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ABSTRACT

The structural analysis under in-service conditions at various temperatures requires a reliable
creep constitutive model which reflects time-dependent creep deformations and processes ac-
companying creep like hardening and damage in a wide stress range. The objective of this work
is to develop a comprehensive non-isothermal creep-damagemodel based on transitions of creep
and long-term strength behavior in a wide stress range. The important features of the proposed
creep and damage equations are the response functions of theapplied stress which should ex-
trapolate the laboratory creep and rupture data usually obtained in tests under increased stress
and temperature to the in-service loading conditions relevant for industrial applications. The
study deals with four principal topics including the basic assumptions of creep constitutive
modeling, the conventional isotropic and anisotropic creep-damage models, the comprehen-
sive non-isothermal creep-damage models for a wide stress range. Finally, the application to
structural analysis of benchmark problems and engineeringcomponents is demonstrated.

Within the framework of the constitutive modeling we discuss different creep-deformation
mechanisms depending on stress and temperature level and their unification in the frames of
one creep constitutive model based on micro-structural experimental studies. An overview of
conventional approaches to phenomenological creep modeling with temperature dependence is
given. It includes creep-damage models based on the Kachanov-Rabotnov-Hayhurst concept
and creep material models with both the initial and the damage induced anisotropy.

The proposed non-isothermal creep-damage model for a wide stress range is based on sev-
eral assumptions derived from creep experiments and microstructural observations for various
advanced heat resistant steels. The constitutive equationaffects the stress range dependent be-
havior demonstrating the power-law to linear creep transition with a decreasing stress. To take
into account the primary creep behavior a strain hardening function is introduced. To charac-
terize the creep-rupture behavior the constitutive equation is generalized by introduction of two
damage internal state variables and appropriate evolutionequations. The description of long-
term strength behaviour is based on the assumption of ductile to brittle damage transition with
a decrease of stress. Two damage parameters represent the different ductile and brittle damage
accumulation. The creep constitutive and damage evolutionequations are extended including
the temperature dependence using the Arrhenius-type functions. The unified multi-axial form
of the creep-damage model for a wide stress range is presented. A new failure criterion includes
both the maximum tensile stress and the von Mises effective stress. The measures of influence
of the both these stress parameters are dependent on the level of stress.

Several isotropic and anisotropic creep-damage models areapplied to the numerical struc-
tural analysis using FEM-based CAE-software ABAQUS and ANSYS. These models are incor-
porated into the software finite element code by means of a user-defined material subroutines.
To verify the subroutines several creep benchmark problemsare developed and solved by spe-
cial numerical methods. The examples of long-term strengthanalysis for various industrial
components are highlighted to illustrate the effective features and importance of the continuum
damage mechanics approach for the life-time assessments instructural analysis. Finally, an
example of long-term strength analysis for the housing of a quick stop valve usually installed
on steam turbines is presented. The results show that the developed approach is capable to
reproduce basic features of creep and damage processes in engineering structures.
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ZUSAMMENFASSUNG

Eine Strukturanalyse unter Betriebsbedingungen bei verschiedenen Temperaturen setzt ein zu-
verlässiges Kriechkonstitutivmodell, welches zeitabh¨angige Kriechdeformationen widerspie-
gelt und begleitende Prozesse wie Verfestigung und Schädigung über einen großen Spannungs-
bereich erfassen kann, voraus. Das Ziel dieser Arbeit ist die Entwicklung eines umfassenden,
nicht-isothermen Kriech- und Schädigungsmodells, das die Übergänge im Verhalten des Krie-
chens und der Langzeitfestigkeit beschreibt. Wesentlicher Bestandteil der vorgestellten Kriech-
und Schädigungsgleichungen sind die Antwortfunktionen zur aufgebrachten Spannung, welche
die experimentellen Kriech- und Versagensdaten, die gewöhnlich unter erhöhten Spannungen
und Temperaturen ermittelt werden, auf die Betriebsbedingungen extrapolieren sollten. Diese
Arbeit ist gegliedert in vier Themenbereiche: Grundannahmen der Modellierung, konventio-
nelle isotrope und anisotrope Kriech- und Schädigungsmodelle, nicht-isothermes Kriech- und
Schädigungsmodell für große Spannungsbereiche sowie mehrere Beispiele für die numerische
Abschätzung des Kriechens und der Schädigung bei Benchmarkproblemen und Bauteilen.

Im Rahmen der Modellierung werden verschiedene Mechanismen der Kriechdeformati-
on, die vom Spannungs- und Temperaturniveau abhängen sowie deren Beschreibung in einem
Kriechkonstitutivmodell, dem experimentelle Ergebnissezu Grunde liegen, diskutiert. Es wird
ein Überblick über konventionelle Ansätze zur phänomenologischen Modellierung des Krie-
chens mit Temperaturabhängigkeit gegeben. Das beinhaltet Kriech- und Schädigungsmodelle,
die auf den Arbeiten von Kachanov-Rabotnov-Hayhurst beruhen, und Kriechmodelle mit so-
wohl einer anfänglichen als auch einer durch Schädigung induzierten Anisotropie.

Dem vorgestellten Kriech- und Schädigungsmodell liegen Annahmen zu Grunde, die aus ex-
perimentellen Beobachtungen für zahlreiche warmfeste Stähle abgeleitet wurden. Das von der
Konstitutivgleichung beschriebene Kriechverhalten zeigt einenÜbergang vom exponentiellen
zum linearen Verhalten mit geringeren Spannungen. Um das Primärkriechen zu berücksichtigen
wurde eine Funktion mit Dehnungsverfestigung verwendet. Das Versagen durch Kriechen wird
hinreichend genau beschrieben, wenn in die Konstitutivgleichung zwei Schädigungsparameter
und die dazugehörigen Evolutionsgleichungen eingeführt sind. Die Beschreibung des Ver-
haltens bezüglich der Langzeitfestigkeit basiert auf derAnnahme des̈Ubergangs von dukti-
lem zu sprödem Verhalten mit abnehmender Spannung. Die zwei Schädigungsparameter ha-
ben einen unterschiedlichen Charakter bei duktiler und spröder Schädigungsakkumulierung.
Die Kriechkonstitutiv- und Evolutionsgleichungen sind durch einen Arrheniusansatz erweitert
worden, so dass die Temperaturabhängigkeit berücksichtigt werden kann. Die vereinheitlich-
te mehraxiale Form des Kriech- und Schädigungsmodells für große Spannungsbereiche wird
präsentiert. Ein neues Versagenskriterium, das sowohl die maximale Zugspannung als auch die
effektive von Mises-Spannung beinhaltet, wird eingeführt.

Mehrere Kriech- und Schädigungsmodelle wurden für Analysen von Bauteilen mit FEM-
basierte Software wie ABAQUS und ANSYS verwendet. Diese Modelle wurden mithilfe von
benutzerspezifischen Subroutinen in die Software integriert. Um diese Subroutinen zu verifizie-
ren, wurden mehrere Benchmark-Kriechprobleme aufgestellt und numerisch gelöst. Beispiels-
weise wird eine Simulation zur Abschätzung der Langzeitfestigkeit anhand des Gehäuses eines
Quick-Stop Ventils einer Dampfturbine präsentiert. Die Ergebnisse belegen, dass der entwickel-
te Ansatz in der Lage ist, die Merkmale des Kriechschädigungsprozesses zu erfassen.
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1. BASIC ASSUMPTIONS AND MOTIVATION

Creep is the progressive time-dependent inelastic deformation under constant load and tem-
perature.Relaxationis the time-dependent decrease of stress under the condition of constant
deformation and temperature. For many structural materials, for example steel, both the creep
and the relaxation can be observed above a certain critical temperature. The creep process
is accompanied by many different slow microstructural rearrangements including dislocation
movement, ageing of microstructure and grain-boundary cavitation.

The above definitions of creep and relaxation [152] are related to the case of uni-axial ho-
mogeneous stress states realized in standard material testing. But many responsible engineering
structures and components are subjected to high temperature environment and complex mechan-
ical loadings over a long time of operation. Examples include structural components of power
generation plants, chemical facilities, heat engines and other high-temperature equipment. The
life of these structures is usually limited by possible time-dependent creep processes. Under
creep in structuresone usually understands time-dependent changes of strain and stress states
taking place in structural components as a consequence of external loading and temperature.
Examples of these changes include progressive deformations, relaxation and redistribution of
stresses, local reduction of material strength, etc. Furthermore, the strain and stress states are
inhomogeneous and multi-axial in most cases. The aim of “creep modeling for structural analy-
sis” is the development of methods to predict time-dependent changes of stress and strain states
in engineering structures up to the critical stage of creep rupture, see e.g. [34, 152].

Design procedures and residual life assessments for such responsible high-temperature
structural components as pressure piping systems and vessels, rotors and turbine blades, casings
of valves and turbines, etc. require the accounting for creep and damage processes. Chapter1 is
devoted to the discussion of basic features of materials creep and damage behavior, the overview
of main creep-deformation mechanisms, the highlighting ofmain approaches to phenomenolog-
ical creep modeling and the definition of the scope for this contribution.

1.1 Creep Phenomena

In design of engineering structures against creep it is necessary to seek the material and the
shape which will carry the design loads, without failure, for the design life at the design tem-
perature. The meaning of “failure” depends on the application. Following four main types of
failure illustrated in Fig.1.1are distinguished in [24, 25]:

a) Displacement-limited applications, in which precise dimensions or small clearances must
be maintained (as in discs and blades of turbines).
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Fig. 1.1:Creep is important in four classes of design [25]: a) displacement-limited, b) buckling-limited,
c) relaxation-limited, d) failure-limited.

b) Buckling-limited applications subjected to compressive loads, in which creep strain can
cause buckling failure (as in high pressure pipelines).

c) Stress-relaxation-limited applications in which an initial tension relaxes with time (as in
the pretensioning of cables or bolts).

d) Rupture-limited applications, in which dimensional tolerance is relatively unimportant,
but fracture must be avoided (as in steam turbine quick stop valve).

Design procedures and residual life assessments for such responsible high-temperature
structural components as pressure piping systems and vessels, rotors and turbine blades, casings
of valves and turbines, etc. require the accounting for creep and damage processes. The aim of
creep modeling for structural analysis is the development of reliable methods and creep models
to predict time-dependent changes of stress and strain states in engineering structures up to the
critical stage of creep rupture, see e.g. [34, 152].

Structural analysis under creep conditions requires a reliable constitutive model which
reflects time dependent creep deformations and processes accompanying creep like harden-
ing/recovery and damage. To tackle any of these we need constitutive equations which relate
the creep strain ratėεcr or time-to-failuret∗ for the material to the stressσ and temperatureT to
which the material is exposed. The phenomenological approach to the development of a creep
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constitutive model is based on mathematical description ofexperimental creep curves obtained
from uniaxial creep tests.

A standard cylindrical tension specimen is heated up to the temperatureT = (0.3− 0.5)Tm

(Tm is the melting temperature of the material) and loaded by a tensile forceF. The value of
the normal stress in the specimenσ0 should be much less than the yield limit of the material
σy. The instantaneous material response is therefore elastic. The load and the temperature are
kept constant during the test and the axial engineering strain ε is plotted versus timet. A typical
creep curve for a metal is schematically shown in Fig.1.2, the same examples of schematic rep-
resentation of creep curve can be found in [24, 25, 145, 152, 179]. The instantaneous response
can be characterized by the strain valueεel . The time-dependent response is the slow increase
of the strainε with a variable rate. Following Andrade [58], three stages can be considered in a
typical creep curve: the first stage (primary or reduced creep), the second stage (secondary or
stationary creep) and the third stage (tertiary or accelerated creep). During the primary creep
stage the creep rate decreases to a certain value (minimum creep rateε̇crmin). The secondary
stage is characterized by the approximately constant creeprate. During the tertiary creep stage
the strain rate increases. At the end of the tertiary stage creep rupture of the specimen occurs at
time momentt∗.

A number of creep material properties can be deduced from theuniaxial creep curve. The
most important of them are the duration of the stages, the value of minimum creep ratėεcrmin,
the time to fracturet∗ and the strain value before fractureε∗.

The shape of the creep curve is determined by several competing reactions [195] including:

1. Strain hardening;

2. Softening processes such as recovery, recrystallization, strain softening, and precipitate
overaging;

3. Damaging processes, such as cavitation and cracking, andspecimen necking.

Of these factors strain hardening tends to decrease the creep rate ε̇cr, whereas the other
factors tend to increase the creep rateε̇cr. The balance among these factors determines the shape
of the creep curve. During primary creep the decreasing slope of the creep curve is attributed
to strain hardening. Secondary-stage creep is explained interms of a balance between strain
hardening and the softening and damaging processes resulting in a nearly constant creep rate.
The tertiary stage marks the onset of internal- or external-damage processes (item 3 in the
preceding numbered list), which result in a decrease in the resistance to load or a significant
increase in the net section stress. Coupled with the softening processes (item 2), the balance
achieved in stage 2 is now offset, and a rapidly increasing tertiary stage of creep is reached.

1.2 Phenomenological Modeling

In general, let us consider an additive split of the uniaxialstrainsε as follows, see e.g. [10]:

ε = εel + εth + εinel (1.2.1)
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Fig. 1.2:Strain vs. time curve under constant loadF and temperatureT (I – primary creep, II – secondary
creep, III – tertiary creep), after [152].

with εel, εth, εinel as the elastic, the thermal, and the inelastic strains, respectively. The third
term can be split into a creep and a plastic part:

εinel = εcr + εpl. (1.2.2)

Below we neglect the thermal and the plastic strains considering only elastic and creep
strains, as illustrated on Fig.1.2. This simplification yields

ε = εel + εcr. (1.2.3)

The phenomenological models of the creep theory are mostly based on constitutive relations
of the following type

f (ε, σ, t, T) = 0, (1.2.4)

where T denotes the temperature. At fixed temperature and prescribed stress historyσ(t)
this equation determines the strain variationε(t) and vice versa [191]. The identification of
Eq. (1.2.4) is connected with the performance of possible tests, for example, the creep or the
relaxation test. For constant uni-axial stresses the creeplaw can be approximated by separating
the stress, time, and temperature influences

εcr = f1(σ) f2(t) f3(T), (1.2.5)
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where the representations for the stress functionf1(σ), the time functionf2(t), and the tem-
perature functionf3(T) are well-known from literature. A generalization for multi-axial states
is possible, for instance, by analogy to the flow theory in plasticity. Below the attention will
be focused on the stress and temperature functions. The examples of representations of stress,
time and temperature functions can be found in [135, 190, 191].

The creep behavior can be divided into three stages as shown in Fig. 1.2. The first stage
is connected with a hardening behavior, characterized by a decreasing creep strain rate. The
second stage is the stationary creep with a constant creep strain rate (the creep strains are pro-
portional with respect to the time). During this stage we consider an equilibrium between the
hardening and the damage processes in the material. The laststage is the tertiary creep with an
increasing creep strain rate, characterized by a dominant softening in the material. The main
softening is realized by damage processes. Note that some materials show no tertiary creep,
others have a very short primary creep period. In all cases weobtain rupture (failure) caused by
creep as the final state of a creep curve.

The artificial modeling of the phenomenological creep behavior based on the division of the
creep curve (creep strain versus time at constant stresses)allows the multi-axial creep descrip-
tion as follows. Let us introduce a set of equations, which contains three different types: an
equation for the creep strain rate tensor influenced by hardening and/or damage and two sets of
evolution equations for the hardening and the damage variables:

ε̇εεcr =
∂F(σeq, T; H1, . . . , Hn, ω1, . . . , ωm)

∂σσσ
,

Ḣi = Ḣi(σH
eq, T; H1, . . . , Hn, ω1, . . . , ωm), i = 1, . . . , n,

ω̇k = ω̇k(σω
eq, T; H1, . . . , Hn, ω1, . . . , ωm), k = 1, . . . , m.

(1.2.6)

In the notation (1.2.6) ε̇εεcr is the creep strain rate tensor,σσσ is the stress tensor,F is the creep
potential,Hi andωk are the hardening and damage variables,σH

eq, σeq andσω
eq are the equivalent

stresses which control the primary, secondary and tertiarycreep. The proposed set of equations
(1.2.6) can be used for classical and non-classical creep models, see e.g. [10].

It must be underlined that in addition to the problem how to formulate the set of creep
equations (1.2.6) the identification problem for this set must be solved. In Fig. 1.3 the solution
is schematically shown. The starting point is the identification of the creep equation for the
secondary part. Since the creep is stress and temperature dependent this identification can be
realized at fixed temperatures and for constant stress in a very easy way. If such an approach is
not satisfying, we have to consider a more complex situationand use approaches presented, for
example, in [82] and valid for a wide range of stresses.

The creep is influenced by hardening and damaging processes and based on the identified
secondary creep equation. The equations for primary and tertiary creep can be established by
extension of the secondary creep equations. The identification can be realized by analogy using
additional experimental results. This approach is presented in several textbooks, for instance
[124, 125, 126, 172, 189, 190].

The phenomenological approach to creep modeling generallyincludes 3 steps, see Fig.1.3:

1. The first step of the phenomenological creep modelling is the formulation of empirical
functions describing the sensitivity of the minimum creep rateε̇crmin during the steady state
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Fig. 1.3: Identification of creep equations by uniaxial tests (after [10]).

to the stress level and the temperature. Hardening processes and softening processes are
in equilibrium during secondary creep stage. The steady-state (minimum) creep strain
rate is defined by the constitutive equationε̇crmin = gε(σ, T), which depends only on the
stressσ and the temperatureT. The power law and the hyperbolic functions of stress and
Arrhenius functions for temperature dependence are mostlyused in applications [145].

2. During the primary stage creep strainεcr is decelerated by hardening process (e.g. ob-
struction of the dislocation movements) and relaxation processes (e.g. redistribution of
lattice defects). To characterize the hardening/recoveryprocesses the constitutive equa-
tion ε̇crmin = gε(σ, T, H) is generalized by introduction of hardening internal statevariable
H and appropriate evolution equationḢ = gH(σ, T, H).

3. During the tertiary stage creep strainεcr is accelerated by the damage process (e.g. nucle-
ation, growth and coalescence of voids at the grain boundaries) and aging process (e.g.
degradation of the material microstructure). To characterize the damage process the con-
stitutive equatioṅεcrmin = gε(σ, T, H, ω) is generalized by introduction of the damage
internal state variableω and appropriate evolution equationω̇ = gω(σ, T, H, ω).

The artificial modeling of the phenomenological creep behavior based on the division of
the creep curve (creep strainεcr vs. timet at constant stressσ) allows the multi-axial creep
description as follows. Let us introduce a set of equations,which contains three different types:
an equation for the creep strain rate tensorε̇εεcr influenced by hardening and/or damage and two
sets of evolution equations for the hardeningH and the damageω variables. The complete sys-
tem of equation, describing creep and accompanying processes, consisting of main constitutive
equation for creep strain rate tensorε̇εεcr and evolutionary equations for assumed internal state
variables (H andω) can be presented as follows:
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ε̇εεcr = gε(σσσ, H, ω, T), εcrt=0 = 0 Constitutive Equation
Ḣ = gH(σ, H, ω, T), Ht=0 = 0 Evolution Equation (Hardening/Recovery)
ω̇ = gω(σ, H, ω, T), ωt=0 = 0 Evolution Equation (Softening/Damage)

(1.2.7)

The emphasis in all cases of creep modeling is on correlatingthe macroscopic behavior
with the underlying microscopic mechanisms. This requiresthat a variety of internal variables
that describe the microstructural features that control the rate of deformation be considered.
The internal state variables and the form of the creep potential can be chosen based on known
mechanisms of creep deformation and damage evolution as well as possibilities of experimental
measurement and engineering applications, e.g. [7, 13, 48].

