evaluation for

a new testpiece geometry). It was intended that users of the LICON methodology would

not need to perform FEA for laboratory testpieces as long as they used one of the standard

configuration characterised within the LICON project [1, 2]. For example, the introduced
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Figure 3.5.12: Reference von Mises stress evolution for CT specimens made of the DMW and P91

loaded at 8.0kN and 9.8kN, respectively [6].

formulation for determination of the required stress state parameters for the CT specimen

included: σ̄CT = P/(m∗BnW ) and HCT = 3.6 (where P is the applied load, Bn is the

specimen net section, W is the specimen width and m∗ is the yield load ratio as defined in

[12, 13]) [1, 2]. Consideration of the above expressions for the LICON method application to

advanced 9%Cr pipe steels was successful which demonstrated the applicability of the orig-

inal LICON concept (based on reference stress solutions). However, later studies exploring

the applicability of the LICON methodology to a low alloy creep resistant steels (1CrMoV)

revealed several challenges, in particular for high strength heats (e.g. high creep strength

(HCS) 1CrMoV) [3–5]. Careful evaluation has indicated that HCS 1CrMoV does not have

the essential characteristics to be examined with the original LICON approach (based on

reference stress solutions) [6]. In contrast with 9%Cr steels which experience complete stress

redistribution before the start of crack extension (’reference stress’ materials [6]), HCS Cr-

MoV, and similarly the investigated DMW, do not achieve complete stress redistribution

before the onset of crack extension (Figure 3.5.12). Reference stress solutions are only ap-

propriate after the occurrence of complete stress redistribution, and therefore HCS 1CrMoV

and the DMW under investigation are examples of ’non-reference stress’ material. In these

circumstances, application of the original LICON method procedure (based on reference

stress solutions) is not appropriate.
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Extending the applicability of the LICON method to ’non-reference stress’ materials requires

the consideration of a more sophisticated mechanical analysis approach (e.g. involving FEA).

The details of a proposed procedure for involving FEA as the mechanical analysis part of

the LICON method when applied to a ’non-reference stress’ material includes [6]:

• the adoption of an elastic–plastic–(secondary) creep constitutive model, with the creep

rate formulation being representative of the material behaviour over a wide range of

stresses, i.e. the adoption of a stress regime dependent secondary creep model.

• the adoption of a location 0.5mm from the notch root (in the mid-thickness plane of

the CT testpiece) as the stress/strain state reference position, and the CCI time as

the reference time, with 0.5mm crack extension being the considered crack initiation

criterion.

• the adoption of a sufficiently refined mesh configuration for the FE model (quadratic

hexahedral elements with converged HCT value).

Employment of this procedure for application of the LICON methodology to the HCS 1Cr-

MoV steel was successful [6]. Furthermore, examination of the proposed procedure for the

LICON method application to a 9%Cr steel showed that the procedure is equally applicable

for ’reference stress’ materials (e.g. 9%Cr steels) [6]. This study therefore adopts the modi-

fied procedure for application of the LICON methodology to the DMW under investigation.

Application of the LICON method formulation to predict the creep rupture behaviour of

DMW uniaxial testpieces has required further development. In particular, Equation 3.5.4

assumes a uniformly distributed stress state with H=1, for predicting long–time uniaxial

strength values. This assumption is reasonable for homogeneous material conditions. In con-

trast, for a DMW, different inelastic (creep) deformation behaviours exhibited by different

microstructural constituents (e.g. PM, HAZ, WM) generate non-uniform multiaxial stress

states within the testpiece and H 6= 1. Development of the LICON method formulation for

predicting the uniaxial creep rupture strength of a DMW has involved rewriting Equation

3.5.4 to become:

tr,DMW ≈ A′′(σ0)−ν
′′
(HDMW)−ν

′′
uniaxially loaded DMW (3.5.6)

Equation 3.5.6 takes into consideration that although loaded in a uniaxial stress state in

the 1CrMoV and Alloy 625 parts of the testpiece, the stress state at the interface of DMW

constituents is multiaxial. Consistent with general expressions introduced in [3, 4], the

present study has considered HDMW to be the maximum FEA calculated stress multiaxiality

factor within the loaded DMW uniaxial testpiece.
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Figure 3.5.13: Designed FE models for (a) uniaxial and (b) CT specimens made of the DMW.

FE Modelling

The designed FE meshes used to simulate the conducted (a) uniaxial and (b) CCI tests for

the DMW are shown in Figure 3.5.13. The models include five different material sections:

1CrMoV PM, 1CrMoV HAZ, Alloy 617 WM, Alloy 625 HAZ, Alloy 625 PM. The size of

each section was generated according to physical observations from the actual DMW shown

in Figure 3.5.1.

The representative model for the uniaxial tests (Figure 3.5.13a) involved 8948 elements

(20–node hexahedral elements with quadratic interpolation) and was used to simulate the

uniaxial DMW creep tests at stress levels of 220, 200, 120 and 80MPa, at 550◦C, for the

corresponding rupture durations.

The adopted model for the CT testpiece used a 1/2 model symmetry condition and involved

18390 elements (20–node hexahedral elements with quadratic interpolation). Consistent

with the used specimens, the notch was located in the middle of the 1CrMoV HAZ section

of the adopted FE model. The model was employed to simulate the conducted CCI tests at

the five load levels of 17.8, 13.7, 8.4, 8.0 and 6.0kN, at 550◦C, for the corresponding CCI

durations.

The described FE models were solved using the commercially available code of ABAQUS [14].
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The quality of the mesh configurations were checked according to the procedure described

in [5, 6].

Constitutive Behaviour Modelling This section describes details of the constitutive

material behaviour adopted within the FE model. Following the approach introduced in

[6], this study considered an elastic–plastic–(stress regime dependent secondary) creep rate

formulation for representing the constitutive behaviour of each material section.

A linear elastic model was used to represent the elastic behaviour of the material sections.

While a previously reported E modulus value was adopted for Alloy 625 PM [15], results

of tensile tests at 550◦C (Figure 3.5.5) were used for E moduli values of 1CrMoV PM and

Alloy 617 WM. This study assumed the elastic properties of the HAZs to be the same as

their respective PMs.

Uniaxial tensile test data (Figure 3.5.5) was used to represent the non–linear loading charac-

teristics of the 1CrMoV PM and Alloy 617 WM. The adopted plasticity model for 1CrMoV

PM was also used for the 1CrMoV HAZ. Plasticity models were not required for Alloy 625

PM and HAZ (the maximum von Mises stresses developed in these microstructural sections

were much less than the yield strength of Alloy 625).

Alloy 617 and Alloy 625 at 550◦C are extremely creep resistant and uniaxial creep test results

for Alloy 617 WM at the high stress level of 440MPa, shown in Figure 3.5.4, illustrate

negligible creep deformation in comparison with that of 1CrMoV at much lower stresses.

This study therefore neglected any creep deformation of Alloy 617 WM, and similarly, Alloy

625 (PM/HAZ). The stress regime dependent secondary creep model given by Equation

3.5.7 was used to represent the creep behaviour of 1CrMoV PM and HAZ:

ε̇s = A1 sinh(B1σ) +A2σ
n2 Sinh+N model [16] (3.5.7)

where ε̇s is the steady creep rate and A1, B1, A2 are numerical constants determined from

uniaxial creep data. n2 is the stress exponent in the creep rate equation of the material for

low stresses which is 3 for 1CrMoV [5, 17]. More information related to the model is given

in [16].

The uniaxial creep test results for 1CrMoV PM (Figure 3.5.4) were used to underpin the

creep model for this parent material. The secondary creep behaviour of 1CrMoV HAZ was

extracted from the uniaxial creep test results for the DMW in the following way. Assum-

ing a composite structure and neglecting the interactions between different microstructural
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Figure 3.5.14: Steady creep rate (stress) diagram for 1CrMoV (PM/HAZ) and DMW at 550◦C.

sections, the steady–state creep rate of the DMW can be estimated using [18, 19]:

(ε̇s)(DMW ) =
1

LDMW
×

5∑
i=1

Li × (ε̇s)i (3.5.8)

where Li is the length of each section.

Consideration of (ε̇s)Alloy 617(WM) = (ε̇s)Alloy 625(HAZ) = (ε̇s)Alloy 625(PM) = 0 gives:

(ε̇s)1CrMoV (HAZ) =
1

L1CrMoV (HAZ)
(3.5.9)

× [LDMW × (ε̇s)DMW − L1CrMoV (PM) × (ε̇s)1CrMoV (PM)]

Figure 3.5.14 presents the steady–state creep rate of 1CrMoV (PM/HAZ) and the cor-

responding model fits. The numerical values of the creep model parameters for 1CrMoV

Table 3.5.2: Sinh+N creep model parameters for 1CrMoV (PM/HAZ) at 550◦C (Equation 3.5.7).