1.3 Creep Deformation Mechanisms

Creep properties are generally determined by means of a testin which a constant uniaxial load
or stress is applied to the specimen affected by an elevated temperatureT = (0.3− 0.5)Tm and
the resulting creep strain is recorded as a function of time.The influence of temperature and
stress variation on the shape of creep curves are shown schematically in Fig.1.4. After the in-
stantaneous strainε0 a decelerating strain-rate stage (primary creep) leads to asteady minimum
creep ratėεcrmin (or secondary creep strain rate), which is finally followed by an accelerating
stage (tertiary creep) that ends in fracture with a rupture strain ε∗ at a rupture timet∗. It is ob-
servable from Fig.1.4that the value of the minimum creep strain rateε̇crmin of creep curves with
apparent secondary creep stage is rising with a growth of stressσ and temperatureT values.

Materials can deform by dislocation plasticity or, if the temperature is high enough, by
diffusional flow or power-law creep. If the stressσ and temperatureT are too low for any of
these, the deformation is elastic. To distinguish between the different mechanisms involved
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in creep damage, it is helpful to use a compact method of representation, partly developed
by Graham and Walles [81] and later called by Frost and Ashby the “deformation-mechanism
map” in [71]. Schematic illustration of typical map is shown in Fig.1.6 in which the stress-
and temperature-dependent regimes over which different types of creep processes dominate can
be captured. Contours of constant strain rates are presented as functions of the normalized
equivalent stressσeq/G and the homologous temperatureT/Tm, whereG is the shear modulus
andTm is the melting temperature. For a given combination of the stressσ and the temperature
T, the map provides the dominant creep mechanism and the strain rateε̇. It shows the range of
stressσ and temperatureT in which we expect to find each sort of deformationε and the strain
rateε̇ that any combination of them produces (the contours).

The first global overview of thedeformation mechanism mapswas provided by Frost and
Ashby in [71]. Later a lot of examples fordeformation-mechanism mapof different materials
were widely presented in literature, refer e.g. to [24, 25, 70, 145, 152, 166, 175, 179]. Dia-
grams like these are available for many metals and ceramics,and are a useful summary of creep
behavior, helpful in selecting a material for high-temperature applications.
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Creep strain accumulation is a heat-activated process. An elementary deformation event
gets additional energy from local thermal excitation. It isgenerally agreed that above 0.5Tm

(Tm is the melting temperature) the activation energy of steady-state deformation is close to
the activation energy of self-diffusion. The correlation between the observed activation energy
of creepQc and the energy of self-diffusion in the crystal lattice of metals Qsd is illustrated
in Fig. 1.7. For more than 20 metals an excellent correlation between both values has been
documented in [127, 156]. Therefore, by plotting the natural logarithm(ln) of the minimum
creep ratėεcr against the reciprocal of the absolute temperature(1/T) at constant stressσ =
const, as shows on Fig.1.5 and proposed in [24], the correlation betweeṅεcr and T can be
comprehensively expressed using the Arrhenius-type function as follows

ε̇cr ∼ exp

(

−Qc

R T

)

, (1.3.8)

whereR = 8.31 [J··· mol−1 ··· K−1] is the universal gas constant, andQc is called the activation
energy for creep with units of[J··· mol−1] andT is an absolute temperature with units ofK .
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At stressesσ and temperaturesT of interest to the engineer, the following behavior proposed
by Norton [157] and Bailey [27] is generally obeyed:

ε̇cr = A σn, (1.3.9)

whereA andn are stress-independent secondary creep constants. An exponential relationship,
although not generally used, has also been proposed [183] to explain the behavior at very high
stresses, as follows:

ε̇cr = A exp (C σ), (1.3.10)

whereA andC are stress-independent constants.
Because creep is a thermally activated process, its temperature sensitivity would be expected

to obey an Arrhenius-type expression (1.3.8), with a characteristic activation energyQc for the
rate-controlling mechanism. Considering both the stressσ and temperatureT dependencies of
the creep strain ratėεcr, Eq. (1.3.9) can therefore be rewritten as [183]:

ε̇cr = A0 σn exp

(

−Qc

R T

)

, (1.3.11)

whereA0 andn are stress-independent creep constants, andR = 8.314 [J··· K−1 ··· mol−1] is the
universal gas constant.

Although Eq. (1.3.11) suggests constant values forn andQc, experimental results on steels
show both of these values to be variable with respect to stress σ and temperatureT. The ex-
tended overviews of such experimental results are reportede.g. in [64, 194, 195]. Schematic
illustration of creep strain ratėεcr vs. stressσ dependence typical for the majority of advanced
heat-resistant steels is shown on Fig.1.8. Such a generalization of phenomenological approach
to the description of creep behaviour and change of constantn has been proposed to use in
[24, 25, 59, 60, 119, 202].

The general approach illustrated on Fig.1.8shows the approximately stepped change in the
value of creep constantn depending on the level of stressσ corresponding to the defined creep-
deformation mechanism. For the all low-alloy and high-alloy heat resistant steels the stress
exponentn from Eq. (1.3.11) is decreasing with the decrease of stressσ. But the change of
creep constantn is stepped, because of the transition from the “power-law breakdown” at high
stresses to the “power-law” creep mechanism at moderate stresses. This transition is laboratory
well studied and reported for many low-alloy heat-resistant steels, see e.g. [23, 41, 53, 69,
194]. Table1.1 shows the summary of reported experimental data for severallow-alloy steels
with n3 andQ3 as “power-law breakdown” creep constants andn2 andQ2 as creep constants
corresponding to “power-law” mechanism. The reported values of stress exponentn can be
generalized asn3 > 8 for high stress levels and then gradually reducing to2 ≤ n2 ≤ 8 at
moderate stress levels, see Fig.1.8.

With the development of advanced high-alloy steels, the activated creep-deformation mech-
anisms corresponding to the same stress levels as for low-alloy steels has changed. The techni-
cal operating region for high-alloy steels also includes the change of creep constantn with the
decrease of stressσ. It is caused by the transition from the “power-law” creep athigh stresses
to the “linear” creep or diffusional flow mechanism at moderate stresses. This transition is not
laboratory well studied, but never the less some experiments are reported for several high-alloy
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Table 1.1:Reported experimental values of secondary creep material parametersni andQi (i = 2, 3) for
low-alloy heat-resistant steels

System of steel Temperature, Low-stress region High-stress region Reference
◦C n2 Q2, kJ/mole n3 Q3, kJ/mole

11
4Cr-1

2 Mo 510–620 4 400 10 625 [194]

21
4Cr-1Mo 565 2.5 — 12 — [41]

Cr-Mo-V 550–600 4.9 326 14.3 503 [69]

Fe-V-C 440–575 2.7 304 9.5 620 [53]

Cr-Ni-Mn 600–750 1.5–2 400-470 5.6 — [23]

heat-resistant steels, see e.g. [31, 106, 109, 110, 138, 187, 193]. Table1.2shows the summary
of reported experimental data for several high-alloy steels withn2 andQ2 as “power-law” creep
constants andn1 andQ1 as creep constants corresponding to the “linear” creep mechanism. The
reported values of stress exponentn can be generalized as8 ≤ n2 ≤ 12 for high stress levels
and then gradually reducing ton1 ∼ 1 at moderate stress levels, see Fig.1.8.

Although many investigators report a distinct break in the curve presenting creep strain rate
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Table 1.2:Reported experimental values of secondary creep material parametersni andQi (i = 1, 2) for
high-alloy heat-resistant steels

System of steel Temperature, Low-stress region High-stress region Reference
◦C n1 Q1, kJ/mole n2 Q2, kJ/mole

9Cr-1Mo-V-Nb 600–650 1 200 12 600 [106, 109, 187]

20Cr-25Ni-Nb 750 3–4.7 465–532 8–12 440–494 [138]

18Cr-10Ni-C 500–750 1 160 6 285 [31]

18Cr-12Ni-Mo 650–750 1 150-200 7 400-430 [110]

γ’ austenitic 600 4.5 — 13 — [193]

Table 1.3:Deformation mechanisms and corresponding response functions

Deformation
mechanisms

Response
functions References

Power-law creep ε̇cr ∝ exp

(

−
Qc

kT

)

σn [27, 71, 157]

Diffusional flow ε̇cr ∝ exp

(

−
Qc

kT

)

σ [51, 83, 84, 92, 144, 128]

Linear + power-law ε̇cr ∝ exp

(

−
Qc

kT

)

sinh(A σ) [62, 63]

Power-law breakdown ε̇cr ∝ exp

(

−
Qc

kT

)

exp(C σ) [183]

ε̇cr vs. stressσ dependence, others view the value ofn as continuously changing with stress
σ and temperatureT. While discussions continue regarding the natures ofn and Q and the
reasons for their variations, industrial practice has continued to ignore these controversies and
to use a simple power-law Eq. (1.3.11) with discretely chosen values ofn and Q. Because
variations inn andQ are generally interrelated and self-compensating, no major discrepancies
in the end results have been yet noted [195].

Actually, of all the parameters pertaining to the creep process, the most important for en-
gineering applications are the minimum strain rateε̇cr and the time to rupturet∗. Specifically,
their dependence on temperatureT and applied stressσ are of the most interest to the engi-
neer. This dependence varies with the applicable creep mechanism. A variety of mechanisms
and equations have been proposed in the literature and have been reviewed elsewhere, e.g.
[64, 74, 152, 166, 195]. Finally, the creep deformation mechanisms presented on the idealized
deformation-mechanisms map (see Fig.1.6) and corresponding response functions on stressσ
and temperatureT are listed in Table1.3.
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1.4 Creep and Damage Models

A typical creep behaviour of metals and alloys is accompanied by time-dependent creep defor-
mations and damage processes induced by the nucleation and the growth of microscopic cracks
and cavities. In order to characterise the evolution of the material damage as well as to describe
the increase in creep strain rate during tertiary creep the continuum damage mechanics has been
established and demonstrated to be a powerful approach, e.g. [89]. A lot of applications of creep
continuum damage mechanics are related to the long-term predictions in thin-walled structures,
e.g. pipes or pipe bends used in power and chemical plants. Here follows the short introduction
into the continuum damage mechanics.

Damage accumulates in the form of internal cavities during creep. The damage first appears
at the start of thetertiary stageof the creep curve and grows at an increasing rate thereafter. The
shape of thetertiary stageof the creep curve (see Fig.1.2) reflects this: as the cavities grow,
the cross-section of the specimen decreases, and at constant load the stressσ goes up. Since
ε̇cr ∝ σn, the creep ratėεcr goes up even faster than the stressσ does caused by creep damage,
as illustrated on Fig.1.9.

Isotropic damage models are generally formulated using thethe concept of the effective
stressσ̃, see e.g. [34, 124, 152, 166]. In the uniaxial case this concept is formulated as fol-
lows. Previous studies incontinuum damage mechanicsstarts with the concept ofcontinuityψnnn

introduced by Kachanov [100]:

ψnnn =
A0 − Aω

A0
, (1.4.12)

where A0 denotes the cross section of a uniaxial specimen,Aω is the cross section area of
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cavities, andnnn is the normal vector to the cross-section, as illustrated onFig. 1.9. Using the
Eq. (1.4.12) a virgin state is characterized withψnnn = 1, a fracture is characterized withψnnn = 0,
an isotropic damage is described withψ ≡ ψnnn, and for the damaged state thecontinuityψnnn lies
in the range1 ≥ ψnnn ≥ 0.

Later the concept ofcontinuityψnnn was extended to the concepts of scalar state variableω,
e.i. isotropicdamageparameterω, which characterises a damage state of a material loaded by
the stressσ. Specifying byω the area fraction of cavities

ω = Aω/A0 ≡ 1 − ψ, (1.4.13)

one can introduce theeffective stressor net stressσ̃ by dividing the applied forceF to the
effective areaor net area

Ã = A0 − Aω = A0(1 − ω). (1.4.14)

As a result the effective stress was defined by Rabotnov in [171] as follows:

σ̃ =
F

Ã
=

F

A0(1 − ω)
=

σ

(1 − ω)
. (1.4.15)

In [171] Rabotnov pointed out that the damage state variableω “may be associated with
the area fraction of cracks, but such an interpretation is connected with a rough scheme and is
therefore not necessary”. Rabotnov assumed that the creep rate is additionally dependent on the
current damage state. The constitutive equation should have the form

ε̇cr = ε̇cr(σ, ω). (1.4.16)

Furthermore, the damage processes can be reflected in the evolution equation

ω̇ = ω̇(σ, ω), ω|t=0 = 0, ω < ω∗, (1.4.17)

whereω∗ is the critical value of the damage parameter for which the material fails. With the
power functions of stress and damage the constitutive equation may be formulated as follows

ε̇cr =
A σn

(1 − ω)m
, (1.4.18)

accompanied by the damage evolution equation in the form

ε̇cr =
B σk

(1 − ω)l
, (1.4.19)

whereA, B, n, m, l, k are the material dependent creep parameters.
These Eqs (1.4.18) and (1.4.19) can be only applied to the case of constant temperatureT.

To generalize them to the non-isothermal conditions the material constantsA andB should be
replaced by the functions of temperatureT. Assuming the Arrhenius-type temperature depen-
dence (1.3.8) the following relations can be utilized [152]

A(T) = A0 exp

(

−Qc

R T

)

and B(T) = B0 exp

(

−Qd

R T

)

, (1.4.20)
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whereQc andQd are the activation energies of creep and damage processes, respectively.
To identify the material constants in Eqs (1.4.18) - (1.4.20) experimental data of uni-axial

creep up to rupture for certain stress and temperature ranges are required. The identification
procedure is presented e.g. in [114]. If to limit to the case of fixed temperature and to assume
m = n in Eq. (1.4.18), then the uni-axial creep model takes the form [152]

ε̇cr = A

(

σ

1 − ω

)n

and ω̇ =
B σk

(1 − ω)l
(1.4.21)

The model (1.4.21) was applied for the creep-damage description of transversely loaded
shells and plates, presented e.g. in [13, 14, 15, 18, 19, 35, 52], and creep of several steels pipes
and welded structures, e.g. in [42, 96, 151, 152]. The isotropic damage concept is suitable to
characterise the creep-damage behaviour of some materialslike steels and aluminium alloys
[45] and is applicable for simple stress states typically realised in uniaxial creep tests [37, 143].

Dyson and McClean proposed in [62] the following modification of the Kachanov-Rabotnov
creep-damage model, which fits all creep stages and it is mainly used for the creep modelling
of low alloy ferritic steels and Ni-base alloys:

ε̇cr = ε̇cr0 (1 + Dd) exp

(

−Q

R T

)

sinh

(

σ (1 − H)

σ0 (1 − Dp) (1 − ω)

)

, (1.4.22)

whereε̇cr andε̇cr0 are the equivalent minimum creep strain rate and the reference creep strain rate;
σ andσ0 are the equivalent stress and the reference stress, respectively; T is the temperature;Q
is the creep activation energy;H, Dd, Dp, ω are internal state variables, defined by evolution
equations. Notably,H is the hardening parameter,Dd is the damage parameter caused by
multiplication of mobile dislocations,Dp is the damage parameter caused by particle coarsening
andω is the damage parameter caused by the cavity nucleation and growth.

There are unlimited possibilities to extend the constitutive equations. As one example can
serve the model [167], in which the additional number of creep parameters, determining damage
mechanisms and corresponding temperature dependencies, are introduced. A set of constitutive
equations have been derived with an associated set of temperature dependencies, which de-
scribe the accumulation of intergranular cavitation, the coarsening of carbide precipitates and
the influence of these mechanisms on the effective creep strain rate

ε̇e = A sinh

[

Bσe (1 − H)

(1 − Φ) (1 − ω)

]

, ω̇ = CNε̇e

(

σ1

σe

)ν

, (1.4.23)

Ḣ =

(

hε̇e

σe

)(

1 −
H

H∗

)

, Φ̇ =

(

Kc

3

)

(1 − Φ)4 ,

A = A0 B exp

(

−
QA

R T

)

, B = B0 exp

(

−
QB

R T

)

,

Kc =

(

Kc0

B3

)

exp

(

−
QKC

R T

)

, C = C0 exp

(

−
QC

R T

)

,

whereN = 1 for σ1 > 0 andN = 0 for σ1 ≤ 0; A0, B0, C0, Kc0, h, H∗, QA, QB, QC andQKC

are material constants to be determined from uniaxial creepdata over a range of stresses and of
temperatures; the constantν is determined from multi-axial creep rupture data [167].
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1.5 Scope and Motivation

In recent years a lot of industrial and scientific organizations work intensively for improved
modeling and experimental investigation of creep-damage behavior of heat-resistant materials
used in high-temperature equipment components of power-generation plants, chemical facili-
ties, heat engines, etc. Among them are European Creep Collaborative Committee, see e.g. [93,
139], Forschungszentrum Karlsruhe (Germany), see e.g. [117, 176, 177], Institute of Physics of
Materials Brno (Czech Republic), see e.g. [105, 106, 107, 108, 109, 110, 165, 185, 186, 187],
Materialprüfungsanstalt Stuttgart (Germany), see e.g. [75, 104, 133, 196], Oak Ridge National
Laboratory (USA), see e.g. [111, 137], National Research Institute for Metals (Japan), see e.g.
[5, 6, 118, 162, 163, 164, 201], National Aeronautics and Space Administration (USA), see
e.g. [173, 174], etc. At present, a large number of creep models, which are able to describe
uniaxial creep curves for certain stress and temperature ranges, have been developed and prac-
tically applied for creep estimations and life-time assessments. Only few of them are found
applicable to the FEM-based creep modeling for structural analysis and life-time assessment
under multi-axial stress states, because of their different initial designations and corresponding
mathematical and mechanical limitations. Therefore, all the basic approaches to the descrip-
tion of creep behavior can be conventionally systematized on four main groups as proposed
in [147, 152]: 1) empirical models, 2) materials science models, 3) micro-mechanical models,
4) continuum mechanics models.

Within the frames and objectives of this work thecontinuum mechanics modelsare of the
most interest. The objective ofcontinuum mechanics modelingis to investigate creep in ide-
alized three-dimensional solids. The idealization is related to the hypothesis of a continuum,
e.g. refer to [85]. The approach is based on balance equations and assumptions regarding the
kinematics of deformation and motion. Creep behavior is described by means of constitutive
equations which relate deformation processes and stresses. Details of topological changes of
microstructure like subgrain size or mean radius of carbideprecipitates are not considered. The
processes associated with these changes like hardening, recovery, ageing and damage can be
taken into account by means of hidden or internal state variables and corresponding evolu-
tion equations, see e.g. [34, 126, 172, 189]. Creep constitutive equations with internal state
variables can be applied to structural analysis. Various models and methods recently devel-
oped within the mechanics of structures can be extended to the solution of creep problems.
Examples are theories of rods, plates and shells as well as direct variational methods, e.g.
[11, 34, 40, 135, 152, 168, 190]. Numerical solutions by the finite element method combined
with various time step integration techniques allow to simulate time dependent structural behav-
ior up to critical state of failure. Examples of recent studies include circumferentially notched
bars [87], pipe weldments [91] and thin-walled tubes [117]. In these investigations qualitative
agreements between the theory and experiments carried out on model structures have been es-
tablished. Constitutive equations with internal state variables have been found to be mostly
suited for the creep analysis of structures [91]. However, it should be noted that this approach
requires numerous experimental data of creep for structural materials over a wide range of stress
and temperature as well as different complex stress states.

This thesis is a contribution to the continuum mechanics modeling of creep and damage with
the aim of structural analysis of industrial components andstructures. This type of modeling is
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related to the both fields of “creep mechanics” [34, 160] and “continuum damage mechanics”
[89] and requires the following steps [40, 94, 147, 152, 159]:

• formulation of a constitutive model including creep constitutive equation and evolution
equations for internal state variables (e.g. damage, softening, hardening, etc.) to reflect
basic features of creep behavior of a structural material under multi-axial stress states,

• identification of creep material parameters in constitutive and evolution equations based
on experimental data of creep and long-term strength at several temperatures,

• development of geometrical model of analysed structure or application of a structural
mechanics model by taking into account creep processes and stress state effects,

• formulation of an initial-boundary value problem based on the creep constitutive and
structural mechanics models with initial and boundary conditions,

• application of finite element method or development of numerical solution procedures,

• verification of obtained results as well as the numerical methods and algorithms.