1CrMoV PM
Parameter A1 B1 A2 n2

Value 1.44×10−11 0.55 2.37×10−14 3.00

1CrMoV HAZ
Parameter A1 B1 A2 n2

Value 5.05×10−08 0.43 2.91×10−12 3.00
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Figure 3.5.15: Stress multiaxiality factor distributions for (a) uniaxial and (b) CT DMW specimens

(uniaxial specimen loaded at 200MPa to rupture time, CT specimen loaded at 8.0kN to CCI time).

(PM/HAZ) are summarised in Table 3.5.2

FE Results

Figure 3.5.15 shows the distributions of stress multiaxiality factor within (a) uniaxial and

(b) CT DMW specimens.

Mismatch of the creep properties of different microstructural constituents of the DMW

generates complicated multiaxial stress states within the specimens. Figure 3.5.15 shows

two regions with high stress multiaxiality factors; one located in the vicinity of the FL and

one in the middle of the HAZ. Similarly for the CT specimens, there are regions ahead of

the notch tip and in the vicinity of the FL with high stress multiaxiality factors (3.5.15b).

Figure 3.5.16 shows crack development paths in (a) uniaxial and (b) CCI specimens. This re-

veals that for the CCI tests, cracking occurs ahead of the crack starter (1CrMoV IC/FGHAZ),

and in the vicinity of the FL. For the uniaxially tested specimens, cracking occurs within

the 1CrMoV IC/FGHAZ and at the FL. A comparison of Figure 3.5.15 with Figure 3.5.16

demonstrates the important role of generated stress multiaxiality in the determination of

creep cracking patterns.

Figure 3.5.17 and 3.5.18 illustrate the FEA results for the distribution of von Mises stress

and stress multiaxiality factor at mid-thickness of the DMW CT specimens loaded at 550◦C

to the corresponding CCI time. Figure 3.5.19 presents the radial distribution of stress mul-

tiaxiality factor at the FL of uniaxial specimens loaded at 550◦C. The FE results presented

in this section, in conjunction with the experimentally measured CCI times, are employed

in the LICON method formulation to predict long term creep strength values for the DMW

uniaxial testpieces in the next section.
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Figure 3.5.16: Typical creep cracking patterns in (a) uniaxial and (b) CT DMW specimens and loaded

at 550◦C (CCI: 8kN, uniaxial: 200MPa, Etchant: Nital).
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Figure 3.5.17: Distribution of von Mises stress at mid-thickness of the DMW CT specimens loaded

at 550◦C to the corresponding CCI times.

LICON Method Results

As explained in section 3.5.2, cracking in all the conducted CCI tests was due to grain

boundary cavity nucleation, growth and coalescence (regime–2, Figure 3.5.11) where the

LICON method adopts Equation 3.5.5 for interpretation of the observations.

Following the procedure proposed in [6], the FE calculated von Mises stress and stress mul-
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Figure 3.5.18: Distribution of stress multiaxiality factor at mid-thickness of the DMW CT specimens

loaded at 550◦C to the corresponding CCI times.
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Figure 3.5.19: Radial distribution of stress multiaxiality factor at the FL of DMW uniaxial specimens

loaded at 550◦C to the corresponding rupture times.
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Figure 3.5.20: Presentation of the LICON predicted regime–2 uniaxial rupture strength for the DMW

at 550◦C.

tiaxiality factor at 0.5mm from the notch root (in the mid-thickness plane of the testpiece)

at the CCI time were adopted as the reference stress and stress multiaxiality factor (σ̄CT
and HCT ) used in the assessment.

Plotting log(ti,0.5) vs. [log(σ̄CT ) + log(HCT )] allows the identification of both (−ν′′) and

logA′′, from respectively the slope and intercept of the straight line of best fit (A′′ = 4.0×109,

ν′′ = 2.8). Finally, the LICON method employed the FEA calculated HDMW (Figure 3.5.19)

and the determined values for A′′ and ν′′ for prediction of the rupture strengths of the DMW

uniaxial testpieces.

Figure 3.5.20 demonstrates the effectiveness of the LICON method for predicting the rup-

ture behaviour DMW uniaxial testpieces. It also shows that adoption of H=1 in the LICON

method formulation (Equation 3.5.4) significantly overestimates strength values for the uni-

axial DMW specimens (dashed line). Consistent application of the LICON formulation,

i.e. accounting for the multiaxial stress state in DMW testpieces, however provided an ac-

ceptable agreement between predicted uniaxial creep rupture behaviour and experimental

observations for the DMW uniaxial testpieces. The approach is equally applicable for similar

metal welds (SMW) and the use of Equation 3.5.6 instead of Equation 3.5.4 is recommended

for predicting the long term creep strength of SMW uniaxial testpieces.
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3.5.4 Concluding Remarks

This study examines the application of the LICON method to a dissimilar metal weld

(DMW). The examined material is part of a weldment of 1CrMoV and Alloy 625 with

filler metal of Alloy 617 which was considered as a candidate solution for rotor constructions

in new advanced power plant (i.e. in the AD700 project).

The LICON methodology is an approach for predicting the lifetime of materials under creep

loading conditions. The LICON method predicts long–time uniaxial creep strength using the

results from several short duration creep crack incubation (CCI) tests in conjunction with

the outcome of a mechanical analysis for the adopted multiaxial specimen geometry. Early

findings confirmed the applicability of the methodology for the long term creep strength

prediction of the martensitic 9%Cr pipe steels and 1CrMoV bainitic steels.

This study has demonstrated the feasibility of the approach for predicting creep rupture

strength values for DMW uniaxial testpieces. Consistent application of the LICON for-

mulation, i.e. accounting for the multiaxial stress state in DMW testpieces, provides an

acceptable agreement between predicted uniaxial creep rupture behaviour and experimental

observations for the DMW uniaxial testpieces.
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Chapter 4

Summary and Discussion

This chapter has provided a brief and continuous review of the research articles given in

Chapter 3.

The primary aim of this research project has been to examine the applicability of the LI-

CON methodology for predicting the long–time creep rupture strength of a dissimilar metal

weldment of 1CrMoV and Alloy 625 with filler metal of Alloy 617.

The LICON methodology is an approach for predicting the lifetime of materials under creep

loading conditions. The LICON method predicts long–time uniaxial creep strength using

the results from several short duration creep crack incubation tests in conjunction with the

outcome of a mechanical analysis for the testpiece. The applicability of this methodology

for long term creep strength predictions for the martensitic 9%Cr and bainitic 1%Cr steels

has already been demonstrated [1–4]. This study has examined the possibility of extending

the applicability of this methodology to creep assessment of dissimilar metal welds (DMW).

Investigation of the applicability of the LICON methodology for welded joints requires an

understanding of the previous applications of the method for other material types. The

following first re-examines the application of the LICON method to bainitic 1%Cr and

martensitic 9%Cr steels.
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4.1 LICON Method Application for 1%Cr and 9%Cr

steels

The LICON methodology is based on the formulation:

ti,x = A(σ̄)−ν(H)−γ (4.1)

with H = σ1/σ̄, where σ1 is the maximum principal stress and σ̄ is the von Mises equivalent

stress, and where A, ν and γ are constants determined for the material and temperature of

interest and the associated multiaxial creep–rupture response. Typically γ varies between

zero for σ̄–controlled rupture and ν for σ1–controlled rupture [3, 5].

The LICON method equations characterise the rupture behaviour in two mechanism regimes.

For ferritic steels, in regime–1, the damage mechanism is typically void nucleation due to

particle/matrix decohesion, and rupture is σ̄–controlled (i.e. with γ′ → 0) [3, 5], such that:

tr = A′(σ0)−ν
′

uniaxial (4.2)

ti,x = A′(σ̄CT )−ν
′

multiaxial (e.g. CT specimens) (4.3)

For the long term creep condition of ferritic steels however creep damage nucleates and

develops at grain/lath boundaries and rupture is mainly σ1–controlled (i.e. with γ′′ → ν′′

for regime–2) [3–5], such that:

tr = A′′(σ0)−ν
′′

uniaxial (4.4)

ti,x = A′′(σ̄CT )−ν
′′
(HCT )−γ

′′
multiaxial (e.g. CT specimen) (4.5)

where tr and ti,x are uniaxial rupture and multiaxial crack initiation times and σ̄CT and

HCT are reference von Mises stress and reference stress multiaxiality factor for the compact

tension (CT) testpiece [1–4].