The principal aim of this work is the development of a comprehensive creep-damage constitu-
tive model based on continuum mechanics approach, then the following significant problems
and questions of constitutive modeling must be taken into account:

• Applicability to wide ranges of temperature and stress.The constitutive and evolution
equations are formulated as phenomenological dependencies on stress and temperature.
According to experimental studies many materials for high-temperature applications ex-
hibit a stress and temperature ranges dependent creep behavior. The European and
Japanese material research results show that, especially for new steels in the class of
9-12%Cr, long-term creep-rupture testing of> 50 000 h under low stresses is required to
determine the real alloy behaviour, e.g. refer to [101, 118]. Otherwise a very dangerous
overestimation of the material stability can result as shown in different publications if
comparing long-term extrapolations on the basis of either short or long term tests. Thus,
the response functions of the applied stress and temperature in constitutive and evolu-
tions equations should extrapolate the laboratory creep and rupture data usually obtained
under increased stress and temperature to the in-service loading conditions relevant for
industrial applications.

• Ability to model tertiary creep stage. The aim of creep modeling is to reflect basic features
of creep in structures including the development of inelastic deformations, relaxation and
redistribution of stresses as well as the local reduction ofmaterial strength. A model
should be able to account for material degradation processes in order to predict long-term
structural behavior, i.e. time-to-fracture, and to analyze critical zones of creep failure.

• Minimum quantity of creep material parameters.Conventional constitutive models con-
tain the large number of parameters which must be identified by the way of complex, long
and expensive experiments. Such situation results to high necessity for development of
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models with a small number of parameters at preservation accuracy, sufficient for practi-
cal purposes. Effective way of creation of such models is thecombination of approaches
of continuum mechanics with qualitative conclusions of physics of creep of metals.

• Simplicity of creep parameters identification.Depending on the choice of creep-damage
model the main problem is the creep parameter identificationfor the corresponding ma-
terial. The significant scatter of properties of creep demands a lot number of experiments
for statistical processing of experimental results. For parameter identification even simple
constitutive models require a considerable number of experiments both under uni-axial
and multi-axial loading. Thus, the creep material parameters for a selected constitutive
model must be derived from the standard procedures for creepuni-axial testing.

• Compatibility with commercial FEM-based software.Commercial finite element codes
like ABAQUS and ANSYS were developed to solve various problems in solid mechanics.
In application to the creep analysis one should take into account that a general purpose
constitutive equation which allows to reflect the whole set of creep and damage processes
in structural materials over a wide range of loading and temperature conditions is not
available at present in commercial FEM-based software. Therefore, a specific constitu-
tive model with selected internal state variables, specialtypes of stress and temperature
functions as well as material constants identified from available experimental data should
be incorporated into the commercial finite element code by writing a user-defined material
subroutine [152]. Furthermore, the constitutive model must be compatible with standard
programming languages (e.g. FORTRAN, C++, PYTHON) and easyto be translated into
programming code.

Therefore, within the framework of the dissertation a comprehensive non-isothermal creep-
damage model based on continuum mechanics approach and applicable to a wide stress range
have to be developed. The model must rely on the material science assumptions about various
creep-deformation behavior in a wide stress range and experimental observations showing the
changes of material microstructure caused by long-term thermal exposure and creep deforma-
tions. In addition, it must contain a minimum of creep material parameters, which are easy
identified from the standard procedures for creep and rupture uni-axial testing. For the pur-
pose of effective application to numerical structural analysis in FEM-based software the model
should be presented in the form of a user-defined material subroutine coding.



2. CONVENTIONAL APPROACH TO CREEP-DAMAGE MODELING

In Chapter1 we discussed theoretical approaches to the constitutive modeling of creep behavior.
Chapter2 presents the conventional approaches to creep-damage modeling, which are applied
to several engineering materials. The models include specific forms of the constitutive equa-
tion for the creep rate tensor and evolution equations for internal state variables. In addition,
constitutive functions of stress and temperature are specified. In order to find a set of mate-
rial constants creep tests under constant load and temperature leading to a homogeneous stress
state are required. The majority of available experimentaldata is presented as creep strain ver-
sus time curves from standard uni-axial tests. Based on these experimental curves the creep
material parameters are identified.

Section2.1 is devoted to description of the conventional isotropic Kachanov-Rabotnov-
Hayhurst creep-damage model based on continuum damage mechanics, see e.g. [89, 100, 171].
The model is extended to the case of variable temperature andstrain hardening consideration
[114]. Both the creep and the damage rates are assumed temperature dependent. A technique
for the identification of material creep parameters for the model based on the available family
of experimental creep curves is presented in AppendixA. The model was applied to the numer-
ical long-term strength analysis and life-time assessmentunder the creep conditions of several
typical power-generation plant components [79, 114, 129, 130, 131, 132].

The objective of Sect.2.2.1 to develop a model for anisotropic creep behavior in a weld
metal produced by multi-pass welding. The anisotropy of creep properties is caused the com-
plex directional microstructure of weld metal induced by the heat affect [95]. The structural
analysis of a welded joint requires a constitutive equationof creep for the weld metal under
multi-axial stress states. For this purpose we apply the approaches to modeling of creep for ini-
tially anisotropic materials. The outcome is the a creep constitutive equation for the strain rate
tensor describing secondary and tertiary creep behavior. It is accompanied by the two damage
evolution equations describing the different damage accumulation in the longitudinal direction
and in the transverse plane of isotropy. The material constants are identified according to the
experimental data presented in the literature [95]. The model was verified applying it to the
numerical long-term strength analysis of a typical T-piecepipe weldment [80].

Since the nature of damage phenomenon is generally anisotropic, the isotropic material
damage is just a simplified case of the damage anisotropy. Then it is necessary to highlight
in Sect.2.2.2the Murakami-Ohno creep-damage model with damage induced anisotropy. The
anisotropic creep behaviour induced by damage is characterised by introducing a tensor-valued
internal state variable. We should discuss the anisotropicdamage concept proposed by Mu-
rakami and Ohno [142] in order to conclude about the influence of damage induced anisotropy
on the long-term predictions in high-temperature engineering applications, e.g. [13, 79].
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2.1 Non-isothermal isotropic creep-damage model

The conventional isotropic creep-damage model by Kachanov[100], Rabotnov [171] and Hay-
hurst [89] is based on the continuum damage mechanics. It contains thepower-law stress re-
sponse function and a scalar damage parameter. The conventional model is extended to the
case of variable temperature and strain hardening consideration. Both the creep and the damage
rates are assumed temperature dependent using the Arrhenius-type functions. The constitutive
model is able to describe the primary, secondary and tertiary stages of creep behavior. Both the
uni-axial and the multi-axial forms of the model accompanied with a technique for the identifi-
cation of material creep parameters based on the available family of experimental creep curves
at various temperatures and wide stress range are presentedbelow.

2.1.1 Uni-axial stress state

The Kachanov-Rabotnov-Hayhurst model and physical mechanisms of creep for typical heat-
resistant steels build the basis for the here suggested non-isothermal creep-damage model. The
primary creep is characterized by the introduction of the following strain hardening function:

H(εcr) = 1 + C exp

(

−
εcr

k

)

. (2.1.1)

In order to reflect various influences of temperature on the diffusional creep and the cross
slip dislocation two different functional dependences areintroduced in the constitutive creep
strain rate equation and in the evolution equation determining the damage rate. For the descrip-
tion of temperature dependence the Arrhenius functions [167] are introduced:

A(T) = A exp

(

−Qα

R T

)

and B(T) = B exp

(

−Qβ

R T

)

. (2.1.2)

The uni-axial form of creep-damage equations considering strain hardening for variable
temperature field is given in the following form

dεcr

dt
= A(T) H(εcr)

[

σ

1 − ω

]n

, (2.1.3)

dω

dt
= B(T)

σm

(1 − ω)l
. (2.1.4)

In Eqs (2.1.1) - (2.1.4) εcr represents the creep strain;t denotes time;σ is the uniaxial stress;
Qα andQβ are energies of activation;T is the absolute temperature;A, B, C, n, m, k, l are the
material constants;ω is the scalar damage parameter(0 ≤ ω ≤ ω∗), whereω∗ is the critical
value of damage corresponding to the time of rupturet∗.

Instead of three constants including the energies of activation of creep and damage processes
and universal gas constant the following two constants are introduced:

h =
Qα

R
and p =

Qβ

R
. (2.1.5)
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In the general case, the values of thermal energies of activation for creep processQα and
for damage processQβ of the typical heat-resistant steel are different. Together with the other
material constants, they are estimated from the set of experimental creep curves within a wide
range of temperatures and stresses.

The time integration of the damage evolution equation (2.1.4) under assumption of the fixed
stress and temperature provides the functionω(t) as follows:

ω(t) = 1 −

[

1 − (l + 1) B exp

(

−p

T

)

σm t

]
1

l+1

. (2.1.6)

Therefore, time-to-rupturet∗ can be defined with assumption thatω = 1 as follows:

t∗ =
1

[

(l + 1) B exp
(

−p
T

)

σm
] . (2.1.7)

By taking into account the time-dependent functionω(t) in the form of Eq. (2.1.6), the
creep constitutive equation (2.1.3) is integrated by time as follows

εcr(t) = k ln

[

(1 + C) exp

(

ζ(t)

k

)

− C

]

, (2.1.8)

where the auxiliary time-dependent functionζ(t) is defined in the following form:

ζ(t) =
A exp

(

p−h
T

)

σn−m

B (n − l − 1)

{

[

1 − (l + 1) B exp
(

−
p

T

)

σm t
]

l−n+1
l+1

− 1

}

. (2.1.9)

The procedure of material creep constants identification under the constant temperature is
described in [77]. For the identification of values for the activation energies of creep-damage
processes, i.e. creep constantsh and p, it is necessary to have experiment data under at least
two differents values of temperatureT. If the experimental data is available for more than two
temperatureT values, than the identification procedure cited in [114] must be applied. The
typical creep material parameters identification procedure for the uniaxial form (2.1.3) - (2.1.4)
of conventional non-isothermal creep-damage model is highlighted in AppendixA.

For the creep rupture time assessment, which is principallydefined by secondary and tertiary
creep stages, it is possible to apply the simplified version of creep-damage model by neglecting
the primary creep stage, i.e. by settingH (εcr) = 1. Further simplification can be made by
equating the tertiary creep constantsm = l. Such a model contains only 6 material constants,
which can be easily determined from experimental data.

2.1.2 Multi-axial stress state

The internal material state variables and the form of the creep potential of the constitutive model
for isotropic creep behaviour can be chosen based on known mechanisms of creep deformation
and damage evolution [7]. According to known deformation mechanisms the primary and sec-
ondary creep rates are dominantly controlled by the von Mises effective stress. The tertiary
creep stage, accelerated by damage, is additionally influenced by the kind of the stress state.
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The conventional isotropic creep-damage model by Kachanov-Rabotnov-Hayhurst is based
on the power-law stress function and a scalar damage parameter, with a constitutive equation

ε̇εεcr =
3

2

ε̇creq
σvM

sss, (2.1.10)

where the equivalent creep strain rate have following form

ε̇creq = A exp

(

−
h

T

) [

1 + C exp

(

−
εcreq
k

)] (

σvM

1 − ω

)n

, (2.1.11)

and the evolutional equation for a scalar damage parameter is formulated as follows

ω̇ = B exp
(

−
p

T

)

(〈

σω
eq

〉)m

(1 − ω)l
. (2.1.12)

In notations (2.1.10) - (2.1.12) ε̇εεcr represents the creep strain rate tensor;σvM =
[

3
2 sss · · sss

]

1
2

is the effective von Mises stress;sss is the stress deviator;A, B, n, m, l are creep material
parameters;ω is an isotropic damage parameter(0 ≤ ω ≤ ω∗), σω

eq is the damage equivalent
stress, used in the form proposed by Leckie and Hayhurst in [121]

σω
eq = ασI + (1 − α) σvM, (2.1.13)

whereσI is a maximum principal stress,α is a weighting factor considering the influence of
damage mechanisms (σI-controlled orσvM-controlled).

The creep-damage model (2.1.10) - (2.1.12) fulfils the condition of incompressibility. Fur-
thermore, the damage evolution is assumed only for the positive equivalent stress

〈

σω
eq

〉

= σω
eq for σω

eq > 0 and
〈

σω
eq

〉

= 0 for σω
eq ≤ 0. (2.1.14)

2.2 Anisotropic creep-damage models

2.2.1 Model for anisotropic creep in a multi-pass weld metal

The lifetime to fracture of high-temperature components offossil power plants and chemical
facilities structures is defined by irreversible processesof creep and damage. The most danger-
ous and the probable place of rupture in welded structures ofpipelines or high-pressure vessels
is the weldment zone. The reason of that fact is a complex and non-uniform microstructure of
the material in the weldment zone caused by the manufacturing process of multi-pass welding.
It is possible to define at least three main zones: weld metal,adjacent heat-affected zone and
parent material of a welded structure (see Fig.2.1), as described in [96, 152].

The principal purposes of creep-damage modeling for weldedstructures are:

• the long-term prediction of stress redistribution in a local weldment zone having complex
geometry as a result of creep strain,
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Fig. 2.1:Typical microstructure of welded joint and material behavior, after [151, 152].

• an estimation of probable zones with critical damage accumulation that could lead to
fracture and crack initiation.

Particularly, creep modeling allows to predict zones of unexpected fracture and for the pur-
pose of inspection of some structural components during thethe service and to estimate the
residual lifetime of a structure. Description and methodology of in-service inspections for high-
temperature power and chemical plant components can be found e.g. in [43].

Analysis of literature

One of the possibilities to model creep process in welded structures is to use the concepts of
continuum damage mechanics which provide constitutive equation for the creep strain rate ten-
sor, damage evolution equation and evolution equations forother material state variables, e.g.
hardening, softening, etc. These equations are complemented with non-linear initial-boundary
problem to analyze the long-term strength of structures, see e.g. [13, 89]. The practical experi-
ence and approaches to creep modeling in welded structures using FEM during the last 10 years
can be found in [91, 96, 184]. According to that approaches the weldment volume was divided
on three zones considering different material behavior under the creep conditions (see Fig.2.2).
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Fig. 2.2:Creep curves of uniaxial specimen made of high-alloy heat-resistant steel P91 (9CrMoNbV) at
temperature 650◦C and tensile stress 100 MPa, after [80].

Table 2.1:Definition of weldment cracks, after [47].

Designation Location of crack

Type I in weld metal

Type II in weld metal and adjacent HAZ

Type III in coarse-grained HAZ

Type IV in intercritical HAZ

The results of experimental observations [95, 96] generally show significant differences in
the creep properties in a weldment zones with different microstructure. Thus, HAZ has higher
creep strain rate and less time to rupture comparing to the same characteristics of base (parent)
material and weld metal. In general, results of finite-element creep modeling predicted the
critical damage accumulation and further rupture with crack initiation in the fine-grained and
intercritical HAZ. Such a type of fracture agrees with the experiments, and the weldment crack
location is of type IV (see Fig.2.3and Table2.1) due to the classification of for damage types in
weldments [47]. However, failures due cracks within the weld metal have been encountered in
practice, refer to [95]. These cracks have types I and II in the classification scheme for damage
types in weldments [47], see Fig.2.3and Table2.1.
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Creep experimental data

Modeling of weld metal creep behavior based on experimentaldata [95] for the steel P91 (9Cr-
MoNbV). Experimental observations demonstrated significant anisotropy of weld metal elastic
and creep properties (see Fig.2.4). The reason of anisotropic creep properties of weld metal
in a welding joint is an orientation and microstructural inhomogeneity of weld metal caused by
the manufacturing process of multi-pass welding (see Fig.2.1). Experimental data [95] showed
that creep curves are significantly different for tests of uniaxial specimens carved from weld
metal along the welding direction and in transverse plane toit (see Fig.2.4).

Previous experimental works and modeling approaches studying the creep of weldments
(e.g. [95, 96, 104]) do not take into account the qualitative anisotropic creep behavior of weld
metal in a multi-pass weld joint. Within the frames of the research work published in [80]
experimental creep and damage data of multi-pass weldment of a high-alloy steel 9CrMoNbV
[95], including the inhomogeneity of the microstructure in theheat affected zone, in the base
material and in the weld metal of welding joint have been investigated and processed. For the
purpose of adequate creep behavior modeling and long-term strength analysis of the welding
seam using continuum damage mechanics approach the transversally-isotropic creep-damage
model have been developed.



26 2. Conventional approach to creep-damage modeling

mmm
mmm

mmm

kkk

lll

plane of isotropy

plane of isotropy

τττm

τττm · sssp

eee1

eee2

eee3
σmm

σσσp

σkk

σll

τmk
τkm

τkl

τlk

τml

τlm

σ11

σ22

σ33

τ13

τ31

τ12
τ21

τ23

τ32
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Transversely isotropic creep-damage model for weld metal

Long-term strength analysis of welded structures require some definite model to describe the
anisotropic creep properties of weld metal under the complex stress state. The model [80]
takes into account different creep and damage material properties in longitudinal and transver-
sal directions of a welding seam. Thus, the engineering creep theory have been applied for
development of the creep-damage model based on creep potential and flow rule, e.g. creep
theory proposed by Betten [34]. Experimental data [95] have been processed and used for the
development of the transversally-isotropic creep model formulated with stress tensor invariants
as shown below. Origins and theoretical bases of the investigated creep model are described in
details in [149, 151, 152].

Stress tensor for the anisotropic material of weld metal canbe decomposed as illustrated on
Fig. 2.5in the following form

σ = σmm mmm ⊗mmm + σσσp + τττm ⊗mmm + mmm ⊗ τττm, (2.2.15)

into its corresponding projections

σmm = mmm · σσσ ·mmm,

σσσp = (III −mmm ⊗mmm) · σσσ · (III −mmm ⊗mmm) ,

τττm = mmm · σσσ · (III −mmm ⊗mmm) .

(2.2.16)

In notations (2.2.15) - (2.2.16) mmm = eeei mi is the column vector of welding direction,III is the
second rank identity tensor,σmm is the normal stress acting in the plane with the unit normalmmm,
σσσp stands for the “plane” part of the stress tensorσσσ representing the stress state in the isotropy
plane,τττm is the shear stress vector in the plane with the unit normalmmm. For the orthonormal
basiskkk, lll andmmm the projections are (see Fig.2.5):

τττm = τmk kkk + τττml lll,

σσσp = σkk kkk ⊗ kkk + σll lll ⊗ lll + τkl (kkk ⊗ lll + lll ⊗ kkk) .
(2.2.17)
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The plane partσσσp of the stress tensorσσσ can be further decomposed as follows

σσσp = sssp +
1

2
tr σσσp (III −mmm ⊗mmm) , tr sssp = 0, (2.2.18)

wheresssp is the “plane” part of the stress tensor deviatorsss in the plane with the unit normalmmm.
It is possible to introduce the following set of transversely isotropic invariants, as proposed

in [149, 151, 152]:

I1m = σmm = mmm · σσσ ·mmm,

I2m = tr σσσp = tr σσσ −mmm · σσσ ·mmm,

I3m = 1
2 tr sss2

p = 1
2

(

tr σσσ2 − 2 mmm · σσσ2 ·mmm + (mmm · σσσ ·mmm)2 − 1
2

(

tr σσσp

)2
)

,

I4m = τττm · τττm = mmm · σσσ2 ·mmm − (mmm · σσσ ·mmm)2 ,

I5m = τττm · sssp · τττm, I6m = mmm ·
(

τττm · sssp × τττm

)

.

(2.2.19)

Taking into account the assumptionJm ≡ I1m − 1
2 I2m similar to the variant of isotropic creep

in [161], one can introduce the equivalent stress built on the transversely isotropic invariants of
stress state as follows

σ2
eq = J2

m + 3 α1 J3m + 3 α2 J4m, (2.2.20)

whereα1 andα2 are material creep parameters of the transversely isotropic medium. If that
parameters take the valuesα1 = 1 andα2 = 1 than the equivalent stress in the form (2.2.20)
gets the classical form of von Mises effective stressσvM for an isotropic material.

Under the assumption that the net area reduction due to cavity formation proceeds mainly
on the planes perpendicular to the direction of the maximum tensile effective stressσI, and the
rate of this cavity formation is governed by an equivalent stress measureσeq one can formulate
the equations for the equivalent damage affected stresses along the welding directionσω1

eq and
in the plane perpendicular to the welding directionσω2

eq . Analogously to Eq. (2.1.13) for an
isotropic material [121] the equivalent damage affected stresses take the following form

σω1
eq = β1 I1m + (1 − β1) σeq and σω2

eq = β2
σI

2
+ (1 − β2) σeq, (2.2.21)

whereσI is the first principal stress.
Anisotropic creep-damage models are generally formulatedusing the the concept of the

effective stress tensor [126]. In the case of uni-axial stress state the effective stressσ̃ is defined
by Eq. (1.4.15) as proposed in [171]

σ̃ =
σ

1 − ω
, (2.2.22)

whereω is the scalar damage parameter characterizing the damage state of a material loaded
with a tensile stressσ.

For the multi-axial stress states the tertiary creep stage is described by the way of the second
rank damage tensorΩ assuming the directional character of damage mechanism in the weld
metal. In the case of transversely isotropic creep behaviour of the weld metal the evolutional
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damage equation is formulated in consideration of simple loading conditions. And the second
rank damage tensorΩ is replaced with two scalar damage parameters:ω1 (along the welding
direction) andω2 (in the plane perpendicular to the welding direction), refer to [80].

Therefore, effective stress tensor considering two scalardamage parametersω1 andω2 can
be formulated as proposed in [50, 150] in the following form

σ̃σσ =
I1m

1 − ω1
mmm ⊗mmm +

σσσp

1 − ω2
+

1
√

(1 − ω1) (1 − ω2)
(τττm ⊗mmm + mmm ⊗ τττm) . (2.2.23)

The corresponding damage evolutional equations for the scalar damage parametersω1 andω2

with an assumption (2.2.21) are formulated as proposed in [80] in the following form:

ω̇1 =
b1

(〈

σω1
eq

〉)k

(1 − ω1)
l1

and ω̇2 =
b2

(〈

σω2
eq

〉)k

(1 − ω2)
l2

. (2.2.24)

Finally, the constitutive equation of steady-state creep with the consideration of transversely
isotropic damage accumulation and the corresponding set ofcreep material parameters is ob-
tained in the form, proposed in [149, 150, 151] as follows

ε̇εεcr =
3

2
a σ̃n−1

eq

(

J̃m

(

mmm ⊗mmm −
1

3
III

)

+ α1s̃ssp + α2 (τ̃ττm ⊗mmm + mmm ⊗ τ̃ττm)

)

, (2.2.25)

where the secondary creep material parametersa = 1.146 · 10−22 [MPa−n/h] andn = 8.644 are
taken from [95] as constants in Norton’s law for longitudinal direction ofthe 9CrMoNbV weld
metal at 650◦C; the tertiary creep material parametersb1 = 1.6 · 10−20 [h ··· MPak], l1 = 11.46,
b2 = 4.76 · 10−20 [h ··· MPak], l2 = 20 andk = 7.9 are identified using assumptions presented in
[150]; correlation material parameters between longitudinal and transverse weld metal direc-
tions identified in [80] for creep properties areα1 = 1.23, α2 = 1 and for damage properties are
β1 = 0.59, β2 = 0.23.

It was proved that the shown above transversely isotropic creep-damage model well de-
scribes the experimental creep curves [95] along the welding direction and across the weld-
ing seam at temperature 650◦C in stress range from 70 to 100 MPa. The necessary material
creep parameters for welding zones with different microstructure were estimated from fitting
the experimental data referenced in [95, 96]. Anisotropic model for the weld metal material
and conventional isotropic model by Kachanov-Rabotnov [89] for another materials of welded
structure were were applied for FE-bases creep analyses in CAE-system ANSYS to describe
the creep and damage processes, refer to [80]. These creep-damage models were inserted in the
FORTRAN codes of subroutines incorporated into the FE-codes of ANSYS for the purpose of
long-term strength analyses. This procedure is described in [22].

2.2.2 Murakami-Ohno creep model with damage induced anisotropy

In the general case of complex stress states by constant or cyclic loading conditions the grain
boundary cavitation may induce the anisotropic tertiary creep response with significant depen-
dence on the loading orientation. The anisotropic behaviour induced by damage has been ob-
served in creep tests under nonproportional loading [143] or in tests on predamaged specimens
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for different loading orientations [37]. Since the nature of damage is generally anisotropic the
isotropic phenomenon of the material damage may be treated as a special case of the damage
anisotropy. Conversely, the isotropic damage models can beextended to models considering
the damage induced anisotropy [8, 9, 33, 57, 142]. The anisotropic creep behaviour induced by
damage can be characterised by introducing a tensor-valuedinternal state variable. A variety
of phenomenological material models have been proposed with different definitions of damage
tensors and corresponding evolution equations, a review can be found for example in [189].

Till now, there is no unified phenomenological approach in modeling the damage induced
anisotropy. Because of a limited number of experimental data which allows a verification of
anisotropic creep-damage models it is difficult to concludeabout the applicability of different
creep damage models. In what follows let us discuss the anisotropic damage concept proposed
by Murakami and Ohno [142] in order to conclude about the influence of damage induced
anisotropy on the long-term predictions in high-temperature power plant components, see e.g.
[13, 79]. Anisotropic damage models are generally formulated using the concept of the effec-
tive stress tensor [126]. In the uni-axial case this concept was formulated by Kachanov and
Rabotnov in [100, 171] in the form of effective stress̃σ, refer to Eq. (1.4.14) in Sect.1.4.

By postulating that the principal mechanical effect of creep-damage results in the net area
reduction caused by cavity formation in materials, Murakami and Ohno [141, 142] described
the damage state by means of a second rank symmetric damage tensorΩΩΩ specified by the three-
dimensional cavity-area density, and developed a continuum theory of creep and creep-damage
of metals and alloys. The stress tensorσσσ is magnified to the following effective stress tensor

σ̃σσ =
1

2
(σσσ ·ΦΦΦ + ΦΦΦ · σσσ) with ΦΦΦ = [III −ΩΩΩ]−1 , (2.2.26)

whereIII is a second rank identity tensor andΩΩΩ is a second rank symmetric damage tensor.
The results of the metallographic observations on copper and steels show that cavities caused

by creep-damage develop mainly on the grain boundaries perpendicular to the maximum tensile
stress [120]. Under the assumption that the net area reduction due to cavity formation proceeds
mainly on the planes perpendicular to the direction of the maximum tensile effective stress
σ̃I, and the rate of this cavity formation is governed by an equivalent stress measure one can
formulate analogously to Eqs (2.1.13) - (2.1.14):

σΩ
eq = ασ̃I + (1 − α) σ̃vM, σ̃vM =

[

3

2
s̃ss · · s̃ss

]
1
2

,

〈

σΩ
eq

〉

= σΩ
eq for σΩ

eq > 0,
〈

σΩ
eq

〉

= 0 for σΩ
eq ≤ 0,

(2.2.27)

wheres̃ss denotes the deviator of the effective stress tensorσ̃σσ and σ̃I is the maximum positive
principal value ofσ̃σσ. The evolution equation the damage tensor can be formulatedas follows

Ω̇ΩΩ = B
[〈

σΩ
eq

〉]l
[tr (ΦΦΦ · nnnI ⊗ nnnI)]

k−l nnnI ⊗ nnnI, (2.2.28)

wherennnI is the principal direction, which corresponds to the first principal stress̃σI, and tr is
the trace operation, which denote the following mathematical operations:

tr AAA = AAA ··· ··· III = III ··· ··· AAA. (2.2.29)
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In order to describe the deformation of damaged materials depending on both the net area
reduction and its three-dimensional arrangement Murakamiin [142] discussed a modified stress
tensorσ̂σσ for the constitutive equation of damaged materials. Assuming a small value of the
cavity area fraction and noting the condition thatσ̂σσ should coincide withσσσ in the undamaged
state,σ̂σσ is assumed in the following form

σ̂σσ = αs σσσ +
1

2
βs (σσσ ·ΦΦΦ + ΦΦΦ · σσσ) +

1

2
(1 − αs − βs)

(

σσσ ·ΦΦΦ2 + ΦΦΦ2 · σσσ
)

, (2.2.30)

whereαs andβs are material constants. Insertingσ̂σσ and its deviatoric part̂sss into the Norton’s law
the creep constitutive equation with respect to the damage-induced anisotropy may be specified
as proposed in [13] in following form

ε̇εεcr =
3

2

ε̇creq
σ̂vM

ŝss and ε̇creq = A (σ̂vM)n , (2.2.31)

where the modified von Mises effective stress is

σ̂vM =

[

3

2
ŝss · · ŝss

]
1
2

. (2.2.32)



3. NON-ISOTHERMAL CREEP-DAMAGE MODEL FOR A WIDE
STRESS RANGE

Many materials exhibit a stress range dependent creep behavior. The power-law creep observed
for a certain stress range changes to the viscous type creep if the stress value decreases. Recently
published creep experimental data for advanced heat resistant steels indicate that the high creep
exponent (in the range 5-12 for power-law behaviour) may gradually decrease to the low value
of approximately 1 within the stress range relevant for engineering structures. The first aim
of work presented in Sect.3.1 is to confirm the assumption, that the creep behavior is stress
range dependent demonstrating the power-law to viscous transition with a decreasing stress.
The assumption is based on the available creep and stress relaxation experiments for the several
9-12%Cr heat-resistant steels. An extended constitutive model for the minimum creep rate is
introduced to consider both the linear and the power law creep ranges depending upon the stress
level. To take into account the primary creep behavior a strain hardening function is utilized.
The data for the minimum creep rate is well-defined only for moderate and high stress levels. To
reconstruct creep rates for the low stress range the data of the stress relaxation test are applied,
as presented in Sect.3.2 The results show a gradual decrease of the creep exponent with the
decrease stress level. Furthermore, they illustrate that the proposed constitutive model with
strain hardening function well describes the creep rates for a wide stress range including the
loading values relevant to engineering applications. The proposed creep constitutive model is
extended with the temperature dependence using the Arrhenius-type functions.

To characterize the tertiary creep behaviour and fracture the proposed constitutive equa-
tion is generalized by introduction of damage internal state variables and appropriate evolution
equations. The description of long-term strength behaviour for advanced heat-resistant steels
is based on the assumption of ductile to brittle damage character transition with a decrease of
stress. The second aim of work presented in Sect.3.3 is to formulate the long-term strength
equation based on ductile to brittle damage transition and to confirm it with the available creep-
rupture experiments for the 9-12%Cr advanced heat-resistant steels. Therefore, two damage
parameters were introduced with ductile and brittle damageaccumulation characters. They are
based on the same long-term strength equation describing time-to-rupture, but lead to the dif-
ferent types of fracture. Ductile fracture with progressive deformation and necking occurs at
high stress levels and is accompanied by power-low creep deformations. However, brittle frac-
ture caused by thermal exposure and material microstructure degradation occurs at low stress
levels and it is dominantly accompanied by the linear creep deformations. And two correspond-
ing ductile and brittle damage evolution equations based onKachanov-Rabotnov concept are
formulated for the coupling with creep constitutive equation. The proposed damage evolution
equations are extended with the temperature dependence using the Arrhenius-type functions.
All the necessary tertiary creep material parameters identified fitting the available from litera-
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ture creep-rupture experimental data for the 9-12%Cr advanced heat-resistant steels at several
temperatures.

Finally in Sect.3.4 the unified multi-axial form of non-isothermal creep-damage model for
a wide stress is proposed. The available creep-rupture experiments for 9-12%Cr heat-resistant
steels [155] suggests that the brittle damage evolution is primarily controlled by the maximum
tensile stress at low stress levels. And within the range of high stresses the primarily ductile
creep damage is governed by the von Mises effective stress and leads to the necking of uniaxial
specimen. To analyse the failure mechanisms under multi-axial stress states the isochronous
rupture loci (plots of stress states leading to the same timeto fracture) and time-to-rupture sur-
face are presented. They illustrate that the proposed failure criterion include both the maximum
tensile stress and the von Mises effective stress, as in the Sdobyrev [180] and Leckie-Hayhurst
criteria [86]. But the measures of influence of the both stress parametersare dependent on the
level of stress showing ductile to brittle failure transition.

3.1 Non-isothermal creep constitutive modeling

Many components of power generation equipment and chemicalrefineries are subjected to high
temperature environments and complex loading over a long time. For such conditions the struc-
tural behavior is governed by various time-dependent processes including creep deformation,
stress relaxation, stress redistribution as well as damageevolution in the form of microcracks,
microvoids, and other defects. The aim of “creep mechanics”is the development of methods
to predict time-dependent changes of stress and strain states in engineering structures up to
the critical stage of creep rupture, see e.g. [34, 152]. To this end various constitutive models
which reflect time-dependent creep deformations and processes accompanying creep like hard-
ening/recovery and damage have been recently developed. One feature of the creep constitutive
modeling is the response function of the applied stress which is usually calibrated against the
experimental data for the minimum (secondary) creep rate. An example is the Norton-Bailey
law (power law) which is often applied because of easier identification of material constants,
mathematical convenience in solving structural mechanicsproblems and possibility to analyze
extreme cases of linear creep or perfect plasticity by setting the creep exponent to unity or to
infinity, respectively. Therefore, the majority of available solutions within the creep structural
mechanics are based on the power law creep assumption, e.g. [34, 40, 94, 166].

On the other hand, it is known from the materials science thatthe “power law creep mecha-
nism” operates only for a specific stress range and may changeto the linear, e.g. diffusion type
mechanism with a decrease of the stress level [71]. As the recently published experimental data
show [108, 110, 117, 176, 177], advanced heat resistant steels exhibit the transition from the
power law to the linear creep at the stress levels relevant for engineering applications. To es-
tablish creep behavior for low and moderate stress levels special experimental techniques were
employed. Furthermore, experimental analysis of creep under low stress values requires expen-
sive long-time tests. Although the results presented in [108, 110, 117, 176, 177] indicate that
the power law may essentially underestimate the creep rate,experimental data for many other
materials is not available, and the power law stress function is usually preferred.

Generally, the ranges of “low” and “moderate” stresses are specific for many engineering
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Fig. 3.1:Creep deformation mechanism map of 9Cr-1Mo-V-Nb (ASTM P91)steel, after [107, 109].

structures under in-service loading conditions, e.g. [152]. The reference stress state in a struc-
ture may significantly change during the creep process. Stresses may slowly relax down during
the service time, and so the application of the power law might be questionable.

The attempt to extend the constitutive model to predict creep strains and the damage accu-
mulation in the both ranges of “power-low creep” and “diffusional flow” is cited in [12, 153]
and is presented below. The proposed phenomenological approach to creep modeling is based
on deformation mechanism maps for metals (see Fig.1.6) and available experimental creep data
for heat-resistant low-alloy and high-alloy steels (see Tables1.1and1.2and Fig.1.8).

One example of typical heat-resistant high-alloy steel is the steel 9Cr-1Mo-V-Nb (ASTM
P91) or simply steel type P91. For this steel a lot of creep experimental data has been recently
published, e.g. refer to [72, 73, 105, 106, 107, 108, 109, 110, 165, 185, 186, 187]. In addi-
tion, it is widely spread for high temperature power plant applications, such as steam turbine
components and high pressure piping. Creep deformation mechanism map of P91 steel (see
Fig. 3.1) shows that it is necessary to take into account both creep mechanisms during the creep
modeling: power-law creep, which includes generally high stress range, and linear or viscous
creep, which includes generally moderate and low stress ranges, refer to [107, 109].

Within the phenomenological approach to creep modeling oneusually starts with the consti-
tutive equation for the minimum (secondary) creep rateε̇crmin. Figure3.2illustrates all collected
experimental data for 9Cr-1Mo-V-Nb (ASTM P91) heat resistant steel, presenting the depen-
dence of the minimum creep rate on the applied stress for different temperatures, where the
ranges of “low”, “moderate” and “high” stress values are explained. Here the transition stress
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Fig. 3.2:Dependence of minimum creep strain rateε̇crmin on stressσ for 9Cr-1Mo-V-Nb (ASTM P91)
heat-resistant steel derived from the experiments after [72, 73, 106, 107, 108, 187].

σ0 reflects the transition from linear (viscous) creep mechanism to power-law creep mechanism.

We have decided to concentrate our investigations on temperature 600◦C as the most spread
in-service temperature among power plant components made of 9Cr-1Mo-V-Nb (ASTM P91)
heat resistant steel, see Fig.3.3. Within the “low” stress range the creep rate is nearly linear
function of stress, which corresponds to viscous creep character. The “moderate” stress range
is characterized by the transition from linear to power law dependence. Within the region of
“high” stresses the value of the creep exponent is usually inthe range between 4 and 12 de-
pending on the material, type of alloying and processing conditions. The experimental data for
9Cr-1Mo-V-Nb (ASTM P91) heat resistant steel show that the high stress range creep exponent
takes the value 12.

At first, the hyperbolic sine (Sinh) stress response function was tried as a basis of the consti-
tutive model suitable for complete stress range, see Fig.3.3. It fits satisfactory experimental data
for the “low” and “high” stress ranges, but not suitable for “moderate” stress range. Therefore,
the so-called double power-law stress response function proposed in [107] has been selected
as a basis. Relying on the assumptions of stress-dependent transition of creep-deformation
mechanism from [107], Sect.1.3of the thesis and Norton-Bailey [27, 157] equation (1.3.9) the
following creep constitutive equation for a fixed temperature and wide stress range is proposed
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Fig. 3.3:Fitting of creep experimental data [107, 108, 187] of minimum creep strain ratėεcr by different
constitutive equations for 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel at 600◦C.

ε̇cr = ε̇crv + ε̇crpl = A1 σ + A2 σn, (3.1.1)

whereε̇cr is the steady-state creep rate,ε̇crv is the rate of viscous mechanism,ε̇crpl is the rate of
power-law mechanism andA1, A2 and the stress exponentn are secondary creep material pa-
rameters. Otherwise, the proposed isothermal creep constitutive model presented by Eq. (3.1.1)
can be transformed to the normalized form, which is more suitable for the creep material pa-
rameters identification (for the detailed description refer to [12, 17, 78, 153]):

ε̇cr = A σ

[

1 +

(

σ

σ0

)n−1
]

, (3.1.2)

whereσ0 is the transition stress, presenting the transition from power-law creep behaviour to
linear. The required material parameters of the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant
steel for the creep constitutive model (3.1.2) are the following:A = A1 = 2.5 ··· 10−9 [MPa−1/h],
n = 12, σ0 = 100 MPa. They are easily defined from separate fitting of experimental data for
“low” and “high” stress ranges. The proposed creep constitutive equation (3.1.2) reflects the
transition from viscous to power-law creep mechanism and provides a good fitting of available
experimental data [107, 108, 187] for the complete stress range, as illustrated on Fig.3.3.
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And the connection between the equivalent forms of creep constitutive equation presented
by Eqs (3.1.1) and (3.1.2) is following

A2 =
A

(σ0)n−1
⇐⇒ σ0 =

(

A

A2

)
1

n−1

. (3.1.3)

The creep constitutive equation (3.1.1) can be extended with temperature dependence as-
suming temperature-dependent secondary creep material parametersA1(T) and A2(T) in the
following form

ε̇cr = ε̇crv (T) + ε̇crpl(T) = A1(T) σ + A2(T) σn, (3.1.4)

where the temperature dependence is introduced by the Arrhenius-type functions (1.3.8) simi-
larly to Eq. (1.3.11)

A1(T) = A01 exp

(

−Q1

R T

)

and A2(T) = A02 exp

(

−Q2

R T

)

, (3.1.5)

where the constantsA01, A02 and creep activation energiesQ1, Q2 present the secondary creep
material parameters to be identified, and the universal gas constantR = 8.31[J··· K−1 ··· mol−1].