Prediction of the long–time uniaxial rupture behaviour (i.e. defining the values of A′′ and

ν′′) from the results of a series of creep crack incubation (CCI) tests needs determination of

the values of σ̄CT and HCT using a mechanical analysis for the CT testpiece.
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4.1.1 Reference Stress Solution Based LICON Methodology

The original concept for the mechanical analysis part of the LICON approach was to con-

sider a reference stress solution for determination of von Mises equivalent stress and to use

tabulated stress multiaxiality factors for the common multiaxial creep testing geometries

characterised within the LICON project [1, 2]. The key idea of the reference stress approach

is that for a multiaxial testpiece/structure under creep loading conditions, after instanta-

neous elastic–plastic deformation, creep begins, stresses redistribute and a stationary state

is eventually reached. After this, reference stress solutions are applicable for represent-

ing the creep deformation/failure of the structure. However they may not be applied for

transient creep conditions. Different formulations may be used as reference stress solutions

with the most commonly used being based on limit load analysis. For example, the intro-

duced formulation for determination of the reference stress of the CT specimen includes:

σ̄CT = P/(m∗BnW ) (where P is the applied load, Bn is the specimen net section, W is the

specimen width and m∗ is the yield load ratio) [1, 2].

Figure 4.1 shows the LICON long–time predictions resulting from consideration of the above

solution with HCT=3.6 [1, 2] for a 9%Cr steel (i.e. P91) at 600◦C and for high creep strength

(HCS) 1CrMoV alloy at 550◦C. As can be seen, although consideration of such a solution is

successful for P91, the resulting long–time LICON predictions for HCS 1CrMoV at 550◦C

are not acceptable [Section 3.4: Article Four ].

Figure 4.2 shows the evolution of von Mises stress at the reference position of the CT

testpieces made of P91 and HCS 1CrMoV (0.5mm from the notch root in the mid-thickness

plane of the CT specimen is called reference position [1–4]). These results indicate that in

contrast with 9%Cr steels which experience complete stress redistribution before the start of

crack extension, HCS 1CrMoV does not achieve complete stress redistribution before crack

initiation [Section 3.4: Article Four ].

Reference stress solutions however may only be used for ’reference stress’ materials (creep

ductile and notch insensitive materials) which experience complete stress redistribution much

earlier than crack initiation [6–8]. Therefore, application of the original LICON method

procedure (based on reference stress solutions) for HCS 1CrMoV at 550◦C is not appropriate.

Application of the LICON method to this sort of materials requires to adopt a more advanced

mechanical analysis tool.
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Figure 4.1: Comparison of experimental and LICON predicted uniaxial rupture strength for P91

at 600◦C and HCS 1CrMoV at 550◦C (predictions using consideration of reference stress solution and

HCT = 3.6 [1, 2]) [Section 3.4: Article Four ].

4.1.2 Finite Element Analysis Based LICON Methodology

The representation of non-uniform creep redistributing stress states throughout a test-

piece/component/structure is a challenging problem, and finite element analysis (FEA) is

likely to be the most effective solution for this type of problem. This study therefore pro-

posed FEA for the mechanical analysis part of the LICON method when it is to be applied

to ’non-reference stress’ materials (e.g. HCS 1CrMoV) [Section 3.4: Article Four ].

An important consideration in creep FEA is the constitutive model used to represent the

creep strain response of the component material. There are a variety of creep models which

can be chosen by the analyst for implementation in FEA. This study has examined the

sensitivity of creep FEA to the creep model consideration. Five different creep models have

been fitted to a set of experimental uniaxial creep curves for HCS 1CrMoV at 550◦C and

subsequently, the derived constitutive equations have been implemented in finite element

(FE) model representations of a series of CCI tests using CT testpiece manufactured from

the same material and loaded at the same temperature. Observations on different predictions

resulting from consideration of different creep constitutive models have clearly demonstrated

the potential sensitivity of high temperature numerical analyses of structures to the type of

creep model adopted, and to the scope of the experimental data from which the model is
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Figure 4.2: FEA calculated stress–state evolution at reference position of CT testpieces for P91 loaded

at 9.8kN (600◦C) and for HCS 1CrMoV loaded at 11.2kN (550◦C) (creep constitutive model: 2RN) [Section

3.4: Article Four ].

derived [Section 3.1: Article One, 3.2: Article Two].

For many engineering alloys, the creep deformation mechanism exhibited at high stresses is

not the same as those at lower stresses [9, 10]. Typically, at relatively high temperatures,

dislocation creep controlled by dislocation climb and glide occurs at higher stresses (when

the stress exponent is ≥5), whereas diffusion creep controlled by volume or grain boundary

diffusion occurs at lower stresses (when the stress exponent is around three or, in the limit,

unity).

Some creep models (e.g. the conventional Norton [11] equation) involve a general single

formulation to describe the behaviour of a material for all stress regimes (i.e. single regime

models). The consideration of single regime creep models cannot represent the effect of creep

mechanism transition due to a change of stress and ideally should not be used in applications

with a wide range of redistributing stresses (e.g. analysis of CT specimen for the LICON

method application) [3.2: Article Two, Section 3.3: Article Three].

Consideration of the conventional creep model formulations with different parameter sets

for different stress regimes can be a solution to this problem (i.e. two–regime creep models)

[10]. This study has shown that achieved FEA predictions based on consideration of stress

regime dependent creep models are much more reliable than that of single regime models.
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The difficulty of using stress regime dependent creep models however is that the parameter

fitting for them requires experimental creep strain data from low stress (long duration)

creep tests which are not usually available for most of materials (a potential solution to this

challenge has been introduced in this study) [Section 3.4: Article Four ].

This study has also evaluated the sensitivity of FEA outcomes to FE mesh condition. It was

observed that certain parameters such as determined stress multiaxiality factor (H) are more

sensitive to variations of the mesh configuration characteristics. The evidences from FEA

of CT specimens have indicated that reproducible results are determined using hexahedral

elements with quadratic interpolation, and an element size which has been optimized to give

convergence of the stress multiaxiality factor [Section 3.1: Article One].

In general, creep FEA to determine the stress state in a high temperature testpiece/structure

is a sensitive analysis and can result in non-unique numerical representations if the assess-

ment procedure has not been carefully defined. Defining such a procedure for consideration

of FEA for the mechanical analysis part of the LICON approach, in addition to describing

the characteristics of the FE model to be used, involves defining the reference position and

time for determining σ̄CT and HCT [3.4: Article Four ].

The FEA calculated stress state (e.g. σ̄ and H) in a loaded CT testpiece is a function

of position and varies with time. Determination of σ̄CT and HCT from FEA calculations

therefore needs to be specified for a reference position and reference time. The original

assumption of the LICON approach, when the CT testpiece was first analysed, was to

consider 0.5mm from the notch root as the reference position and the time to complete

stress redistribution as the reference time. This consideration of reference position was

coincident with the adopted crack initiation criterion of ∆a=0.5mm.

As shown in Figure 4.2, complete stress redistribution for HCS 1CrMoV (and other ’non-

reference stress’ materials) does not occur until after crack initiation. Consideration of

the stress redistribution time as the reference time in the LICON method application of

such materials relates to a time–condition which cannot be achieved and an alternative

assumption has to be introduced. The recommendation of this study was therefore to keep

the coincidence of reference position and crack initiation criterion at 0.5mm, but to replace

complete stress redistribution time with the CCI time as the reference time [Section 3.4:

Article Four ].

As a conclusion, the proposed procedure by this study for consideration of FEA as the

mechanical analysis part of the LICON method for application to ’non-reference stress’

materials includes [Section 3.4: Article Four ]:

• the adoption of an elastic–plastic–(secondary) creep constitutive model, with the sec-
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Figure 4.3: Comparison of experimental and FEA based LICON method predicted regime–2 uniaxial

rupture strength for HCS 1CrMoV at 550◦C (predictions using 2RN creep model). Note: The investigated

heat of 1CrMoV in this part of the study is significantly more resistant to creep than the NIMS [12] heat of

1CrMoV and is hence referred to as HCS 1CrMoV [Section 3.1: Article One, Section 3.4: Article Four ].

ondary creep model being representative of the material behaviour over a wide range

of stresses, i.e. the adoption of a stress regime dependent secondary creep model.

• the adoption of 0.5mm from the notch root (in the mid-thickness plane of the CT

testpiece) as the stress state reference position, and the CCI time as the reference

time, with 0.5mm crack extension being the considered crack initiation criterion.

• the adoption of a sufficiently refined mesh configuration for the FE model (quadratic

hexahedral elements with converged HCT value).

Figure 4.3 presents the FEA based LICON long–time predictions for HCS 1CrMoV resulting

from consideration of the above procedure.

The adopted FE code for the analysis of CCI tests employed the two–regime Norton (2RN)

creep model equation as the stress regime dependent secondary creep model. The results of

four uniaxial creep tests [3, 4] with reference to the published NIMS [12] low stress steady–

state creep rate data for different heats of 1CrMoV at 550◦C were used to underpin the 2RN

creep model (A1,2 and n1,2 are constants and σ∗ is the stress associated with deformation
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Figure 4.4: Comparison of experimental and LICON method predicted uniaxial rupture strength for

P91 at 600◦C (predictions using FEA and the reference stress solution [1, 2]) [Section 3.4: Article Four ].

mechanism change).

ε̇s =

{
A1σ

n1 if σ ≥ σ∗

A2σ
n2 if σ < σ∗

2RN model (4.6)

The conclusion was that the proposed procedure for the FEA application to the LICON

approach is successful for HCS 1CrMoV at 550◦C [Section 3.1: Article One, Section 3.4:

Article Four ].

Figure 4.4 compares the LICON method predictions for P91 at 600◦C resulting from con-

sideration of either FEA or reference stress solutions for the mechanical analysis part of the

approach. The FEA implementation was according to the proposed procedure and consid-

ered a 2RN creep model equation as the stress regime dependent secondary creep model.

Successful application of the FEA based LICON method for P91 at 600◦C indicates that

although the newly proposed procedure is developed for application to ’non-reference stress’

materials (e.g. HCS 1CrMoV), it is equally applicable for ’reference stress’ materials (e.g.

P91) [Section 3.4: Article Four ].
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Application of the LICON Method to Newly Developed Alloys This study has

shown that successful implementation of the FEA based LICON approach for creep life

assessment of a material requires a steady–state creep rate model for the material over

a wide range of stresses. For the evaluated HCS 1CrMoV at 550◦C and P91 at 600◦C,

the available uniaxial dataset [1–4] in conjunction with the published NIMS data [12, 13]

provided the possibility to underpin stress regime dependent creep rate models.

In general, this is however a significant challenge for the LICON methodology, because the

LICON method was originally developed to predict long term creep strength of materials

with little existing creep data (e.g. for newly developed alloys). For such materials, the

available creep data is usually limited to high stress (short duration) tests and developing

an effective FE solution for LICON method application is not guaranteed [Section 3.4: Article

Four ].

This study has explored potential ways to resolve the problem and proposed a viable ap-

proximate method to estimate the creep rates of newly developed alloys in the viscous–glide

stress regime. Literature reported experimental data on steady–state creep rate behaviour

of different creep resistant alloys for stresses responsible for life durations up to 200–300kh

were evaluated. Representations of steady–state creep rate vs. normalized stress (with re-

spect to either 0.2% proof stress or limit of proportionality, σLP and σp0.2, respectively) for

different alloys indicated that the creep rate behaviour of alloys in the viscose–glide stress

regime can be estimated from their high stress creep and time–independent yield properties.

This study has therefore proposed that for a newly developed alloy with only high stress

creep and short term tensile data available, adoption of the 2RN creep model (i.e. Equation

(4.6)) with σ∗= 63%σLP and n2 = 3.54 can be used as an early approximation for the

steady–state creep rate behaviour of the material in the viscous–glide stress regime. This

is an important development which helps to formulate the stress regime dependent creep

deformation behaviour of materials with limited available creep data. Consideration of this

approximate method is a potential solution for the challenge involved in application of the

LICON method for long–time creep strength prediction of newly developed alloys. This

study has demonstrated the appropriateness of the presented approximation for application

to creep life assessment of HCS 1CrMoV steel using a FEA based LICON approach where

only a portion of available material data (high stress regime steady–state creep rates and

time–independent yield properties) was used for creep constitutive model development. The

study therefore introduces this approximate method as a potential solution for application

of the LICON method to new materials with little/no existing low stress creep data, but

also acknowledge the involved uncertainty. [Section 3.4: Article Four ].
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Creep Constitutive Model Development Before starting with examination of the

LICON method applicability for the DMW, it is worth mentioning that this study, as a part

of performed investigations on exploring the importance of using stress regime dependent

creep models in FEA, has led to the introduction of a new primary–secondary–tertiary stress

regime dependent creep constitutive model [Section 3.3: Article Three].

As shown earlier, some creep models like 2RN provide a bi-linear formulation with different

parameter sets for high and low stress regimes to consider the stress regime dependency

of materials creep deformation behaviour. The application of such formulations for a wide

range of stresses is much more successful than that of conventional single regime models.

However in reality, the stress dependent creep mechanism change is not a sharp transition

and considering a step change of creep mechanism at a critical stress (as is considered in 2RN

creep model) is not a realistic assumption. The more physically acceptable representation is

a gradual and continuous change of creep deformation mechanism with stress variation (as

is considered in the introduced creep model in Section 3.3: Article Three).

Stress regime dependency also exists for creep damage development. While in a high stress

regime, creep damage arises mainly due to σ̄–controlled mechanisms, σ1–controlled mecha-

nisms are responsible for creep damage in the low stress regime. For example, for ferritic

steel at high stresses, the damage mechanism is predominantly void formation due to par-

ticle/matrix decohesion (σ̄–controlled) while at lower stresses, damage nucleates and devel-

ops at grain/lath boundaries (σ1–controlled) [3–5]. Consequently, as for creep deformation

model equations, creep damage equations are therefore expected to cover multiple mecha-

nism regimes and represent a gradual and continuous change of creep damage mechanism

with stress variation.

In this study, a modification to the primary–secondary version of a single regime creep

model proposed by Dyson and Osgerby [14] (originating from the Garofalo creep model

equation [15]) has been presented. The new creep model considers a stress regime dependent

creep deformation mechanism change with stress variation. Furthermore, influenced by the

LICON method formulation, a stress regime dependent creep damage accumulation function

is derived. This function is then introduced to the developed primary–secondary creep

constitutive model to extend it for covering the tertiary creep regime [Section 3.3: Article

Three].

The effectiveness of the developed creep constitutive model has been examined by applying

the model in a finite element continuum damage mechanics (FECDM) implementation to

predict deformation/damage accumulation for the series of CCI tests involving CT speci-

mens made of the HCS 1CrMoV loaded at 550◦C. The application of the new creep model

formulation is shown to be successful, thus confirming the applicability of the proposed creep
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constitutive model [Section 3.3: Article Three].

As mentioned, the creep damage accumulation part of the new constitutive model has been

constructed based on the LICON method formulation and successful demonstration of that

provided a new confirmation for the LICON formulation, and from a different point of view,

i.e. FECDM.

4.2 LICON Method Application for Dissimilar Metal

Welds

As the main objective of this research project, the applicability of the LICON method for

the weldment of 1CrMoV and Alloy 625 with filler metal of Alloy 617 is examined. A set

of experiments has been conducted to generate the required information for application of

the LICON method to the DMW at 550◦C (note: the 1CrMoV parent material (PM) heat

is different from HCS 1CrMoV heat).

Uniaxial constant load creep tests at 550◦C were conducted for cross-weld, 1CrMoV PM

and Alloy 617 weld material (WM) testpieces to indicate the secondary creep deformation

behaviour of the materials and to provide data for evaluation of the LICON method uniaxial

creep strength predictions. Furthermore, CCI tests at 550◦C were performed using DMW

CT specimens with the crack starter located in the middle of the 1CrMoV heat affected zone

(HAZ). These tests were used for identification of CCI behaviour of the under investigation

DMW [Section 3.5: Article Five].

As a part of post test examination of the CCI tests, it was important to define the location

of developed creep cavities with respect to the grain boundaries. Application of the CCI

test results to the LICON methodology requires a knowledge of the corresponding creep

failure mechanisms (e.g. particle/matrix decohesion or grain boundary cavitation). Differ-

ent techniques were used to investigate the microstructure of crept specimens (i.e. optical

microscopy, electron channelling contrast (ECC) imaging technique and electron backscatter

diffraction (EBSD) analysis). The outcome was that the sites of creep cavity nucleation in

the material for CCI tests were located at grain boundaries and the mechanism of creep

failure, even for the shortest test, was grain boundary cavitation and this is the damage

mechanism anticipated after long–time creep. The CCI test data can therefore be used by

the LICON method formulation for predicting the long–time creep rupture behaviour of

DMW uniaxial testpieces [Section 3.5: Article Five].

Figure 4.5 presents the evolution of von Mises stress at the reference position of the DMW



172 Chapter 4. Summary and Discussion

100 1000 10000 100000

20

50

80

110

TIME, h 

R
E

F
E

R
E

N
C

E
  

M
IS

E
S

 S
T

R
E

S
S

, 
M

P
a
 

Reference Mises stress (DMW)

Creep crack initiation

Stress redistribution

102 103 104 105 

Figure 4.5: Reference von Mises stress evolution for DMW CT specimen loaded at 8.0kN and 550◦C

(FE calculation based on Sinh+N creep model consideration) [Section 3.5: Article Five].

CT testpiece (0.5mm from the notch root in the mid-thickness plane [1–4]).

As can be seen, similar to HCS 1CrMoV, the investigated DMW exhibits fast creep crack

initiation and crack extension starts before complete stress redistribution. Therefore, the

investigated DMW is an example of a ’non-reference stress’ material condition and applica-

tion of the original LICON method, based on a reference stress solution, is not appropriate.

Application of the LICON method to the investigated DMW in this study has therefore

followed the newly proposed procedure for FEA consideration in the LICON methodology

[Section 3.5: Article Five].