The normalized form of the creep constitutive equation (3.1.2) can be also extended with
temperature dependence assuming temperature-dependent secondary creep material parameter
A1(T) and transition stressσ0(T) in the following form

ε̇cr = A1(T) σ

[

1 +

(

σ

σ0(T)

)n−1
]

, (3.1.6)

where the connection between the equivalent forms of creep constitutive model expressed by
Eqs (3.1.4) and (3.1.6) gives the following form of temperature-dependent transition stress:

A2(T) =
A1(T)

[σ0(T)]n−1
⇐⇒ σ0(T) =

[

A1(T)

A2(T)

]
1

n−1

. (3.1.7)

Therefore, the transition stressσ0 can be presented in simple temperature-dependent form
using Arrhenius-type function (1.3.8) as follows

σ0(T) = Aσ exp

(

−Qσ

R T

)

, (3.1.8)

where Aσ is the secondary creep material parameter andQσ is the activation energy of the
transition to be identified. Creep parameters for the temperature-dependent transition stress
σ0(T) from Eq. (3.1.8) are connected with creep material parameters for linear regime (A01,
Q1) and power-law regime (A02, n, Q2) from Eqs (3.1.4) and (3.1.5) in the following way

Aσ =

(

A01

A02

)
1

n−1

and Qσ =
Q1 − Q2

n − 1
. (3.1.9)

Finally, the experimental data [72, 73, 106, 107, 108, 187] presenting minimum creep rate
ε̇crmin vs. stressσ for 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel at temperatures 600◦C,
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Fig. 3.4:Comparison of non-isothermal creep constitutive model (3.1.6) with experiments [72, 73, 106,
107, 108, 187] for the 9Cr-1Mo-V-Nb (ASTM P91) steel at 600◦C, 625◦C and 650◦C.

625◦C and 650◦C is fitted with the creep constitutive equation (3.1.6). And as a result the
following secondary creep material parameters applicableto the wide stress and temperature
ranges are identified:A01 = 2300 [MPa−1/h], Q1 = 200000 [J ··· mol−1], Aσ = 0.658 MPa,
Qσ = 36364 [J··· mol−1] andn = 12.

The comparison of non-isothermal creep constitutive model(3.1.6) with experimental data
after [72, 73, 106, 107, 108, 187] for 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel at tem-
peratures 600◦C, 625◦C and 650◦C shows a good correlation, as illustrated on Fig.3.4.

3.2 Stress relaxation problem and primary creep modeling

In structural analysis applications it is often desirable to consider stress redistributions from
the beginning of the creep process up to the creep with constant rate. Let us note, that in
a statically undetermined structure stress redistributions take place even if primary creep is
ignored. Although, the creep modeling with consideration of primary creep are important in
many applications of structural analysis when loading is inthe ranges of moderate and low
stress levels, which are relevant for engineering structures. The examples are stress relaxation
and creep analysis for a wide stress range [17, 67, 78], multi-axial creep of thin-walled tubes
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under combined action of tension (compression) force and torque [152], analysis of the primary
creep behaviour of thin-walled shells subjected to internal pressure [35], the creep buckling of
cylindrical shells subjected to internal pressure and axial compression [36], etc.

The aim of this Section is to confirm the stress range dependence of creep behavior based
on the experimental data of stress relaxation. An extended constitutive model for the minimum
creep rate is introduced to consider both the linear and the power law creep ranges. To take
into account the primary creep behavior a strain hardening function is utilized. The material
constants are identified basing on the published experimental data of creep and stress relaxation
for a 9-12%Cr advanced heat-resistant steels [67, 163, 164]. The data for the minimum creep
rate is well-defined only for moderate and high stress levels. To reconstruct creep rates for the
low stress range the data of the stress relaxation test are applied. The results show a gradual
decrease of the creep exponent with the decrease stress level. Furthermore, they illustrate that
the proposed constitutive model well describes the creep rates for a wide stress range.

3.2.1 Stress relaxation problem

Primary and secondary creep behaviour of modern heat-resistant steels can be analysed using
the available stress relaxation curves obtained from uniaxial experiments under the high temper-
ature conditions, see e.g. [67], as shown below. Stress relaxation and creep experimentaldata
for the 12Cr-1Mo-1W-0.25V steel bolting material at 500◦C presented in [163, 164] has been
selected for the formulation of the constitutive creep model for a wide stress range. Figure3.5
illustrates the typical stress relaxation curves of the 12Cr-1Mo-1W-0.25V steel at 500◦C ob-
tained during the experiments [163]. The uniaxial constitutive model presented below is valid
for primary and secondary creep stages and includes the creep material parameters identified
from the available stress relaxation and creep experimental data.

Experimental relaxation curves [163] can be transformed into creep strain vs. time depen-
dence (see Fig.3.6) as follows:

εcr(t) =
σini − σ(t)

E
, (3.2.10)

whereεcr(t) denotes the creep strain,σini is the initial stress in the test,σ(t) is the residual stress
(the experimental values ofσini and σ(t) are given in [163]), E = 164.8 GPa is the Young’s
modulus of the 12Cr-1Mo-1W-0.25V steel at 500◦C from [192].

The experimental dependencies presenting residual stressvs. time and creep strain vs. time
can be combined into a general 3D plot with the timet, the residual stressσ and the creep strain
εcr as orthogonal axes containing relaxation trajectories corresponding to the defined values of
the constant total strainεtot = 0.25%, 0.20%, 0.15%, 0.10%, as illustrated on Fig.3.7. These
trajectories are formed by the interpolation of experimental points withεcr(t), σ(t) and t as
coordinates into solid lines in the CAD-software SolidWorks.

The relaxation experimental data for 12Cr-1Mo-1W-0.25V steel bolting material at 500◦C
in the form of 3D trajectories presenting creep strainεcr vs. residual stressσ and timet is fitted
with the 3D surface by the way of kriging correlation gridding in the mathematical software
OriginPro, as illustrated on Fig.3.8.

But the 3D surface obtained by the kriging correlation gridding does not fit precisely the re-
laxation experimental data for 12Cr-1Mo-1W-0.25V steel bolting material at 500◦C after [163].
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Therefore, the experimental data in the form of the stress relaxation trajectories is fitted with the
3D lofted surface formed by the loft operation through thesetrajectories in the CAD-software
SolidWorks, as illustrated on Fig.3.9. Moreover, the creep curves illustrated on Fig.3.10, which
are derived from the 3D lofted surface as cross-sections perpendicular to the residual stress axis
σ, have both primary and secondary stages and demonstrate thenecessity to apply a combined
primary and secondary uniaxial creep model to describe them.

To model the secondary creep behaviour for the wide stress range including both the low
and the moderate stress values the following double-power-law constitutive equation (3.1.2) for
the minimum creep ratėεcrmin (for the detailed description refer to Sect.3.1) was applied:

ε̇cr = a1 (σ H) + a2 (σ H)n = A σ H

[

1 +

(

σ H

σ0

)n−1
]

, (3.2.11)

including the strain hardening functionH(εcr) to describe the primary creep stage, which was
proposed in [114]

H(εcr) = 1 + α e−β εcr . (3.2.12)

The steady-state creep material parameters of the 12Cr-1Mo-1W-0.25V steel bolting mate-
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rial at 500◦C for the creep constitutive equation (3.2.11) were identified manually to fit the ex-
perimental values of minimum creep strain rateε̇crmin from [163, 164], as illustrated on Fig.3.11.
In Eq. (3.2.11) the secondary material creep parametera1 = A = 2.4 ··· 10−10 [MPa−1/h] cor-
responds to linear creep, the parametersa2 = 5.0 ··· 10−20 [MPa−5/h] and n = 5 correspond
to power-law creep, andσ0 = 263 MPa denotes the transition stress from viscous to power-
law creep. The strain hardening function (3.2.12) containsα andβ as the appropriate primary
creep material parameters of the 12Cr-1Mo-1W-0.25V steel bolting material at 500◦C, which
are identified manually by fitting the experimental stress relaxation curves from [163].

For an accurate description of the stress relaxation the constitutive model presented by
Eqs (3.2.11) - (3.2.12) which reflects both the hardening and the steady-state creep is required.
The solution of the stress relaxation problem is based on thetotal strainεtot remaining con-
stant and the conversion of the elastic strainεel by the stress reduction into the creep strainεcr

formulated similarly to [67]:

−

(

1

E

)

dσ

dt
=

dεcr

dt
, (3.2.13)

or taking into account Eqs (3.2.11) - (3.2.12) the relaxation problem is formulated as follows
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−

(

1

E

)

dσ

dt
= A σ

(

1 + α e−β εcr
)



1 +

(

σ
(

1 + α e−β εcr
)

σ0

)n−1


 , (3.2.14)

where the creep strainεcr is replaced with(σini − σ)/E accordingly to Eq. (3.2.10).
The differential equation (3.2.14) is solved numerically using the MathCAD software for

several values of initial conditions, i.e. initial stress valuesσini = 145 MPa, 240 MPa, 336
MPa corresponding to several values of the total strainεtot = 0.10%, 0.15%, 0.20% in the
relaxation experiments [163], as illustrated on Fig.3.12. During the solution of the relaxation
problem (3.2.14) the values of the primary creep material parametersα = 6 andβ = 4500 from
the hardening function (3.2.12) were identified for the 12Cr-1Mo-1W-0.25V steel at 500◦C by
fitting the experimental relaxation curves from [163]. Figure3.12illustrates a good agreement
of the numerical solution for the stress relaxation problem(3.2.14) with the experimental data
after [163] and confirms the applicability of the proposed constitutive model (3.2.11) - (3.2.12)
to the description of the creep behaviour for advanced heat resistant steels.
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3.2.2 Primary creep strain

Since there is no stress relaxation experimental data for the 9Cr-1Mo-V-Nb (ASTM P91) heat-
resistant steel found in literature, then it is necessary torely on the available creep experiments
during the primary creep modeling. The primary and secondary creep stages of experimental
creep curves [165, 186] for the 9Cr-1Mo-V-Nb (ASTM P91) steel at 600◦C can be modeled
using the creep constitutive equation (3.2.11) with previously defined in Sect.3.1 secondary
creep parameters for Eq. (3.1.2) asA = 2.5 ··· 10−9 [MPa−1/h], n = 12 andσ0 = 100 MPa. For
the purpose to identify the primary creep material parameters α andβ in the strain hardening
function (3.2.12) included in Eq. (3.2.11), the set of experimental creep curves was selected
from [165, 186]. The selected creep curves with apparent primary creep stages corresponds to
several constant stress valuesσ = 120 MPa, 125 MPa, 150 MPa, 200 MPa. Then the set of model
creep curves corresponding to the same constant stress values was created using numerical
integration of constitutive equation (3.2.11) in MathCAD software. The primary creep stages of
model creep curves were fitted to the correspondent experimental curves using serial iterations,
as illustrated on Fig.3.14. And in the result the values of primary creep material parameters
have been found asα = 0.5 andβ = 300.
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The next step was the creation of the set of model creep curveswithout primary creep stage
using constitutive equation (3.1.2) for the same constant stress values as before, see Fig.3.14.
Consequently, the creep strain accumulated during the primary stageεcrpr is calculated as the
positive difference between the creep strainεcrpr+sec accumulated with strain hardening effect by
Eq. (3.2.11) and the creep strainεcrsec accumulated without strain hardening effect by Eq. (3.1.2)
in the following form:

εcrpr = εcrpr+sec(σ) − εcrsec(σ). (3.2.15)

It is necessary to notice, that the mathematical operation (3.2.15) was performed numeri-
cally in MathCAD software for the whole stress range at 600◦C. The creep strain accumulated
during the primary stageεcrpr was calculated for each value of stressσ on the moments of time,
when the influence of the strain hardening function (3.2.12) on the creep curve was negligible,
as illustrated on Fig.3.14.

Finally, the primary creep strainεcrpr vs. stressσ dependence, illustrated on Fig.3.15, can be
fitted using the Boltzmann function producing a sigmoidal curve

εcrpr(σ) = εcrpr max +
εcrpr min − εcrpr max

1 + exp
(

σ−σ
C

) , (3.2.16)

where the defined fitting parameters are following: the transition constantC = 9.5, transition
stressσ = 87 MPa corresponding to the mean value of primary creep strain εcr

pr = 4.56·10−3,
primary creep strain value in the low stress rangeεcrpr min = 1.35·10−3, primary creep strain

value in the high stress rangeεcrpr max = 7.76·10−3.
The primary creep strain function (3.2.16) will be taken into account in Sect.3.3during the

fitting of the experimental rupture creep strainε∗ vs. stressσ dependence by the Eq. (3.3.28)
for the purpose of the tertiary creep material parameters identification.

3.3 Non-isothermal long-term strength and tertiary creep modeling

One of the approaches to long-term strength estimation of advanced heat-resistant steels is based
on the time-to-failure concept in the form proposed in [25, 122, 136, 195]. Since creep causes
creep fracture, the time-to-failuret∗ is described by a constitutive equation which looks very
like that for creep itself, see e.g. Eq. (1.3.11)

t∗ = Bf σ−m exp

(

Qf

RT

)

, (3.3.17)

whereBf , m andQf are the creep-failure constants, determined in the same wayas those for
creep. The behavior oft∗ with respect toσ andT is similar to that ofε̇cr, with the differences
being that the signs are reversed for the stress exponentm and the activation energyQf , because
t∗ is a time whereaṡεcr is a rate, refer to [25, 195].

In many high-strength alloys this creep damage appears early in life and leads to failure after
small creep strains (approximately 1%). In high-temperature design of structures it is important
to make sure:

• that thecreep strainεcr during the design life is acceptable;
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• that thecreep ductilityε∗ (strain to failure) is adequate to cope with the acceptable creep
strain;

• that thetime-to-rupturet∗ at the design loadsσ and temperaturesT is longer (by a suitable
safety factor) than the design life.

Times-to-failure are normally presented ascreep-rupturediagrams orlong-term strength
curves, as illustrated on Fig.3.16. Their application is obvious: if you know the stressσ and the
temperatureT you can read off the lifet∗; if you wish to design for a certain lifet∗ at a certain
temperatureT, you can read off the design stressσ.

Typical long-term strengthcurves for advanced heat-resistant steels (see e.g. Fig.3.16)
demonstrate the transition from ductile damage character dominant in the “high” stress range
to the brittle damage character dominant in the “low” stressrange, i.e. mixed damage mode
during the “moderate” stress range, see e.g. [25, 152, 166, 179]. The brittle damage character
dominant in the “low” stress range is caused the overaging and material microstructure degra-
dation for the advanced heat-resistant steels. Thus, brittle damage character is accompanied by
the significant decreasing of thetime-to-rupturet∗, as was shown in experimental studies e.g.
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[5, 72, 102, 103, 109, 122, 155]. Simple extrapolation (e.g. with Larson-Miller parameter) of
long-term strengthcaused by ductile damage at “high” stresses may lead to considerable overes-
timation of time-to-rupturet∗ at “moderate” and “low” stress ranges. Long-term creep-rupture
data [65, 72, 102, 103, 118] obtained from creep tests longer than 50 000 h, show a changein
the damage mechanism for longer failure times leading to premature failure in comparison with
Larson-Miller parameter predictions, as shown in Fig.3.16.

All the metallurgical changes occurring under creep conditions described in [72, 188] are
of great importance in advanced creep-resistant steels because they strongly affect creep and
failure properties. The creep-rupture testing results by the European and Japanese research or-
ganizations show that, especially for new advanced steels in the class of 9-12%Cr, long-term
creep-rupture testing (over 50 000 h) under low stresses is required to determine the real alloy
behaviour, e.g. refer to [101, 118]. Otherwise a very dangerous overestimation of the material
stability can result as shown in different publications if comparing long term extrapolations on
the basis of either short or long term tests. A gradual loss ina long-term creep-rupture strength
is caused by the changes of material microstructure during thermal exposure and creep defor-
mations and is proved by the change of the slope oflong-term strengthslope with a decrease
in stress, see e.g. [5, 102, 103, 118, 122]. Therefore, thermal ageing effects and the loss of
creep-rupture strength must be taken into account for the formulation of constitutive equations
of the long-term strength model in the form of ductile to brittle damage character transition.
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3.3.1 Stress dependence

An important problem of the creep-damage modeling is the ability to extrapolate the laboratory
creep-rupture data usually obtained under increased stressσ and temperatureT to the in-service
loading conditions in “moderate” and “low” ranges of stressσ and temperatureT. The tertiary
creep parameters corresponding to “low” stress range can beidentified only from the extrapola-
tion of long-term strengthcurve based on the assumptions of ductile to brittle damage character
transition [166], and accelerated microstructure degradation [5, 102] during thermal exposure
and creep deformations.

All the available experimental creep-rupture data from [44, 102, 107, 109, 118, 162,
178, 186, 187] for the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel at 600◦C illustrated
on Fig. 3.17 shows that only “high” and “moderate” stress ranges can be analysed bas-
ing on experiments. Thereby, it is possible to formulate thepart of long-term strength
curve fitting the “high” stress experimental creep-rupturedata and to identify the tertiary
creep parameters corresponding to ductile damage character. The formulation oflong-term
strengthequation for the complete stress range of the 9Cr-1Mo-V-Nb (ASTM P91) steel at
600◦C begins with the “high” stress range. The available experimental creep-rupture data
[44, 102, 107, 109, 118, 162, 178, 186, 187] is fitted by the Eq. (3.3.17) for “linear” long-term
strengthcurve at constant temperature 600◦C:

t∗ = b2 σ−(n−k), (3.3.18)

wheren = 12 is the power-law exponent from (3.1.2) for the 9Cr-1Mo-V-Nb (ASTM P91) steel
at 600◦C, and the tertiary creep material parameterb2 for the “high” stress range is defined
as b2 = 1.25 ··· 1028 [h · MPa(n−k)]. The value of tertiary material parameterk = 0.5 defines
the difference in power-law exponents between the minimum creep strain ratėεcrmin vs. stress
σ dependence and thelong-term strengthcurve in the complete stress range. And referring
to [152] tertiary creep parameterk must have the value lying in range(0 < k < 1) for the
creep-damage models based on Kachanov-Rabotnov concept [89, 100, 171].

Unfortunately, there is no creep-rupture experimental data in the “low” stress range available
in literature for the 9Cr-1Mo-V-Nb (ASTM P91) steel at 600◦C. It is caused by the extremely
long duration of necessary creep tests which should be over 100 000 hours to achieve the critical
phase of creep rupture for low stress values less than 70 MPa.Visual observation of experi-
mental creep-rupture data [44, 102, 107, 109, 118, 162, 178, 186, 187] for the 9Cr-1Mo-V-Nb
(ASTM P91) steel at 600◦C shows that the approximate location of transition from “ductile”
to “brittle” damage character can be detected in the “moderate” stress range. This transition
is visualized in the graduate change of slope of long-term strength curve with the reduction of
stressσ and is proved by the available creep-rupture experimental data in the “moderate” stress
range, as illustrated on Fig.3.17. Therefore, the expected location of the “linear”long-term
strengthcurve in “low” stress range can be estimated using the approximate value of the tran-
sition stress̃σ0 from ductile to brittle damage character. Since the approximate value of the
transition stress is taken asσ̃0 = 100 MPa, than the equation for thelong-term strengthcurve at
constant temperature 600◦C is following:

t∗ = b1 σ−(1−k), (3.3.19)
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t∗ = b2 σ−(n−k) with b2 = 1.25 ··· 1028 [h · MPa(n−k)],
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Fig. 3.17:Experimental creep-rupture data [44, 102, 107, 109, 162, 178, 186, 187] for the 9Cr-1Mo-V-
Nb (ASTM P91) steel at 600◦C fitted by the Eq. (3.3.20) for long-term strengthcurve.

where the tertiary creep material parameterb1 for the “low” stress range is identified as
b1 = 1.25 ··· 106 [h ··· MPa(1−k)] by the manual fitting.