FE models representing the conducted CCI (and uniaxial creep) tests have been designed.

The models included five different material sections: 1CrMoV PM, 1CrMoV HAZ, Alloy

617 WM, Alloy 625 HAZ, Alloy 625 PM. While creep deformations of Alloy 617 and Alloy

625 (in comparison with that of 1CrMoV) were negligible, a secondary version of the newly

developed stress regime dependent creep model was used to represent the creep deformation

behaviour of 1CrMoV (PM/HAZ) [Section 3.3: Article Three]:

ε̇s = A1 sinh(B1σ) +A2σ
n2 Sinh+N model (4.5)

The uniaxial creep test results for 1CrMoV PM were used to underpin this creep model
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Figure 4.6: Stress multiaxiality factor distributions for (a) uniaxial and (b) CT specimens made of the

DMW (uniaxial specimen loaded at 200MPa to rupture time, CT specimen loaded at 8.0kN to CCI time)

[Section 3.5: Article Five].

for the parent material. Early effort using the small punch (SP) creep testing approach for

underpinning the creep model for different sections of HAZ was unsuccessful (because it was

difficult to extract SP specimen from specific HAZ locations of this particular weld). The

uniaxial creep test results for the DMW were therefore used to underpin the secondary creep

behaviour of 1CrMoV HAZ, as explained in Section 3.3: Article Three.

Figure 4.6 shows typical distributions of stress multiaxiality factors within (a) uniaxial and

(b) CT specimens made of the DMW.

The original LICON method formula for long term uniaxial testing condition (Equation

4.4) considers a uniformly distributed stress state with H=1. As can be seen in Figure

4.6, different inelastic (creep) deformation behaviour of different sections (i.e. PM, HAZ,

WM) generates a non-uniform multiaxial stress state within the DMW uniaxial testpiece

and H 6= 1. The LICON method formulation for application to predict the creep rupture

behaviour of DMW uniaxial specimens therefore required further development involving

treatment of the testpieces as multiaxial structures (e.g. [3, 4]. Development of the LICON

method formulation for predicting the creep rupture strength of a DMW uniaxial testpiece

can then be rewriten as Equation 4.4, i.e.

tr,DMW = A′′(σ0)−ν
′′
(HDMW)−γ

′′
uniaxially loaded DMW (4.6)

where HDMW is considered to be the maximum of FEA calculated stress multiaxiality factor

within the DMW uniaxial testpiece which is function of σ0 for a weld [Section 3.5: Article

Five].

Figure 4.7 shows the crack development path originating from (a) uniaxial and (b) CCI

tests. This reveals that for the CCI tests, cracking occurs ahead of the crack starter and in
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Figure 4.7: Typical creep cracking patterns in (a) uniaxial and (b) CT specimens made of the DMW

and loaded at 550◦C (CCI: 8kN, uniaxial: 200MPa, Etchant: Nital) [Section 3.5: Article Five].
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Figure 4.8: Creep cracking pattern in a CT specimen including 4mm wide crack starter made of the

DMW loaded at 550◦C and 17.8kN (Etchant: Nital).

the vicinity of the FL, and for the uniaxially tested specimens, cracking occurs within the

1CrMoV (HAZ) and at the FL. Comparison of Figure 4.7 with Figure 4.6 demonstrates the

important role of generated stress multiaxiality in determination of creep cracking pattern

[Section 3.5: Article Five].

Figure 4.8 shows the creep crack development pattern in a CT specimen incorporating a

wide crack starter (crack starter width of 4mm in comparison with the other CT specimens

with 0.4mm wide crack starter). The observation of similar cracking patterns for wide and

narrow notched specimens (Figures 4.8 and 4.7b) demonstrated that the observed cracking

pattern is not dominated by the CT specimen stress state and is a characteristic of the

DMW under investigation.

A comparison of the LICON long term creep strength prediction and existed uniaxial creep

rupture experience for the DMW is presented in Figure 4.9 proving the effectiveness of the



4.2. LICON Method Application for Dissimilar Metal Welds 175

10 100 1,000 10,000 100,000

30

300

FAILURE TIME, h 

S
T

R
E

S
S

, 
M

P
a
 

Experimental multiaxial (DMW)

Experimental uniaxial (DMW)

LICON  prediction (uniaxial DMW)

1CrMoV PM line (uniaxial)
30 

100 

170 

240 

310 

380 

Figure 4.9: Presentation of the LICON predicted regime–2 uniaxial rupture strength for the DMW at

550◦C [Section 3.5: Article Five].

LICON method for predicting the uniaxial rupture behaviour of the investigated DMW.

It also shows that the adoption of H=1 in the LICON method formulation (i.e. Equation

4.4) significantly overestimates strength values for the DMW uniaxial specimens (dashed

line). The proposed development in this study was therefore necessary for application of the

LICON method to DMWs. This development is equally applicable for similar metal welds

(SMW) and the use of Equation 4.6 instead of Equation 4.4 is recommended for predicting

the long term creep strength of SMW uniaxial testpieces [Section 3.5: Article Five].
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Chapter 5

Conclusions and Future Work

The primary objective of this research project has been to examine the applicability of the

LICON methodology for predicting the long–time creep rupture strength of a dissimilar

metal weld (DMW). Considerable experimental and analytical efforts have been undertaken

to fulfil the requirements of this objective. Behind these, this study has dealt with several

other subjects which have effectively helped the progress of this study (e.g. creep constitutive

modelling, stress regime dependent creep deformation/damage accumulation, finite element

continuum damage mechanics (FECDM), reference stress solutions and materials, etc). The

outcomes of this research project have been published in five research articles which con-

tribute to the fields of creep deformation and creep life assessment. The following presents

the main findings of this research project and also indicates several interesting directions for

future work.

5.1 Conclusions

This section provides findings, conclusions, and recommendations based on the investigations

conducted within this research project.

5.1.1 Reference Stress Solutions/Materials

Reference stress solutions are approximate analytical solution which may be applied to

multiaxial specimens (structures) for predicting creep deformation/failure behaviour from

the results of uniaxial creep tests. Different formulations may be used as reference stress

177



178 Chapter 5. Conclusions and Future Work

solutions with the most commonly used being based on limit load analysis. The underlying

requirement of the reference stress approach is that for a multiaxial testpiece/structure

under creep loading conditions, after the instantaneous elastic–plastic deformation, creep

begins, stresses redistribute and a stationary state is eventually reached. After this stage,

reference stress solutions are applicable for representing the creep deformation/failure of the

structure. However they may not be applied for transient creep conditions.

Numerical mechanical analysis for the creep loaded fracture mechanics compact tension (CT)

specimen manufactured from different materials has shown that application of a reference

stress solution for assessment of this specimen is limited to creep ductile, notch insensitive

materials with long creep crack incubation (CCI) times (i.e. ’reference stress’ materials).

It has been shown that for CT specimens manufactured from creep brittle, notch sensitive

materials (i.e. ’non-reference stress’ materials) creep crack extension starts before complete

stress redistribution and application of a reference stress solution to this sort of material is

not appropriate. Mechanical analysis of such structures requires a more advanced mechanical

evaluation, e.g. creep finite element analysis (FEA).

5.1.2 Creep Finite Element Analysis

The representation of non-uniform creep redistributing stress and strain states throughout

a testpiece/component/structure is a challenging problem, and FEA is likely to be the

most effective solution for this type of problem. The underlying premise of FEA is that an

approximate analysis of any complex engineering calculation can be obtained by subdividing

the problem into smaller (finite) elements. Careful use of FEA for analysis of multiaxial

testpieces/structures made of ’non-reference stress’ materials under creep loading conditions

can be regarded as a powerful substitute for the application of reference stress solutions.

Creep FEA to determine the stress/strain state in a high temperature testpiece/structure

however is a sensitive analysis and can result in non-unique numerical representations if the

assessment procedure has not been carefully defined. This study has examined the sensitivity

of creep FEA outcomes to different assumptions/designs for creep constitutive models and

finite element (FE) mesh configurations. The outcome has been reviewed in following.

Creep Constitutive Models

An important consideration in creep FEA is the constitutive model used to represent the

creep strain response of the component material. There are a variety of creep models which

can be chosen by the analyst for implementation in FEA. This study has demonstrated the
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potential sensitivity of creep FEA to the type of creep model adopted, and to the scope of the

experimental data from which the model is derived. It has also shown that the application

of stress regime dependent creep constitutive models for applications involving a wide range

of redistributing stresses is much more successful than that of conventional single regime

creep models.