The value of stress̃σ0, which denotes the transition from ductile to brittle damage mecha-
nism at 600◦C, have been taken the same as the stressσ0, which denotes transition from viscous
to power-low creep at 600◦C in Eq. (3.1.2). But for other temperatures the values ofσ̃0 andσ0

may be rather different. Using the defined valueσ̃0 = 100 MPa it is possible to formulate the
following equation of thelong-term strengthcurve in the complete stress range with previously
identified tertiary creep material parameters:

t∗ =

(

σ1−k

b1
+

σn−k

b2

)−1

=
B

σ1−k σ̃n−1
0 + σn−k

, (3.3.20)

where the tertiary creep material parameterB for the complete stress range is identified as
B = b2 = 1.25 ··· 1028 [h ··· MPa(n−k)]. The long-term strengthcurve (3.3.20) illustrated on
Fig. 3.17 takes into account ductile damage mode for “high” stresses,brittle damage mode
for “low” stresses and mixed damage mode for “moderate” stresses, defined by the transition
stress valuẽσ0 = 100 MPa.
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3.3.2 Creep-damage coupling

The next step in the phenomenological approach to creep modeling is the formulation of damage
mechanism incorporated into the creep constitutive model (3.1.2). To characterize the damage
processes the creep constitutive equation (3.1.2) must be generalized by introduction of the dam-
age internal state variables and appropriate evolution equations. Isotropic damage models are
generally formulated using the the concepts of scalardamage parameterω using Eq. (1.4.13)
and theeffective stress̃σ using Eq. (1.4.15) as described in Sect.1.4, see e.g. [34, 124, 152, 166].

In the frames of the developed creep-damage model it is necessary to introduce the damage
parameterω which reflects both ductile and brittle damage characters. Due to the Kachanov-
Rabotnov concept [100, 171] the value of damage parameterω lies in the range(0 ≤ ω ≤ 1),
where theω = 0 corresponds to the undamaged state in the initial moment of time t andω = 1
corresponds to fracture whent = t∗. The accumulation character of damage parameterω can
be analyzed using the following equation, as illustrated onFig. 3.18:

ω(t) = 1 −

(

1 −
t

t∗

)
1

l+1

, (3.3.21)

where the tertiary creep material constantl governs the accumulation character of damage pa-
rameterω and defines the fracture ductilityε∗. The damage character can be approximately
estimated using the values ofl considering the following criterion:l < 5 corresponds to ductile
damage mode,l > 15 corresponds to brittle damage mode, and(5 ≤ l ≤ 15) describes the
“mixed” damage mode, as illustrated on Fig.3.18.

Creep-rupture observations for 9-12%Cr heat-resistant steels in [122] shows that

• “breakdown of creep strength” (rapid decrease of the slope of long-term strengthcurve
and decrease of creep ductilityε∗) is connected with brittle damage mode,

• brittle damage mode is only dominant in the linear creep range under low stress level,

• ductile damage processes influence on the creep deformations in the power law creep
range.
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Therefore, by analogy to Kachanov-Rabotnov-Hayhurst creep-damage model [89, 100, 171]
a new creep constitutive equation (3.2.11) based on double power-law stress response function
(3.1.2) is formulated using thestrain equivalence principleafter Lemaitre [123] and ductile to
brittle damage character transition [122, 155] as follows

ε̇cr = A
σ H

1 − ωb

+
A

σn−1
0

(

σ H

1 − ωd

)n

, (3.3.22)

including the strain-hardening function (3.2.12) to describe the primary creep stage

H(εcr) = 1 + α exp(−β εcr). (3.3.23)

In notation (3.3.22) the values of secondary creep parameters defined in Eq. (3.1.2) for the 9Cr-
1Mo-V-Nb heat-resistant steel at 600◦C are following:n = 12, A = 2.5 ··· 10−9 [MPa−1/h] and
the transition stressσ0 = 100 MPa. The variableωb denotes the brittle damage parameter and
variableωd denotes the ductile damage parameter. In notation (3.3.23) the values of primary
creep parameters defined in Sect.3.2.2for the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel
at 600◦C are following:α = 0.5 andβ = 300.

Creep constitutive equation (3.3.22) must be accompanied with the damage evolution equa-
tions. They were formulated for the brittleωb and ductileωd damage parameters similarly to
Kachanov-Rabotnov-Hayhurst creep-damage model [89, 100, 171] as follows

ω̇b =
1

t∗ (l1 + 1) (1 − ωb)l1
and ω̇d =

1

t∗ (l2 + 1) (1 − ωd)l2
, (3.3.24)

wheret∗(σ) is the stress-dependent time-to-rupture function according to Eq. (3.3.20), and the
tertiary creep material parameters for the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel at
600◦C defined by Eq. (3.3.20) are the following:B = 1.25 ··· 1028 [h ··· MPa(n−k)], k = 0.5 and
transition stress̃σ0 = 100 MPa. In Eqs (3.3.20) and (3.3.24) the power-law exponentn = 12 is
taken from the constitutive equation (3.3.22). The tertiary creep material parametersl1 govern-
ing the brittle damage mode andl2 governing the ductile damage mode have to be defined from
the experimental data for creep-fracture ductilityε∗.

Formulating the damage accumulation equation (3.3.21) for the brittle and ductile values of
creep parameterl one can obtain the following mathematical conversion

(

1 −
t

t∗

)

= (1 − ωb)
l1+1 = (1 − ωd)

l2+1. (3.3.25)

Hereby, in the proposed creep-damage model (3.3.22) - (3.3.24) only the one damage evolution
equation can be formulated, if to replace one of the damage parameters (ωb or ωd) in the creep
constitutive equation (3.3.22) by one of the following corresponding connections:

ωb = 1 − (1 − ωd)
l2+1
l1+1 or ωd = 1 − (1 − ωb)

l1+1
l2+1 . (3.3.26)

For a constant stressσ = const both of the damage evolution equations (3.3.24) can be
integrated by timet assuming the integration limits asωb = ωd = 0 corresponding tot = 0 and
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ωb = ωd = 1 corresponding tot = t∗. As a result one can obtain thelong-term strengthequation
(3.3.20). Integration of the both of damage evolution equations (3.3.24) taking into account the
long-term strengthequation (3.3.20) provides both the damage parametersωb(t) andωd(t) as
a functions of time defined by Eq. (3.3.21).

Taking into account Eq. (3.3.21) and neglecting the strain-hardening function (3.3.23), the
creep strain rate equation (3.3.22) can be integrated analytically by timet leading to the follow-
ing creep strainεcr vs. timet dependence:

εcr(t) = A σ
l1 + 1

l1
t∗



1 −

(

1 −
t

t∗

)

l1
l1+1



+

+
A

σn−1
0

σn l2 + 1

l2 + 1 − n
t∗



1 −

(

1 −
t

t∗

)

l2+1−n
l2+1



 ,

(3.3.27)

From Eq. (3.3.27) it follows that the constantl2 must satisfy the condition(l2 > n − 1)
providing the positive creep strainεcr for the positive stressσ values. By settingt = t∗ in
the form of Eq. (3.3.20) the creep strain accumulated during the secondary and tertiary stages
before the fracture, i.e.εcr

s/t
= εcr(t∗), can be calculated in the form of dependence on stress as

εcrs/t(σ) =
B

σ1−k σ̃n−1
0 + σn−k

(

A σ
l1 + 1

l1
+

A

σn−1
0

σn l2 + 1

l2 + 1 − n

)

. (3.3.28)

It can be observed from Eq. (3.3.28) that εcr
s/t

∼ σk, where the value of tertiary material
parameterk = 0.5 was considered inlong-term strengthequations (3.3.19) - (3.3.20). As it was
mentioned beforek defines the difference in power-law exponents between the minimum creep
strain rateε̇crmin vs. stressσ dependence and thelong-term strengthcurve in the complete stress
range. For the positive values ofk the fracture strainε∗ increases with an increase in the stress
σ value due to notationε∗ ∼ σk. Such a dependence is usually observed for many alloys in the
case of moderate stresses, as mentioned in [152]. Therefore, the experimental creep fracture
strainε∗ values [102, 169, 186, 200] available for “high” and “moderate” stress levels can be
fitted by the following approximation as illustrated on Fig.3.19:

ε∗(σ) = εcrpr(σ) + εcrs/t(σ) with εcrs/t(σ) = C σk, (3.3.29)

whereεcrpr(σ) denotes the primary creep strain defined by Eq. (3.2.16), εcr
s/t

(σ) is the creep strain
accumulated during the secondary and tertiary stages before the fracture defined by Eq. (3.3.28),
and the values of fitting parameters are defined ask = 0.5 andC = 0.009.

The effect of brittle damage character presented by parameter ωb is dominant only in linear
(viscous) creep range. Than the value of tertiary creep parameterl1 = 0.532 defining brittle
damage mode can be defined from the “linear-brittle” part of Eq. (3.3.28) as follows:

A B σk (l1 + 1)

σ̃n−1
0 l1

= C σk. (3.3.30)
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A B σ

(

l1+1
l1

+
[

σ
σ0

]n−1
l2+1

l2+1−n

)

σ1−k σ̃n−1
0 + σn−k

= C σk with

{

C = 0.009, k = 0.5
l1 = 0.532, l2 = 17.383

Rupture creep strain:ε∗(σ) = εcrpr(σ) + εcr
s/t

(σ)

Fig. 3.19:Experimental data [102, 169, 186, 200] presenting rupture creep strainε∗ vs. stressσ depen-
dence fitted by the proposed creep-damage model (3.3.22) - (3.3.24) for the 9Cr-1Mo-V-Nb
(ASTM P91) heat-resistant steel at 600◦C.

The effect of ductile damage character presented by parameter ωd is dominant only in
power-law creep range. Than the value of tertiary creep parameterl2 = 17.383 defining ductile
damage mode can be defined from the “power-law-ductile” partof Eq. (3.3.28) as follows:

A B σk (l2 + 1)

σn−1
0 (l2 + 1 − n)

= C σk. (3.3.31)

Numerical integration by timet of the both creep constitutive equation (3.3.22) and damage
evolution equations (3.3.24) with the constant stressσ values and all previously defined creep
material parameters (A, n, σ0, B, k, σ̃0, l1, l2) produce the creep strainεcr vs. timet dependence
or uniaxialcreep curve. Using the creep-damage model (3.3.22) - (3.3.24) one can obtain the
valid uniaxialcreep curvesin the stress range from 0 MPa till 300 MPa at temperature 600◦C.
The illustrated on Fig.3.20creep curves for “moderate” and “low” stress range obtain bymodel
(3.3.22) - (3.3.24) show thelocus of elongation at failure. That locus demonstrates the growth
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Fig. 3.20:Creep curves obtained by the numerical integration of creep-damage model (3.3.22) - (3.3.24)
by time for the values of tensile stressσ correspondent to “low” and “moderate” stress ranges
for the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel at 600◦C.

of creep-rupture strainε∗ and the transition from brittle to ductile damage characterwith the
growth of stressσ.

Creep curves obtained by the creep-damage model (3.3.22) - (3.3.24) can be compared with
an available experimental creep curves [165, 186] for “high” stress range for the 9Cr-1Mo-V-Nb
(ASTM P91) heat-resistant steel at 600◦C, as illustrated on Fig.3.21. Some disagreement with
available experimental curves from [165, 186] can be explained by the considerable variation
of experimental results. Thus, the inaccuracy of creep experimental measurements can reach
till 30%. But the character of creep behaviour at primary, secondary and tertiary stages and the
critical failure parameters (time-to-rupturet∗ and rupture straint∗) for the creep-damage model
(3.3.22) - (3.3.24) and experimental creep creep curves [165, 186] are quite close.

It should be taken into account that experimental data may show a large scatter generated by
testing a series of specimens removed from the same material. The origins of scatter in creep
testing are discussed in [61]. Furthermore, unlike the small strain elasticity, the creep behavior
may significantly depend on the kind of processing of specimens, e.g. the heat treatment. As a
result, different data sets for the material with the same chemical composition may be found in
the literature. For example, one may compare experimental data for the 9Cr-1Mo-V-Nb (ASTM
P91) ferritic steel obtained in different laboratories [4, 49, 66, 110, 165, 200].
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Fig. 3.21:Creep curves obtained by creep-damage model (3.3.22) - (3.3.24) comparing to experiments
[165, 186] for the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel at 600◦C for the following
values of tensile stressσ: a) 120 MPa, b) 125 MPa, c) 150 MPa, d) 200 MPa.

3.3.3 Temperature dependence

Figure3.22illustrates all the available creep-rupture experimentaldata for the 9Cr-1Mo-V-Nb
(ASTM P91) heat-resistant steel at different temperaturesand shows the necessity to analyze
the damage process for the “low” and “high” stress regions separately for the purpose of ma-
terial parameter identification. An important problem of the creep constitutive modeling is
the ability to extrapolate the laboratory creep-rupture data usually obtained under increased
stressσ and temperatureT to the in-service loading conditions, for which the experimental
data is not available. Since the damage phenomenon is also a temperature activated process,
the proposed time-to-rupturet∗ on stressσ isothermal dependence (3.3.20) is extended to
the case of various temperatures by the introduction of temperature-dependent tertiary creep
constants. And it provides the satisfactory fit of availablecreep-rupture experimental data
[32, 44, 72, 73, 102, 107, 109, 162, 178, 186, 187] at least for the four different temperatures,
as illustrated on Fig.3.22.

Thereby, Eq. (3.3.20) is transformed into the set of non-isothermal long-term strength curves
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(see Fig.3.22) by the introduction of two Arrhenius-type functions in thefollowing way

t∗(T) =
B(T)

σ1−k [σ̃0(T)]n−1 + σn−k
, (3.3.32)

whereB(T) denotes the temperature-dependent creep-rupture parameter

B(T) = Bf exp

(

Qf

R T

)

, (3.3.33)

and σ̃0(T) is the temperature-dependent stress, which denotes the transition from ductile to
brittle damage mode

σ̃0(T) = Bσ exp

(

Q̃σ

R T

)

. (3.3.34)

In Eqs (3.3.33) - (3.3.34) the dependence on temperature is introduced by the Arrhenius-type
functions with the following tertiary creep material parameters:Bf = 2.0 ··· 10−14 [h···MPa(n−k)],
Qf = 698000[J··· mol−1], Bσ = 0.205 MPa,Q̃σ = 44940[J··· mol−1] and universal gas constant
R = 8.314 [J··· K−1 ··· mol−1].

The isothermal creep-damage model (3.3.22) - (3.3.24) is transformed into the non-
isothermal form consisting of the creep constitutive equation (3.3.35) for the creep strain rate
and two damage evolution equations (3.3.37) - (3.3.38) for the damage accumulation rate. The
non-isothermal creep constitutive equation describing primary and steady-state creep behaviour
is formulated analogously to Eq. (3.3.22) as follows

ε̇cr = A(T)
σ [1 + α exp (−β εcr)]

1 − ωb

+
A(T)

[σ0(T)]n−1

(

σ [1 + α exp (−β εcr)]

1 − ωd

)n

, (3.3.35)

where the temperature-dependent secondary creep parameters A(T) andσ0(T) are formulated
using the Arrhenius-type functions (3.1.5) and (3.1.8) as follows

A(T) = A1(T) = Ac exp

(

−Qc

R T

)

and σ0(T) = Aσ exp

(

−Qσ

R T

)

. (3.3.36)

In notations (3.3.35) - (3.3.36) the values of secondary creep parameters for the 9Cr-1Mo-V-Nb
(ASTM P91) steel defined in Sect.3.1 are following: n = 12, Ac = A01 = 2300 [MPa−1/h],
Qc = Q1 = 200000 [J··· mol−1], Aσ = 0.658 MPa,Qσ = 36364 [J··· mol−1] and the universal gas
constantR = 8.314 [J··· K−1 ··· mol−1]. The values of primary creep parameters in Eq. (3.3.35)
defined in Sect.3.2are following:α = 0.5 andβ = 300.

Taking into account the time-to-rupture function (3.3.32), the non-isothermal damage evo-
lution equations describing tertiary creep behaviour and fracture are formulated analogously to
Eq. (3.3.24) for the brittle damage parameterωb

ω̇b =
σ1−k [σ̃0(T)]n−1 + σn−k

B(T) (l1 + 1) (1 − ωb)l1
(3.3.37)

and the ductile damage parameterωd

ω̇d =
σ1−k [σ̃0(T)]n−1 + σn−k

B(T) (l2 + 1) (1 − ωd)l2
, (3.3.38)
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where the temperature-dependent tertiary creep parameters B(T) and σ̃0(T) are formulated
using the Arrhenius-type functions as follows

B(T) = Bf exp

(

Qf

R T

)

and σ̃0(T) = Bσ exp

(

Q̃σ

R T

)

. (3.3.39)

In notations (3.3.37) - (3.3.39) the values of tertiary creep material parameters arel1 = 0.532,
l2 = 17.383,Bf = 2.0 · 10−14 [h ··· MPa(n−k)], Qf = 698000 [J ··· mol−1], Bσ = 0.205 MPa,
Q̃σ = 44940[J ··· mol−1] and the universal gas constantR = 8.314 [J··· K−1 ··· mol−1].

Numerical integration by time of the both creep constitutive equation (3.3.35) and damage
evolution equations (3.3.37) - (3.3.38) with the defined values of temperatureT and stressσ pro-
duce the creep strainεcr vs. timet dependence or uniaxialcreep curve. Using the non-isothermal
creep-damage model (3.3.35) - (3.3.39) one can obtain the valid uniaxialcreep curvesin the
stress range from 0 MPa till 300 MPa and temperature range from 550◦C till 650◦C.
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3.4 Stress-dependent failure criterion

Multi-axial stress state has several effects on damage accumulation, see e.g. [152, 166]. It
determines the parameter used to correlate the damage rate under different types of stress state,
as to whether the maximum tensile stressσmax t, the von Mises effective stressσvM, or some
other measure should be used. In addition, multiaxial constraint affects the ductility. The higher
the level of constraint, the lower the ductility. The accumulation of creep and fatigue damage
under multiaxial stress are both important factors as far asevaluating the life of engineering
components is concerned. For this reason, they have been in the focus of considerable interest
for many years. And some relevant highlights of the developments arising from this interest
have to be discussed below.

In the early 1960s, Johnson, Henderson and Khan [99] built on work done by Sdobyrev
[180] to characterize the stress dependence of creep continuum damage. The model chosen
is based on the assumption that creep damage is stress dependent, and that two stress re-
lated parameters are relevant, the von Mises effective stressσvM and the maximum principal
(tensile) stressσmax t. To analyze the failure mechanisms under multi-axial stress state and
high-temperature creep conditions theisochronous rupture lociare conventionally used. They
illustrate stress states leading to the sametime-to-fracturet∗. The general model which corre-
lates damage under uniaxial tension with damage under more complex conditions is introduced
by adopting the damage equivalent stressσω

eq. Therefore, the early approaches to long-term
strength assessments are based on the damage equivalent stressσω

eq, which is governed either
by the maximum tensile stressσmax t or by the von Mises effective stressσvM, see Fig.3.23a.

Later Hayhurst [86, 97, 121] proposed the damage equivalent stressσω
eq as a linear combi-

nation of the maximum tensile stressσmax t and the von Mises effective stressσvM as follows:

σω
eq = α σmax t + (1 − α) σvM (3.4.40)

with the maximum tensile stress in form

σmax t = (σI + |σI |) /2 (3.4.41)

and the von Mises effective stress in form

σvM =

√

3

2
s ··· ··· s. (3.4.42)

In notations (3.4.40) - (3.4.41) σI denotes the first principal stress, andα is a weighting factor
considering the influence of damage mechanisms (σI-controlled orσvM-controlled). Figure
3.23a shows the failure criterion using the damage equivalent stressσω

eq for two defined values
of weighting factorα = 0.3 andα = 0.5. Such a form of the damage equivalent stressσω

eq

corresponds to a quite narrow ranges of stressσ and temperatureT.
Generally, it has been assumed that the von Mises effective stressσvM controls creep rate

and governs the nucleation of creep voids but does not contribute to their growth, while the
mean stressσ in the following form

σ =
σI + σI I + σI I I

3
(3.4.43)
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based on long-term strength of the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel at 600◦C.

promotes the growth of the creep voids or cracks, refer to [155] for the details. In the torsional
creep rupture tests [155] all of the specimens exhibited a ductile transgranular creep fracture
of shear type. And larger creep deformations with many micro-voids were observed near the
fracture surfaces. These results should be because the larger σvM and little σ existed in the
torsional creep specimens. It has been reported [155] that at higher stresses (meanwhile larger
σ) a ductile fracture caused due to the larger deformation, which restrained the growth of creep
voids. But at lower stresses a brittle intergranular fracture occurred due to the sufficient growth
of voids with slower creep deformations. At each stress state, creep deformation and nucleation
of creep voids in a specimen at a higher stress are easily to occur due to the largerσvM, but the
growth of voids is restrained by the larger deformation. With decreasing the applied stress, a
brittle intergranular fracture mode should be present due to the growth of creep voids. How-
ever, from tension to torsion the growth of creep voids becomes difficult due to the decrease
of σ. Therefore, it is suggested that in a specimen with existingof σ and smallerσvM, a brittle
intergranular fracture should occur easily [155].

The new mixed stress-dependent failure criterion based oncreep-rupturediagram (3.3.20)
of the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel at 600◦C was proposed for the multi-
axial form of creep-damage model (3.3.22) - (3.3.24) as follows:

t∗ =
B̃

σ1−k
max t σ̃n−1

0 + σn−k
vM

. (3.4.44)
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The failure criterion (3.4.44) includes both the first principal stressσI and the von Mises effec-
tive stressσvM, and therefore it is applicable for the complete stress range. Within the range
of “high” stresses the creep damage is primarily ductile andleads to the necking of uniaxial
specimen, so it is governed by the von Mises effective stressσvM. Within the range of “low”
stresses the creep damage is primarily brittle and leads to the long-term degradation of material
microstructure. In this case we assume that the creep damageis governed by the first principal
stressσI. The “moderate” stress range is controlled by the both first principal stressσI and the
von Mises effective stressσvM. The set of isochronous rupture loci presented on Fig.3.23b
illustrates the idea of failure mode transition from brittle rupture for “low” stresses to ductile
rupture for “high” stresses.

The stress dependence of damage can be presented byisochronous damage surface, analo-
gous to a yield surface [166]. The isochronous damage surfaceshown on Fig.3.24illustrates
the alternative presentation of the failure criterion (3.4.44) for the multiaxial stress state. The
time-to-rupturet∗ is plotted as a function of principal stressesσI andσI I. And it illustrates the
plane stress conditions which lead to the sametime-to-rupturet∗ depending on range of stress.
It shows that for the long test durations the creep failure isprimarily determined the first princi-
ple stressσI. This assumption is confirmed by the multi-axial creep-rupture experiments for a
lot of materials including advanced heat-resistant steelsunder different stressσ and temperature
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T conditions, see e.g. [88, 90, 155].
Finally the multiaxial form of the proposed creep-damage model (3.3.22) - (3.3.24) is for-

mulated consisting of constitutive equation for the creep strain rate tensor

ε̇εεcr =

[

A
σvM H

1 − ωb

+
A

σn−1
0

(

σvM H

1 − ωd

)n
]

3

2

sss

σvM

(3.4.45)

with the strain-hardening function (3.2.12) depending on the equivalent creep strainεcreq

H(εcreq) = 1 + α exp(−β εcreq), (3.4.46)

and two evolution equations for the brittleωb and ductileωd damage parameters

ω̇b = [t∗ (l1 + 1) (1 − ωb)
l1 ]−1 and ω̇d = [t∗ (l2 + 1) (1 − ωd)

l2 ]−1 (3.4.47)

with time-to-rupture functiont∗ depending on the stress parametersσmax t andσvM

t∗(σmax t, σvM) =
B

σ1−k
max t σ̃n−1

0 + σn−k
vM

(3.4.48)

where the maximum tensile stressσmax t is defined by Eq. (3.4.41), and the values of all pre-
viously identified creep material parameters for the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant
steel at 600◦C are following:A = 2.5 ··· 10−9 [MPa−1/h], n = 12,σ0 = 100 MPa,α = 0.5,β = 300,
B = 1.25 ··· 1028 [h ··· MPa(n−k)], σ̃0 = 100 MPa,k = 0.5,l1 = 0.532,l2 = 17.383.

It is necessary to notice that the time-to-rupture functiont∗(σmax t, σvM) in the form (3.4.48)
for the multi-axial stress state can have different forms inthe evolution equations (3.4.48). For
instance, it can be dependent only onσmax t for evolution equatioṅωb or dependent only onσvM

for evolution equationω̇d. The specific forms of time-to-rupture functiont∗ and the variants of
stress parameters as it’s arguments must be investigated and discussed in future.

For the case of the same time-to-rupture functionst∗(σmax t, σvM) in the both evolution
equations (3.4.47), the proposed creep-damage model (3.4.45) - (3.4.48) can be formulated with
only one damage evolution equation, if to replace one of the damage parameters (ωb or ωd) in
the creep constitutive equation (3.4.45) by one of the following corresponding connections,
formulated analogously to Eq. (3.3.26):

ωb = 1 − (1 − ωd)
l2+1
l1+1 or ωd = 1 − (1 − ωb)

l1+1
l2+1 . (3.4.49)



4. CREEP ESTIMATIONS IN STRUCTURAL ANALYSIS

In Chapters2 and3 we introduced creep constitutive and damage evolution equations for the
modeling of creep in engineering materials. The objective of Chapt.4 is the application of
creep constitutive models to structural analysis. In Sect.4.1 we start with the discussion of
basic steps in modeling of creep in structures with the application of finite element method
(FEM). The advantages of FEM application and creep analysisprocedures in a commercial
FEM-based software with conventional and user-defined constitutive models are highlighted.
Section4.2is devoted to the introduction of benchmark problem conceptin the frames of struc-
tural mechanics, description of its main purposes in creep mechanics and verification steps for
a reliability assessment. As examples, two benchmark problems of creep-damage mechanics
which can be solved by approximate numerical methods are presented. The reference solu-
tions are compared with the finite element solutions by ANSYSand ABAQUS finite element
codes with user-defined creep model subroutines. To discussthe applicability of the devel-
oped techniques to real engineering problems two examples of numerical life-time assessment
with application of creep-damage models for initial-boundary value problems are presented in
Sects4.3 and4.4. The purpose of Sect.4.3 is the numerical creep behavior modeling of the
T-piece pipe weldment made of the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel. The ini-
tially transversally-isotropic creep-damage model developed in Sect.2.2.1is incorporated in the
commercial FEM-based CAE-software ANSYS. The numerical analysis results of the welded
structure qualitatively agree with available experimental observations and confirm the facts of
various creep and damage material properties in longitudinal and transversal directions of a
welding seam. Finally, in Sect.4.4 an example of life-time assessment for the housing of a
quick stop valve usually installed on steam turbines is presented. Long-term behavior of this
components under approximately in-service loading conditions (constant internal pressure and
constant temperature) is simulated by the FEM. The results show that the developed in Chapt.3
constitutive model is capable to reproduce specific features of creep and damage processes in
engineering structures during the long-term thermal exposure.

4.1 Application of FEM to creep-damage analysis

The aim of creep modeling is to reflect basic features of creepin engineering structures includ-
ing the development of inelastic deformations, relaxationand redistribution of stresses as well
as the local reduction of material strength. A model should be able to account for material de-
terioration processes in order to predict long-term structural behavior, to estimate the in-service
life-time of a component and to analyze critical zones of failure caused by creep. Structural
analysis under creep conditions usually requires the following steps, proposed in [147, 152]:
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1. Assumptions must be made with regard to the geometry of thestructure, types of loading
and heating as well as kinematical constraints.

2. A suitable structural mechanics model (e.g. three-dimensional solids, beams, rods, plates
and shells) must be applied based on the assumptions concerning kinematics of deforma-
tions, types of internal forces (moments) and related balance equations.

3. A reliable constitutive model must be formulated to reflect time dependent creep defor-
mations and processes accompanying creep like hardening/recovery and damage.

4. A mathematical model of the structural behavior (initial-boundary value problem) must be
formulated including the material independent equations,constitutive (evolution) equa-
tions as well as initial and boundary conditions.

5. Numerical solution procedures (e.g. the Ritz method, theGalerkin method, the finite
element method) to solve non-linear initial-boundary value problems must be developed.

6. The verification of the applied models must be performed including the structural me-
chanics model, the constitutive model, the mathematical model as well as the numerical
methods and algorithms.

For the numerical solution the direct variational methods,e.g. the Ritz method, the Galerkin
method and the finite element method (FEM), are usually applied. In recent years the FEM
has become the widely accepted tool for structural analysis. The advantage of the FEM is the
possibility to model and analyze engineering structures with complex geometries, various types
of loadings and boundary conditions. General purpose finiteelement codes ABAQUS, AN-
SYS, NASTRAN, COSMOS, MARC, ADINA, etc. were developed to solve various problems
in solid mechanics. In application to the creep analysis oneshould take into account that a
general purpose constitutive equation which allows to reflect the whole set of creep and dam-
age processes in structural materials over a wide range of loading and temperature conditions
is not available at present. Therefore, a specific constitutive model with selected internal state
variables, special types of stress and temperature functions as well as material constants identi-
fied from available experimental data should be incorporated into the commercial finite element
code by writing a user-defined material subroutine. The examples of manuals for the procedures
of user-defined subroutines implementation into the commercial FEM-based software ANSYS
and ABAQUS can be found in [3, 22]. The ABAQUS and ANSYS finite element codes are
applied to the numerical analysis of creep in structures, e.g. [66, 140, 152, 170, 181, 182].

The standard features of the commercial FEM-based software(e.g., ANSYS and ABAQUS)
includes only conventional creep models, refer to [1, 20]. Strain hardening, time hardening, ex-
ponential, Graham and Blackburn models, etc. are proposed for the primary creep stage and
Garofalo, exponential and Norton models, etc. are proposedfor the secondary creep stage. Us-
ing standard creep models incorporated into FEM-based software it is impossible to model the
tertiary creep stage accompanied with damage accumulationprocess and fracture, see Fig.4.1.
In order to consider damage processes the user-defined subroutines are developed and imple-
mented. The subroutines serve to utilize constitutive and evolution equations with damage state
variables, see Fig.4.1. In addition, they allow the postprocessing of damage, i.e.the creation of
contour plots visualizing damage distributions.
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4.2 Numerical benchmarks for creep-damage modeling

The concept of benchmarks is widely used in computational engineering mechanics and partic-
ularly in creep-damage mechanics. Several benchmark problems based on the different creep
constitutive models are presented in [12, 16, 28, 29, 152, 2]. To consider both the creep and the
damage processes, a specific constitutive model with selected internal state variables, special
types of stress and temperature functions as well as material constants identified from avail-
able experimental data should be incorporated into the commercial FE-code by writing a user-
defined material subroutine, see e.g. [3, 22]. Thus benchmark problems are needed to verify
those developed subroutines. For these problems numericalor analytical reference solutions
are usually obtained. To conclude about the fact that the subroutines are correctly coded and
implemented, results of finite element computations must becompared with reference solutions
of benchmark problems.

4.2.1 Purposes and applications of benchmarks

An important question in the creep analysis is that on reliability of the applied models, numer-
ical methods and obtained results. To assess the reliability of the developed subroutine as well
as the accuracy of the results with respect to the mesh density, type of finite element, the time
step, and the iteration methods, numerical benchmark problems are required. In [147, 152] the
following verification steps are proposed for the reliability assessment:

• Verification of developed finite element subroutines.To assess that the subroutines are cor-
rectly coded and implemented, results of finite element computations must be compared
with reference solutions of benchmark problems. Several benchmark problems have been
proposed in [29] based on an in-house finite element code. Below we recall closed form
solutions of steady-state creep in elementary structures,well-known in the creep mechan-
ics literature. To extend these solutions to the primary andtertiary creep ranges we apply
the Ritz and the time step methods. The advantage of these problems is the possibility to
obtain reference solutions without a finite element discretization. Furthermore, they allow
to verify finite element subroutines over a wide range of finite element types including
beam, shell and solid type elements.

• Verification of applied numerical methods.Here the problems of the suitable finite ele-
ment type, the mesh density, the time step size and the time step control must be analyzed.
They are of particular importance in creep damage related simulations. Below these prob-
lems are discussed based on numerical tests and by comparison with reference solutions.

• Verification of constitutive and structural mechanics models. This step requires creep tests
of model structural components and the corresponding numerical analysis by the use of
the developed techniques. Examples of recent experimentalstudies of creep in structures
include beams [40, 152], transversely loaded plates [112, 146, 152], thin-walled tubes
under internal pressure [115, 117], pressure vessels [66, 68], circumferentially notched
bars [87]. Let us note that the experimental data for model structures are usually lim-
ited to short-term creep tests. The finite element codes and subroutines are designed
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to analyze real engineering structures. Therefore long term analysis of several typical
structures should be performed and the results should be compared with data collected
from engineering practice of power and petrochemical plants. Below the examples of the
creep finite element analysis for the typical components of power-generation plants are
discussed.

4.2.2 Simply supported beam

To formulate a benchmark problem using the creep-damage analysis of the simply supported
aluminium alloy beam loaded by a distributed forceq [152] it is necessary to compare the
results obtained by the Ritz method with those of ABAQUS and ANSYS finite element codes
incorporating the Kachanov-Rabotnov phenomenological creep-damege model [121]:

ε̇εεcr =
3

2

a σvM
n

(1 − ω)m
sss

σvM

, ω̇ = b
[α σT + (1 − α)σvM]k

(1 − ω)l
with σT =

1

2
(σI + |σI |) (4.2.1)

In this notationε̇εεcr is the creep rate tensor,sss is the stress deviator,σvM is the von Mises equiv-
alent stress,σT is the maximum tensile stress,σI is the first principal stress,ω is the damage
parameter andα represents the weighting factor of a material.a = 1.35 ··· 10−39 [MPa−n/h],
b = 3.029 ··· 10−35 [MPa−k/h], n = 14.37,m = 10, k = 12.895,l = 12.5 andα = 0 are mate-
rial constants after [116] for the aluminium alloy BS 1472 at 150±0.5◦C corresponding to the
model (4.2.1). Figure4.2shows the good agreement of the time variations of maximum deflec-
tion and the normal stress obtained by the Ritz method and theFEM with the exception of the
calculations based on the ANSYS finite element code using element type SHELL43, see [21].

4.2.3 Pressurized thick cylinder

We incorporated the following creep constitutive equation(4.2.2) into the ABAQUS finite ele-
ment code by the means of user-defined material subroutines

ε̇εεcr =
3

2

ε̇0

σ0

[

1 +

(

σvM

σ0

)n−1
]

sss, ε̇0 ≡ aσ0 (4.2.2)

with the material constantṡε0 = 2.5 ··· 10−7 1/h, σ0 = 100 MPa,n = 12 corresponding to
9Cr1MoVNb steel at 600◦C obtained from the creep tests for both the linear and the power
law ranges data after [108, 110].

A reference solution of steady-state creep according to Eq.(4.2.2) for a thick cylinder sec-
tion loaded by internal pressurep is obtained by means of two numerical procedures including
the numerical integration and finding the root of a non-linear algebraic equation using Mathcad
package (for the details refer to [12]). The results obtained by the presented in [12] approximate
method are applied to verify the finite element solution. Thesteady-state creep problem of the
thick cylinder in the power law creep range is the standard benchmark. Thus the geometrical
data and the finite element model are assumed as given in the benchmark manual [2].

Figure4.3 illustrates a good agreement of the solutions based on the ABAQUS finite code
and the approximate numerical solutions for different values of the normalized pressurep in
both the linear and the power law ranges.
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simply supported beam obtained by the Ritz method and the finite element codes using shell
and plane stress type finite elements: a) maximum deflection,b) normal stress
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4.3 Anisotropic creep of a pressurized T-piece pipe weldment

This section is devoted to the practical application of the initially anisotropic model presented
in Sect.2.2.1and research work [80] to the long-term strength analysis in creep conditions of
a T-piece pipe weldment made of the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel. The
constitutive model and appropriate creep parameters were based on the experimental creep and
rupture data [95] of multi-pass weldmen considering the non-uniformity of the microstructure
in the heat affected zone, in the base material and in the weldmetal of welding joint. For the
purpose of adequate creep behavior numerical modeling of the welding seam, the transversally-
isotropic creep-damage model have been incorporated in thecommercial FEM-based CAE-
software ANSYS. The model takes into account various creep and damage material properties
in longitudinal and transversal directions of a welding seam. The performed numerical calcula-
tions of the welded structure qualitatively agree with experimental data by MPA Stuttgart [104]
and confirm the facts of rupture in corresponding zones of thewelding joint.

4.3.1 Formulation of structural model

The typical component of high-temperature power plants andchemical facilities equipment,
i.e. pressurized T-piece weldment of two thick-walled pipes with different diameter was chosen
as a test example. T-piece pipe weldment is subjected to the internal pressure of 18 MPa and
temperature 650◦C. Available creep experimental data for this structural component are the
results of experimental observations at the T-piece thick-walled pipe weldment creep under the
internal pressure 24 MPa at temperature 600◦C during 10 000 hours provided by MPA Stuttgart
[104]. Geometrical solid model of the welding joint connecting two thick-walled pipes into
T-piece weldment was created in CAD-software SolidWorks using the add-on module for the
design of welded structures [26] basing on the geometrical parameters after MPA Stuttgart [104]
and standards GOST [197] and DIN [198], see Fig.4.4. The finite-element mesh of the T-piece
weldment and the series of creep-damage analyses were performed in CAE-software ANSYS.

Basing on previous experience in the creep simulation of welding joints, the weldment is
conventionally divided into three zones with different microstructure and creep behaviour char-
acter: parent material of pipes, heat-affected zone and welding seam, see Fig.4.4. But unlike to
previous investigations, the initial anisotropy of creep properties in the weld metal of welding
seam is considered. Fig.2.2 illustrates the creep curves of the 9Cr-1Mo-V-Nb (ASTM P91)
steel at 650◦C under the tensile stress 100 MPa for three different zones in the welding joint.

4.3.2 Analysis of numerical results

The constitutive creep-damage model (2.2.24) - (2.2.25) with initial anisotropy of creep prop-
erties and appropriate creep parameters presented in Sect.2.2.1 is applied to the long-term
strength analysis of the T-piece pipe weldment. In the frames of creep simulations the four life-
time assessment with different combinations of creep properties in various structural zones are
performed. The first variant of analysis assumes the T-piecepipe weldment being homogenous
and consisting of only steel P91 parental material. The second variant of the analysis is based
on previous approaches and assumes the weldment consistingof the three materials with differ-
ent creep behaviour: parent metal of pipe, heat-affected zone and the weld metal properties in
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the plane of isotropy. And the last two variant of the analysis are similar to the previous ones,
however the initial anisotropy of the weld metal creep properties is taken into account.