Stress Regime Dependent Creep Constitutive Models For many engineering alloys,

the creep deformation mechanism exhibited at high stresses is not the same as those at

lower stresses. Typically, at relatively high temperatures, dislocation creep is controlled by

dislocation climb, and glide occurs at higher stresses (when the stress exponent is ≥5). At

lower stresses diffusion creep is controlled by volume or grain boundary diffusion (when the

stress exponent is around three or, in the limit, unity). Conventional single regime creep

models imply a single creep deformation mechanism for all stresses and ideally should not

be used in applications with a wide range of redistributing stresses (e.g. in the analysis of

CT specimens for application in the LICON method). As an alternative, a two–regime form

of the conventional models may be adopted with different parameter sets for high and low

stress regimes. Application of two–regime creep models for analysis of structures with a

wide range of redistributing stresses is much more reliable than that of single regime creep

models. In reality, the stress dependent creep mechanism change is not a sharp transition and

considering a step change of creep mechanism at a critical stress (as is considered in simple

two–regime creep models) is not a realistic assumption. This study has introduced a creep

model which considers a gradual and continuous change of creep deformation mechanism

with stress variation. Successful application of the new creep model in creep FEA of fracture

mechanics CT specimens for a series of CCI tests has been presented.

The difficulty of using stress regime dependent creep models however is that the parameter

fitting for them requires experimental creep data from low stress (long duration) creep tests

which are not usually available, in particular for newly developed materials. This study has

proposed a viable approximate method applicable for newly developed alloys (with limited

high stress creep and short term tensile data) which can estimate the steady–state creep

rates of the alloy over a wide range of stresses.

Finite Element Model Mesh Design

As mentioned earlier in this section, this study has highlighted the sensitivity of FEA out-

come to variations in FE model mesh configuration. It has been observed that the accuracy

of FEA calculations for certain parameters is more sensitive to the configuration of the used
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FE mesh. Examination of the creep FEA of CT specimens has shown that FE calculated

stress multiaxialty factor (H) is much more sensitive to the adopted mesh design than von

Mises stress (σ̄) and load point displacement (LPD). Mesh convergence examinations should

therefore give lower priority to the evaluation of less sensitive parameters (e.g. σ̄ or LPD)

and should focus on more sensitive parameters (such as H).

Finite Element Continuum Damage Mechanics

In addition to predicting creep deformation and state of redistributing stresses, creep FEA

can also be used for representing creep damage accumulation in a creeping testpiece/structure.

Such an application requires the implementation of a creep damage equation in FEA (e.g.

FECDM). This study has shown a successful application of FECDM for predicting creep

deformation/damage accumulation in a series of CCI tests involving CT specimens made

of 1CrMoV. The FECDM calculations considered the primary–secondary–tertiary version

of the newly developed creep constitutive model. While a combination of Garofalo and

power law creep models has been used by the new model for representing the stress regime

dependent creep deformation behaviour, the LICON formulation has been used in the devel-

opment of the creep damage formulation. This is therefore a new application for the LICON

formulation (i.e. FECDM).

5.1.3 LICON Method Application for Materials

As a pre-step for examination of the LICON method application for weldments of 1CrMoV

and Alloy 625, this study has re-examined the previous applications of the LICON method for

other materials (e.g. 1CrMoV and P91) and this revealed some details about the mechanical

analysis part of the method which had not been previously considered. In the original

LICON method development, it was aimed to use approximate reference stress solutions

as the mechanical analysis part of the approach. This study revealed that application of

the original LICON method (i.e. based on reference stress solutions) should be limited to

’reference stress’ materials and that application of the LICON method to ’non-reference

stress’ materials required the adoption of a more advance mechanical analysis (e.g. creep

FEA). Creep FEA for such an application is however a sensitive analysis and can result

in non-unique LICON long term predictions if an optimized assessment procedure is not

carefully followed. This study has described details of a proposed procedure for consideration

of FEA in the LICON method. Careful evaluation has proved the applicability of the

proposed procedure for not only high creep strength (HCS) 1CrMoV (as an example of a

’non-reference stress’ material), but also for P91 as an example of a ’reference stress’ material.
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This demonstrates that although the new procedure was originally developed to use for

LICON method applications to ’non-reference stress’ materials, it is equally applicable for

’reference stress’ materials.

5.1.4 LICON Method Application for Dissimilar Metal Welds

This study has reported details of experimental and analytical efforts made for examination

of the LICON method applicability to a DMW. The investigated material is part of an

existing weldment of 1CrMoV and Alloy 625 with filler metal of Alloy 617 which has been a

candidate to use for rotor constructions in new advanced power plants (i.e. AD700). Beside

the conducted analytical/numerical analyses, experimental examinations including uniaxial

and multiaxial creep testing and microstructural investigations have been performed to

provide the required information for examination of the LICON method application.

Mechanical analysis of the conducted CCI tests has shown that this joint (similar to HCS

1CrMoV) is an example of a ’non-reference stress’ material condition. Analysis of this joint

therefore followed the newly proposed procedure for application of the FEA based LICON

method to ’non-reference stress’ materials.

It has also been shown that the LICON method formulation for application to predict the

creep rupture behaviour of uniaxially loaded DMWs requires further development. The

original LICON method formulas assume a uniformly distributed uniaxial stress state for

predicting long–time uniaxial strength values. This assumption is reasonable for homo-

geneous material conditions. In contract, for a DMW, the inelastic (creep) deformation

behaviour exhibited by different microstructural constituents (e.g. parent material (PM),

heat affected zone (HAZ) and weld material (WM)) generates the evolution of a non-uniform

multiaxial stress state.

This study therefore proposed a development for the LICON method formulation when ap-

plied for predicting uniaxial creep rupture strength of DMWs. This development considers a

DMW as a multiaxial structure and accounts for the multiaxial stress state in DMW uniaxial

testpieces. Application of the developed formulation for predicting creep rupture behaviour

of the investigated DMW uniaxial testpieces showed an acceptable agreement with experi-

mental observations which was not achievable without introducing the new development. It

is worth mentioning that this approach is equally applicable for similar metal welds (SMW)

and consideration of the developed multiaxial stress fields in SMW uniaxial testpieces is

recommended for predicting the long term creep strength of SMW uniaxial testpieces using

the LICON method.
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5.2 Future Work

The work presented in this dissertation points to several different directions for future work.

As the most important topics, the following can be mentioned:

LICON Method Application to other Materials/Joints Details of a new procedure

for the consideration of FEA as the mechanical analysis part of the LICON method has

been presented. Examinations for HCS 1CrMoV and P91 steels indicate that the FEA

based LICON method considering the proposed procedure is successful for predicting the

long term creep rupture strength of ’reference/non-reference stress’ materials. Furthermore,

this study proposes a new development for the LICON method formulation when it is to

be applied for predicting the uniaxial creep rupture strength of DMWs (and similar metal

welds, SMW). Application of the developed formulation for predicting uniaxial creep rupture

behaviour of the weldment of 1CrMoV and Alloy 625 with filler metal of Alloy 617 showed

an acceptable agreement with experimental observations. Examination of the proposed

procedure/formulation in the LICON method application for other materials/joints in future

studies can provide more confidence for the proposed procedure/formulation (or highlight a

need for revision).

Revising Previous Creep Calculations This study has shown the importance of con-

sideration of a stress regime dependent creep constitutive model for creep FEA of structures

with a wide range of redistributing stresses. Consideration of the stress regime depen-

dency of a material creep behaviour is an issue which has often been neglected in the past.

Creep calculations involving the use of single regime creep models and their application to

a structure exhibiting a wide range of redistributing stresses at elevated temperatures can

results in non-conservative creep deformation/failure predictions, and their re-consideration

is therefore important.

The same attention is required for the re-examination of calculations involving a reference

stress solution for the analysis of testpieces/structures manufactured from ’non-reference

stress’ materials.

Estimating Low Stress Creep Behaviour of Materials The importance of consider-

ation of a stress regime dependent creep constitutive model for analysis of structures with

a wide range of redistributing stresses has been highlighted in this study. Development of a

multi-regime creep model however requires creep data from both high and low stress regimes.

This is a challenge for materials with limited available creep data, only from a number of
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high stress (short duration) tests. This study has introduced a viable approximate solution

to this challenge and described a method for the development of a multi-regime creep model

(i.e. 2RN creep model) based on high stress creep and time–independent yield properties of

a material. This is an important development which helps to formulate the stress regime

dependent creep deformation behaviour of materials with limited available creep data (e.g.

newly developed alloys). Application of the introduced approximate method for predicting

the low stress creep behaviour of a 1CrMoV steel has been successfully demonstrated. Fur-

ther investigation including examination of the introduced approximation for other materials

is an important direction for future work.

Finite Element Continuum Damage Mechanics A successful application of FECDM

for reproducing the creep deformation/damage accumulation in a series of CCI tests involv-

ing CT specimens made of a HCS 1CrMoV has been presented in this study. The introduced

formulation has improved the state of the art for FECDM in the field of creep by considering

stress regime dependent creep deformation/damage accumulation behaviours. FECDM has

a high potential for solving complicated creep failure problems and applying the introduced

formulation to other problems or its improvement is an interesting possibility for further

work.
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Appendix

ABAQUS/Standard Solver Scheme1

Basic Equations for Displacement Based Finite Element Analysis

This section describes the basic equations for standard displacement–based finite element

analysis. It begins with the equilibrium statement, written as the virtual work principle.

Let V denote a volume occupied by a part of the body in the current configuration, and let

S be the surface bounding this volume. Also, let the surface traction at any point on S be

the force t per unit of current area, and let the body force at any point within the volume

of material under consideration be f per unit of current volume. For a virtual velocity field

of δv and the corresponding symmetrical virtual velocity gradient of δD:∫
V

σ : δD dV =

∫
S

tT . δv dS +

∫
V

fT . δv dV (A.1)

The left–hand side of this equation (the internal virtual work rate term) is replaced with

the integral over the reference volume of the virtual work rate per reference volume defined

by any conjugate pairing of stress and strain rates, i.e. σ and ε̇, respectively:∫
V 0

σ : δε̇ dV 0 =

∫
S

tT . δv dS +

∫
V

fT . δv dV (A.2)

The finite element interpolator can be written in general as:

u = NN uN (A.3)

1The material in this section is adapted from ABAQUS Theory Manual, Version 6.10, 2011. Hibbit,
Karlsson and Sorenson, Pawtucket, RI, USA.
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where NN are interpolation functions that depend on some material coordinate system and

uN are nodal variables.

The virtual field, δv, must be compatible with all kinematic constraints. Introducing the

above interpolation, constrains the displacement to have a certain spatial variation, so δv

must also have the same spatial form:

δv = NN δvN (A.4)

Now δε̇ is the virtual rate of material strain associated with δv, and because it is a rate

form, it must be linear in δv. Hence, the interpolation assumption gives:

δε̇ = βN δvN (A.5)

where βN is a matrix that depends, in general, on the current position of the material point

being considered. The matrix βN that defines the strain variation from the variations of

the kinematic variables is derivable immediately from the interpolation functions once the

particular strain measure to be used is defined. With this notation, the equilibrium equation

is approximated as:

δvN
∫
V 0

βN : σ dV 0 = δvN
[ ∫

S

NT
N . t dS +

∫
V

NT
N . f dV

]
(A.6)

since the δvN are independent variables, we can choose each one to be non–zero and all

others zero in turn, to arrive at a system of nonlinear equilibrium equations:∫
V 0

βN : σ dV 0 =

∫
S

NT
N . t dS +

∫
V

NT
N . f dV (A.7)

This system of equations forms the basis for the displacement–based finite element (static)

analysis procedure and is of the form:

FN (uM ) = 0 (A.8)

For the Newton algorithm used in ABAQUS/Standard, the Jacobian of the finite element

equilibrium equations is required. For a material with constitutive behaviour in the form of

σ = H : dε, the Jacobian is:

∂FN

∂uP
=

∫
V 0

βN : H : βP dV
0 +

∫
V 0

σ :
∂βN
∂uP

dV 0−
∫
S

NT
N . Q

S
P dS−

∫
S

NT
N . Q

V
P dV (A.9)
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where assuming Ar =
∣∣∣ dSdS0

∣∣∣ and J =
∣∣∣ dVdV0

∣∣∣:
QS
P =

∂t

∂uP
+ t

1

Ar

∂Ar
∂uP

(A.10)

QV
P =

∂f

∂uP
+ f

1

J

∂J

∂uP
(A.11)

Thus, equation A.7 and equation A.9 provide the basis for the Newton incremental solution,

given specification of the interpolation function and constitutive theories to be used.

Nonlinear Solution Method in ABAQUS/Standard

The finite element models generated in ABAQUS are usually nonlinear and can involve

from a few to thousands of variables. In terms of these variables, the equilibrium equations

obtained by discretizing the virtual work equation can be written symbolically as:

FN (uM ) = 0

where FN is the force component conjugate to the N th variable in the problem and uM

is the value of the M th variable. The basic problem is to solve the equation for the uM

throughout the history of interest.

ABAQUS/Standard generally uses the following method for solving the nonlinear equilib-

rium equations. Many of the problems to which ABAQUS will be applied are history–

dependent, so the solution must be developed by a series of ’small increments’.

Let {1uM , 2uM , ...., n−1uM} be the solution for equilibrium equation in increments {1, 2, ....,
n − 1}. As an initial guess for the first iteration, ABAQUS assumes nuM,1 = n−1uM . The

force residual for this approximation is:

nFN (nuM,1) = nFN,1 (A.12)

The difference between nuM,1 and the exact solution to the discrete equilibrium equation

equation can be approximated from the first order Taylor series:

cM,1 = −
[
∂ nFN

∂ nuP

]−1
nFN,1

= −
[
nKNP,1

]−1
nFN,1 (A.13)
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If all force residuals, nFN,1, and all corrections to the displacements, cM,1, are sufficiently

small, the solution converges for increment n and a new increment can start, otherwise

further iterations for the current increment are required where:

nuM,i+1 = nuM,i + cM,i (A.14)

The determination of the Jacobian matrix inverse,
[
KNP

]−1
, is usually an expensive process.

Therefore, while the Newton’s method forms and solves it at each iteration, the modified–

Newton method recalculates it only occasionally and Quasi–Newton method approximates

the inverse Jacobian by an iterational process. The approximation involved in Jacobian

calculations does not affect the accuracy of the numerical analysis and only determine the

rate of convergence to the solution.

The issue of choosing suitable increment size is also a difficult problem. ABAQUS/Standard

provides both ’automatic’ choice and direct user control. The automatic schemes in ABAQUS/

Standard are based on extensive experience with a wide range of problems and, therefore,

generally provide a reliable approach. ABAQUS/Standard uses a scheme based predomi-

nantly on the maximum force residuals following each iteration. By comparing consecutive

values of these quantities, ABAQUS/Standard determines whether convergence is likely in a

reasonable number of iterations. If convergence is deemed unlikely, ABAQUS/Standard ad-

justs the increment size to a smaller value. If convergence is deemed likely, ABAQUS/Standard

continues with the iteration process. In this way excessive iteration is eliminated in cases

where convergence is unlikely, and an increment that appears to be converging is not aborted

because it needed a few more iterations (there are several other ingredient based on empirical

testing in this algorithm controlling the increment size).

Mechanical Constitutive Models

From a numerical viewpoint, the implementation of a constitutive model involves the inte-

gration of the state of the material at an integration point over a time increment during a

nonlinear analysis. An estimate of the kinematic solution to the problem at the point under

consideration (i.e. the strain increments, ∆ε) is passed to the constitutive routine. The

constitutive routine obtains the state at the point under consideration at the start of the

increment from the ’material point data base’ (i.e. stress or accumulated inelastic strains).

The function of constitutive routine then is to update the state to the end of the increment.

The mechanical constitutive models that are provided in ABAQUS often consider elastic and

inelastic response. The inelastic response is most commonly modelled with rate–independent
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and rate–dependent plasticity (with and without yield surfaces models).

Rate Independent Isotropic Plasticity with Yield Surface

This material model is very commonly used for metal plasticity calculations and has a

particularly simple form. Because of this simplicity, the algebraic equations associated with

integrating the model are easily developed in terms of a single variable.

From the estimated kinematic solution, it is possible to define the volumetric and deviatoric

strain components:
nεivol = Trace(n−1ε+ n∆εi) (A.15)

nei = (n−1ε+ n∆εi)− 1

3
nεivol I (A.16)

with a knowledge of the material bulk modulus, K, and the shear modulus, G, hydrostatic

and deviatoric stress components are:

nσih = K nεivol (A.17)

nSi = 2G n−1e
i
el

= 2G (nei − n−1εpl − n∆εipl) (A.18)

While hydrostatic stress can be explicitly calculated in equation A.17, the determination of

the deviatoric part of stress matrix requires defining the increment of plastic strain. The

flow rule can be written as:

dεpl =
3S

2q
dε̄pl (A.19)

where q =
√

3
2 S : S and ε̄pl are the von Mises effective stress and plastic strain. Application

of the backward Euler method to the flow rule gives:

n∆εipl =
3 nSi

2 nqi
n∆ε̄ipl (A.20)

Combination of equations A.18 and A.20 gives:

(1 +
3G
nqi

n∆ε̄ipl)
nSi = 2G nêi (A.21)
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where nêi = nei − n−1εpl. Taking the inner product of this equation with itself gives:

nqi + 3G n∆ε̄ipl = 3G nẽi (A.22)

where nẽi =
√

2
3
nêi nêi. The von Mises equivalent stress, nqi, must satisfy the yield

function in the form of nqi = nσ̄ipl = σ̄(nε̄ipl):

3G (nẽi − n∆ε̄ipl)− nσ̄ipl = 0 (A.23)

This is a nonlinear equation for n∆ε̄ipl and the solution with the Newton’s method is:

{ncpli }
j =

3G (nẽi − {n∆ε̄ipl}j)− {nσ̄ipl}j

3G+ {nHi}j
(A.24)

{n∆ε̄ipl}j+1 = {n∆ε̄ipl}j + {ncpli }
j (A.25)

where H = dσ̄
dε̄pl

. These are local material point iterations and are not the same as the global

equilibrium iterations. The iteration should continue until convergence is achieved. Once
n∆ε̄ipl is known, the solution for current (global) iteration is fully defined.

Rate Dependent Isotropic Plasticity without Yield Surface

The rate–dependent plasticity models provided in ABAQUS/Standard are used to model

inelastic straining of materials that are rate sensitive. High temperature creep in structures

is one important class of examples of the application of such material models.

Explicit Formulation Because creep problems generally involve relatively small amounts

of inelastic straining (otherwise the structure is not a suitable design), the explicit, forward

Euler method is often satisfactory as an integrator for the flow rule. This method is only

conditionally stable, but the stability limit is usually sufficiently large compared to the time

history of interest. In such cases that the explicit method is very economical.

In the explicit scheme the creep strain rate for any iteration during the time increment is

defined in terms of (known) quantities at the beginning of the increment. Thus, an explicit

integration would lead to the following incremental form:

nSi = Del :

[
nεi − n−1εpl

i − n∆t n−1ε̇pl
i
]

(A.26)
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All of the terms on the right–hand side of this equation are known when the constitutive

integration is done, so these equations define nSi explicitly and no local iterations are needed.

Implicit Formulation There also exist many problems involving rate–dependent plastic

response in which it can be more economical to use the implicit method. ABAQUS always

uses the implicit method for high strain rate applications and in all geometrically nonlinear

problems and in problems for which rate–independent plasticity is active simultaneously.

The followings describe implicit formulation used by ABAQUS/Standard for rate–dependent

(only) isotropic plasticity.

From the last section:

nσih = K nεivol
nSi = 2G (nei − n−1εpl − n∆εipl)

For incompressible creep with von Mises stress potential assumption:

ε̇pl =
3S

2q
˙̄εcr (A.27)

where ˙̄εcr is the ’equivalent creep strain rate’. Backward Euler integration gives:

n∆εipl =
3 nSi

2 nqi
n∆ε̄icr (A.28)

where n∆ε̄icr = n∆t n ˙̄ε
i
cr. Considering n∆ε̄icr = hc(

nqi, nε̄icr, ...), the implicit integration

scheme leads to a nonlinear equation for the creep strain increment, n∆ε̄icr, that is solved

by ABAQUS iteratively at each material point. The solution with the Newton’s method is:

{nccri }j =

[
∂hc
∂∆ε̄

|nqi,nε̄icr,...
]−1

{hc(nqi, nε̄icr, ...)}j (A.29)

{n∆ε̄icr}j+1 = {n∆ε̄icr}j + {ncpli }
j (A.30)

These are local material point iterations and are not the same as the global equilibrium

iterations. The iteration should continue until convergence is achieved. Once n∆ε̄icr is

known, the solution for current (global) iteration is fully defined.

Irrespective of the integration scheme used to integrate the rate form of the creep equation,
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the creep constitutive routine is called at each material point once at the beginning and

once at the end of each increment. These calls are for the purpose of getting the creep strain

increment based on the creep strain rate at the beginning and at the end of the increment,

respectively. ∣∣n ˙̄εcr − n−1 ˙̄εcr
∣∣ n∆t ≤ CETOL (A.31)

The difference between these two creep strain increment values measures the accuracy of the

integration scheme and must be less than the value specified with the CETOL parameter

on the relevant analysis step option.
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Nomenclature

Terms Meanings

2RN Two–regime Norton creep model

2RSinh Two–regime hyperbolic sine creep model

3D Three–dimensional

∆a Crack extension

a0 CT testpiece crack length

a1, a2 Constant values in creep models

A,A′, A′′ Constant values in the LICON method formulation

A1, A2 Constant values in creep models

b̄ Burger’s vector

b, b1, b2, b3 Constant values in creep models

bCob, bN−H Constant values in creep models

B,B1, B2 Constant values in creep models

Bn CT testpiece net section

BSD Backscatter diffraction

BSE Backscattered electron

c, c0, c1, c2, c3, c4, c5 Constant values in creep models

C,C1, C2, C3, C4 Constant values in creep models

C∗ Parameter characterising creep stress and strain rate fields at the tip of crack

CDM Continuum damage mechanics

CCI Creep crack incubation

CCG Creep crack growth

CGHAZ Coarse grained HAZ

CT Compact tension (specimen)

d Grain size

Dgb, Dl Coefficients for grain boundary and lattice diffusions

DC Direct current

DMW Dissimilar metal weld

DCPD Direct current potential drop

E,E0 Elastic moduli

EBSD Electron backscatter diffraction

ECC Electron channelling contrast

ECCC European creep collaborative committee

F Force

FE, FEA Finite element, finite element analysis

FECDM Finite element continuum damage mechanics

FGHAZ Fine grained HAZ

FL Fusion line

H, HCT , HDMW Stress multiaxiality factor (σ1/σ̄), for CT specimen, for DMW uniaxial spec-

imen

H, H∗ State variable representing primary creep, saturated value for H
HAZ Heat affected zone

HCS High creep strength

HL Hexahedral linear (element)
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Terms Meanings

HP High pressure

HQ Hexahedral quadratic (element)

IP Intermediate pressure

ISM Initial strain method

k Boltzmann’s constant

k1 Constant value in Wilshire–Scharning model

K Stress intensity factor

Kro,K′ro Constant values in Ramberg–Osgood model

l, l0 Interparticle distance, initial interparticle distance

lg Gauge length

Li Length of different material sections in DMW

LMP Larson–Miller parameter

LP Limit of proportionality

LPD Load point displacement of CT specimen

MHP Manson–Haferd Parameter

m Exponent in Monkman–Grant relationship

m∗ Yield load ratio of the CT testpiece

n, n1, n2 Stress exponents in creep models

nro Constant value in Ramberg–Osgood model

N Constant value in creep models

NB Norton–Bailey creep model

OSDP Orr–Sherby–Dorn Parameter

p Constant in creep damage equation

P Load

PL Collapse load

PM Parent material

PWHT Post weld heat treatment

q Constant value in creep damage equation

Q Activation energy

Qc Activation energy for creep

QBD, QCD, QSD Activation energies for grain boundary, dislocation core and self diffusion

R Universal gas constant

Rp0.2 0.2% proof stress

Rm Tensile strength

RVE Representative volume element

S Surface

SEM Electron scanning microscopy

SM Soviet model

SMCM Simplified minimum commitment model

SMW Similar metal weld

SP Small punch (test)

Sij Deviatoric stress tensor components

Sinh+N Hyperbolic sine + Norton creep model

t, tr, ti,x Time, time to rupture, time to crack initiation (for crack initiation criterion

x)
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Terms Meanings

tf , tf 1, tf 2, tf i Times to failure (rupture)

tred Redistribution time

T, Tm Temperature, melting temperature

TQ Tetrahedral quadratic (element)

TL Tetrahedral linear (element)

u Constant value in Wilshire–Scharning model

V Atomic volume

VP Volume fraction of precipitates

W CT testpiece width

WM Weld material

WSF Weld strength factor

x–weld Cross–weld

α Constant value in creep models

δ Effective width of grain boundary for vacancy diffusion

γ, γ′, γ′′ Stress multiaxiality exponents in the LICON method formulation

γ2 Constant value in creep models

ε0 Instantaneous strain in constant load uniaxial tensile test

ε, εr Accumulated creep strain, creep rupture strain

εp Accumulated plastic strain

ε̇, ˙̄ε Creep strain rate, von Mises equivalent creep strain rate

ε̇0 Stress independent strain rate coefficient

ε̇ij Creep strain rate tensor components

ε̇Cob, ε̇Dis, ε̇N−H Creep strain rates corresponding to Coble, dislocation climb/glide and

Nabarro-Herring creep mechanisms

ε̇s Steady–state creep strain rate

θ1−4 Constants in Theta projection method

ν1, ν2, νi Constant values in creep models

ν, ν′, ν′′ Stress exponents in the LICON method formulation

σ Stress

σ0 Initial stress (in constant load uniaxial test)

σ1 Maximum principal stress

σ∗ Stress associated with deformation mechanism change in creep constitutive

models

σi Internal stress

σLP Limit of proportionality (stress)

σref Deformation reference stress

σrref Rupture reference stress

σy Yield stress

σ̄, σ̄CT Von Mises equivalent stress, for CT specimen

ϕ State variable representing interparticle distance

Φ,Φi, Φc, Φs, Φt General, initial, creep, stationary and transient deformation parameters

χ Stress concentration factor

ω, ωmax State variable representing creep damage (cavitation), ω value for a failed

material

Ω Constant in Omega method formulation
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