The creep simulations are performed by the FEM in CAE-software ANSYS till the mo-
ment of rupture in each analysis case. And the obtained numerical results demonstrate the
specific qualitative tendencies in damage accumulation character as shown below. In the case
of homogenous material (parent pipe material) or non-uniform material with isotropic creep
properties of all three weldment zones, the failure caused by the damage accumulation occurs
only in heat-affected zone, see Fig.4.5. Such character of failure corresponds to the longitudi-
nal cracks type III due to classification of cracks in weldments presented on Fig.2.3and Table
2.1. This type of cracks is proved by the experimental observation presented on Fig.4.6 and
Table4.1 with circumferential cracks in the heat-affected zone (HAZ) having numbers 1 and
4. In this case the time-to-rupture of the weldment is governed only by the creep properties
of the heat-affected zone. The damage accumulation in the isotropic weld metal of welding
seam is practically missed, and the value of damage parameter is almost equal to zero. Such a
numerical results of creep simulations qualitatively agree with similar investigation in the field
of finite-element creep modeling of pressurized welded pipes, see e.g. [91].

Unlike to the previous two analysis cases with isotropic creep properties of materials, the
results of the analysis cases considering anisotropic properties of the welding seam show the
significant accumulation of two damage parametersω1 andω2 in the weld metal, see Fig.4.7.
The accumulation character of the damage parametersω1 andω2 shows the probable initia-
tion of the reach-through longitudinal cracks and transversal cracks. Such character of failure
corresponds to cracks types I and II due to classification of cracks in weldments, illustrated on
Fig. 2.3and described in Table2.1. This type of cracks is proved by the experimental observa-
tion presented on Fig.4.6 and Table4.1 with the reach-through axial cracks in the weld metal
having numbers 3 and 5.
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Fig. 4.6:Damage situation in P91 T-piece weldment and welded vessel under internal pressure 24 MPa
after 10 000 hours of experimental observations at 650◦C, after [104].
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Table 4.1:Damage situation in P91 T-piece weldment and welded vessel under internal pressure 24 MPa
after 10 000 hours of experimental observations at 650◦C, after [104].

Position
Crack
position

Crack direction
Crack center
at u, mm

Crack depth,
mm

1 HAZ Circumferential 10 ca. 10

2 Weld metal Circumferential 150 —

3 Weld metal T-joint (axial) 220 Through wall

4 HAZ Circumferential 435 10

5 Weld metal T-joint (axial) 640 Through wall

a)

b)

crack (type I)

crack (type II)

Fig. 4.7:Distribution of damage parameters values in the weld metal before the rupture: a) along the
welding directionω1, b) transversely to the welding directionω2.
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The numerical results obtained with the assumption of anisotropic creep properties in the
weld metal have more reliable agreement with the creep experimental observations for this t-
piece pipe weldment, illustrated on Fig.4.6 and Table4.1, and others welded pipe structures
[96]. Alongside with the cracks with types III and VI caused by the critical damage accumu-
lation in the heat-affected zone (see Fig.4.5), the experimental studies [104] report that the
reach-through longitudinal cracks with types I and II are initiated by the transversally-isotropic
damage parameters accumulation in the weld metal (see Fig.4.7).

The principal result of the research [80] presented in Sects2.2.1 and 4.3 is to show the
ability of the continuum mechanics approach application tocreep simulations of weldments
considering non-uniformity of microstructure and anisotropic creep properties of weld metal.
Consideration of transversely-isotropic creep properties of weld metal allows to predict the local
zones of damage accumulation and probable cracks initiation with better qualitative accuracy.
This assumption correlates with the experiments [104] obtained by MPA Stuttgart during the in-
service observations for the similar structures. The obtained numerical results demonstrate the
necessity of the subsequent creep-rupture experiments forthe different weldment zones (parent
material, heat-affected zone and weld metal). The availability of the comprehensive creep-
rupture experimental data will allow to simulate the long-term strength behaviour of weldments
more accurately under the in-service loading conditions.

4.4 Creep-damage analysis of power plant components

For the high-temperature components with complex geometry(e.g. pressure piping systems and
vessels, rotors and turbine blades, casings of valves and turbines, etc.), where neither analytical
nor experimental reference stresses are available, the computer-based finite element analysis
(FEA) is used, e.g. [30, 76, 96, 152]. The component is “broken down” into an aggregate of
finite elements (FE) with prescribed properties. The computer analysis evaluates the response
of the component as a whole and enables the stresses and strains at any given point to be deter-
mined. A detailed picture of the results distribution within the component is produced. In its
simplest form the FEA may only be applied to analyse the elastic stresses, but the knowledge of
the creep properties of the material enables a long-term strength analysis or life-time assessment
to be performed.

4.4.1 Previous experience in FEA

The development of computational continuum damage mechanics (CDM) now allows FEA to
be performed using physically based constitutive equations to describe the material behavior.
This enables the full time dependent behavior of a structureto be modeled, including, by the in-
put of ductility values, the transition from generalized damage to discrete crack growth. Increas-
ing speed and data storage capacity of computer workstations rapidly reduces the time required
for such computations. However, the procedure is critically dependent upon the availability of
validated multi-axial constitutive equations for deformation and damage over the mechanistic
regimes encountered [89, 152].

Modern power-generation plants are required to provide high standards of reliability and
availability, which principally depends on the operating conditions, optimal structural design
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and the applied constructional materials. The reliabilityand safety of the whole power system
depends greatly on the way in which the main power unit components such as the turbine, boiler
and generator are operated. The operating conditions of those devices are usually very complex
and involve many unsteady mechanical and thermal loads which in consequence determine
the stress states of the particular components. The durability of the steam turbine should be
considered in terms of the durability of its main components, which can be divided into two
major groups, mainly the shells (casings, valve housings) and rotating parts (rotors).

The thermal and mechanical loadings within the operation conditions usually lead to degra-
dation of material owing to intensive interactions of many failure modes such as local plasticity,
high temperature creep, damage, corrosion, fatigue and cracking. Interactions of main modes
of degradation are complex in appropriate numerical modelling and difficult for the numerically
based life-time predictions. For instance, creep and damage can be intensified by the process
of locally variable high thermal stresses during cycles of loading and unloading. Growing de-
mands on safe, reliable and economic operation ask for a sufficient life-time prolongation of
the critical power plant elements. A lot of numerical investigations by different laboratories
based on CDM and FEA presenting long-term strength analysesand life-time assessments of
high-temperature steam-turbine components were published recently, e.g. [38, 39, 98, 158].

In the framework of this dissertation several FEM-based life-time assessments of high-
temperature power plant components were performed using the formulated in Sect.2 consti-
tutive creep-damage models:

• The numerical investigations of long-term strength behaviour started with the applica-
tion of conventional Kachanov-Rabotnov-Hayhurst creep-damage model [40, 89, 152] to
isothermal creep-damage simulation [77]. As the component to be analysed the casing
of a steam turbine reheat control valve was chosen. Such a component has to control the
steam flow into an intermediate pressure steam turbine. The investigation has proved the
high efficiency of FEM-based life-time assessments with theapplication of conventional
CDM-based creep models.

• Within the frames of the research work [79] two conventional creep-damage models were
applied to the isothermal simulation of the mechanical behaviour of a steam turbine ro-
tor in its in-service conditions. These models were the isotropic Kachanov-Rabotnov-
Hayhurst model [40, 89, 152] and the Murakami-Ohno [141, 142] model with damage
induced anisotropy presented in Sect.2.2.2. Numerical solutions of the initial-boundary
value problems have been obtained by FEM using solid axisymmetrical type finite el-
ements. For the purpose of adequate long-term strength analysis both isotropic and
anisotropic creep-damage models have been implemented in FE-code of the commer-
cial CAE-software ANSYS. Obtained simulation results for asteam turbine rotor show
the significant sensitivity of life-time assessment to the type of material model.

• Thereafter, the conventional Kachanov-Rabotnov-Hayhurst creep-damage model [40, 89,
152] was extended to the case of variable temperature and strainhardening consider-
ation, as presented in Sect.2.1. A technique for the identification of material creep
constants based on the available family of experimental creep curves (see AppendixA)
was presented in [114, 129]. The resulting non-isothermal model with the appropriate
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creep material parameters [113] were incorporated into the FE-code of the CAE-software
ABAQUS. It was applied to the long-term strength analysis ofa pressurized thick-walled
pipe exposed to the non-uniform heating for the verificationpurposes and for the illus-
tration of basic features of creep-damage character, referto [129]. Than the model was
applied to the non-isothermal life-time assessments underin-service loading conditions
of such power plant components, as the casing of a steam turbine control-stop valve [114],
the casing of a steam turbine bypass valve [130], housing of a high-pressure gas turbine
[131], and the casing of a steam turbine quick-stop valve [132]. The obtained numeri-
cal results confirmed the influence on non-uniform temperature field on the final stress
and strain fields redistribution before the failure. However, the time-to-rupture values un-
der the in-service loading conditions were overestimated,because the applied model is
suitable only for the narrow range of the high stresses.

4.4.2 Steam turbine quick-stop valve

Finally, we must discuss several results of long-term analysis obtained by application of the
new creep-damage constitutive model developed in Chapt.3 to creep behaviour simulation of
a power plant component. As the component to be analysed the casing of a steam turbine
quick-stop valve [54, 55, 56], illustrated on Fig.4.8, was chosen.

Application

If the steam turbine is tripped it is essential to have a fast and reliable quick stop function for
protection of the turbine. The steam turbine quick stop valve (VQS) is designed for this purpose
[55]. A mechanical spring is used for the emergency shut-off. The closing time is typically less
than 0.2 s for full stroke. On request shorter closing time isavailable. The emergency quick
close function achieves maximum protection for the steam turbine. The valves are equipped
with on-line exercise capability that demonstrates freedom of movement of tripping components
without affecting steam flow. The VQS valve is used together with the turbine flow control valve
(VPC), as illustrated in Fig.4.8. The VPC valve is designed for regulating the steam flow from
start-up to full load. As an option the VPC valve can be equipped with a quick closing function.
The low total pressure drop over the valves improves the energy efficiency of the installation,
thus improving the power production. Each valve is independently calculated and designed
according to the relevant operational conditions.

Design features

The VQS and VPC valves design is of angle type and is based on the well proven design of
stop valve type VS. As far as, the drawings of the VQS valve casing were not accessible from
opened sources, it was decided to use the drawing of VS valve casing available from [56] and
illustrated on Fig.4.8for the modeling of 3D solid geometry in the CAD-software SolidWorks.
The VS valve casing [56], fully machined of forged CrMo low alloy steel or carbon steel,
including X10CrMoVNb91 (F91) steel, is designed to minimize material stresses as well as
to fit the requirements of the piping system with regard to material, pressure class and piping
connections [54]. An even material distribution is essential to minimize the material stresses.
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By using the homogenous forged material, an accurate and controlled wall thickness, i.e. a
smooth surface, is achieved. For severe operating conditions with large temperature variations,
a continuous preheating of the valve inlet side is recommended. The VS valve is designed to be
operated by an actuator, and depending on the actuating force and project preference, any type
of actuator can be selected: pneumatic, electrohydraulic or electromechanical. The unbalanced
configuration of VS valve casing with tight design providingleakage tightness according to
ANSI B16.104 Class V was selected, see Fig.4.8. The maximum capacity of the VQS valve
is 7500 Kv or 8660 Cv, the maximum inlet pressure class corresponds to DIN-PN 640 (ANSI#
4500), the maximum outlet pressure class corresponds to DIN-PN 250 (ANSI# 1500). Flow
path in angle body of the VQS valve means low pressure drop dueto pressure recovery in the
outlet cone, refer to [54].

Review of FEA results

The 3D-solid geometry of the valve casing designed in the CAD-software SolidWorks is trans-
ferred to the FEM-based CAE-software ABAQUS and meshed with7740 solid 8-noded finite
elements (type 3CD8R, refer to [1]) providing totally 10085 nodes, as illustrated on Fig.4.9.
The analysed main part of the valve casing is simplified to symmetrical geometry with applied
symmetry boundary conditions on the cross-section surface. The main load on the valve cas-
ing is the internal pressure 20 MPa which is considered as constant over time and normal for
operating conditions due to the service applications. As far as the geometry of a valve actuator
is not taken into account, its effect is replaced with balance pressurepnoz applied to the outer
surface of nozzle with opposite sign, as illustrated on Fig.4.9. It is calculated as follows

pnoz =
pint ··· Aact

Anoz
= 8.67 (MPa), (4.4.3)

wherepint = 20 MPa is the internal pressure in the valve,Aact = 1.24 ··· 104 mm2 is the area of
the actuator cross-section andAnoz = 2.85 ··· 104 mm2 is the area of the actuator cross-section.

Additional damage due to fatigue caused by the transient operation modes of a steam tur-
bine, e.g. during start-up and shut down, is not considered here. The modern experience
of steam turbines manufacturers [101] shows the 9-12%Cr advanced heat-resistant steels are
used for valve casings or turbine housings manufactured by casing or forging processes. Thus,
the material of the analyzed valve casing is assumed to be the9Cr-1Mo-V-Nb (ASTM P91)
heat-resistant steel. As the valve is considered to operateat temperature 600◦C, the values of
Young’s modulusE = 1.12 ··· 105 MPa, Poisson’s rationµ = 0.3 and thermal expansion coefficient
α = 1.26 ··· 10−5 K−1 are taken from [66]. Finally, for the transient creep process simulation,
the isothermal form of the creep constitutive model developed in Chapt.3 is applied to pre-
dict the creep damage in the valve casing. The creep constitutive equation (3.4.45) with the
strain-hardening function (3.4.46) and the damage evolution equations (3.4.47) with the time-
to-rupture function (3.4.48) including all the corresponding creep materials parameters sum-
marized in Sect.3.4 are incorporated in FE-code of CAE-software ABAQUS by the means of
user-defined creep subroutine. The proposed model is able toreflect the basic features of stress
redistribution in the structural component. Furthermore,it allows us to predict the locations for
the maximum creep damage and the life-time of the structuralcomponent till failure.
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Fig. 4.8:Typical installation of the steam turbine quick stop valve in a power station, after [55, 56].

Internal pressure: 20 MPa

Balance
loading:
-8.67 MPa

FE-Model:
C3D8R (8 Nodes)
7740 Elements
10085 Nodes

Fig. 4.9:ABAQUS mathematical model of VQS: geometry, loadings and FE-mesh.
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The creep-damage behavior simulation of the valve casing with the previously mentioned
initial-boundary conditions and material properties has predicted the failure of the component
in t∗ = 164000 hours = 18.7 years. The obtained FEA results show thecritical damage accu-
mulation in two locations. The first location is situated on the outer surface of the valve casing
as illustrated on Fig.4.10and is caused by the brittle damage parameterωb critical concentra-
tion. In this possible place of brittle rupture initiation the damage accumulation is dominantly
governed by the maximum tensile stressσmax t, as shown on Fig.4.10. The second location
is situated on the inner surface of the valve casing as illustrated on Fig.4.11and is caused by
the ductile damage parameterωd critical concentration. In this possible place of ductile rupture
initiation the damage accumulation is dominantly governedby the von Mises effective stress
σvM, as shown on Fig.4.11. As far as the character of the both damage parameters (ωb andωd)
evolution is found out to be equal in the both locations (see Fig. 4.12), the decision about the
type of rupture is done basing on the stress parameters (σmax t andσvM) redistribution character.
The dominant stress parameter (σmax t or σvM) defines the type of rupture (brittle or ductile).
Additionally, this assumption is proved by the different evolution character of the maximum
principal total strainεtot in different rupture locations, illustrated on Fig.4.13. The comparison
of the creep curves shows, that the ductile rupture locationhas accumulated almost two times
more creep strain than the brittle rupture location. Due to Fig. 4.13, the ductile rupture location
has more prevalent tertiary creep stage of the creep curve, but in the both locations the rupture
occurs in the same timet∗.

These results should be investigated further in order to findout how to come closer to real-
ity. Such clarification could give important input for future improvements in high temperature
component design. In this context, firstly the parameter identification should be optimized for
the relevant loading conditions, whereby also multi-axialexperiments should be used. More-
over, it is very important to compare and review the numerical damage predictions with respect
to experimental findings of uni-axial and multi-axial load cases.
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5. CONCLUSIONS AND OUTLOOK

A new appropriate approach to the phenomenological modeling of creep and damage behaviour
based on the well-known concepts of continuum damage mechanics and creep mechanics is de-
veloped. In the framework of the thesis a comprehensive non-isothermal creep-damage model
for a wide stress range is proposed in Chapt.3. It is based on the available creep and rup-
ture experimental studies and microstructural observations for advanced heat resistant steels.
The proposed approach takes into account the following features, which are important for the
comprehensive creep and damage modeling for structural analysis of industrial components:

• The uniaxial form of the proposed creep-damage model describing primary, secondary
and tertiary creep stages is formulated. The model consistsof the constitutive equation
for the creep strain rate governing steady-state creep behaviour and two damage evolu-
tion equations for accumulation rates of brittle and ductile damage parameters governing
tertiary creep behaviour and rupture. To take into account the primary creep behavior and
stress relaxation effects a strain hardening function is utilized in the constitutive equation.

• The creep constitutive equation presented in Sect.3.1 shows the stress range dependent
behavior presenting the power-law to linear creep mechanism transition with a decreasing
stress. To take into account the primary creep behavior a strain hardening function is
utilized in Sect.3.2. The constitutive equation in the form of serious connection of linear
and power-law components extended with strain hardening function well describes the
creep strain rates for a wide stress range and stress relaxation process under the loading
values relevant to in-service conditions of industrial applications.

• To characterize creep-rupture behavior the constitutive equation is generalized by intro-
duction of two damage internal state variables and appropriate evolution equations in
Sect.3.3. The description of long-term strength behavior is based onthe assumption of
ductile to brittle damage character transition with the decrease of stress. Two damage
parameters show different ductile and brittle damage accumulation characters based on
the Kachanov-Rabotnov concept, but the similar time-to-rupture dependence.

• Since the creep and the damage effect are heat-activated processes, the creep constitutive
and damage evolution equations are extended with the temperature dependence using the
Arrhenius-type functions. Such a temperature dependence presented in Sects3.1and3.3
is found applicable only for a quite narrow range of high temperatures.

• The set of creep material parameters for the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant
steel valid in the stress (0 – 300 MPa) and temperature (550 – 650◦C) ranges relevant
to in-service loading conditions is identified in Sect.3.3. The identification procedure
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is based on manual fitting of the available experimental datapresented by the minimum
creep strain rate, time-to-rupture and creep-rupture strain vs. stress dependencies.

• The unified multi-axial form of the creep-damage model is presented in Sect.3.4. To
analyze the failure mechanisms under multi-axial stress states the isochronous rupture
loci and time-to-rupture surface are presented. They illustrate that the proposed failure
criterion based on the dependence of time-to-rupture on stress include both the maximum
tensile stress and the von Mises effective stress. But the measures of influence of the stress
parameters are dependent on the level of stress with ductileto brittle failure transition.

• Finally in Sect.4.4 an example of numerical long-term strength analysis for a typical
power plant component is presented. The obtained FEA results show that the developed
approach is capable to reproduce basic features of creep anddamage processes in en-
gineering structures. And the assumptions of power-law to linear creep behaviour and
ductile to brittle damage mode transitions are really important for an adequate life-time
assessments and local damaged zones predictions under in-service loading conditions.

The proposed in this work creep-damage model is not yet well verified and optimized. The form
of strain hardening function for the description of primarycreep stage proposed in Sect.3.2 is
still under question. Because the primary stages of the creep curves do not fit the experimental
creep curves equally well under low and high levels of stress. Therefore, for the purpose of
testing and improvement the following future studies are planed:

• The strain hardening function proposed in Sect.3.2 probably need to be replaced with
other more suitable concepts for the purpose of better description of primary creep
stage. Possible variants are the modification of the strain hardening function with stress-
dependent primary creep parameters or the application of kinematic hardening concepts,
see e.g. [152]. The common approach used in the kinematic hardening concept is the
introduction of additional internal state variables such as back stress [134, 135] and hard-
ening [46, 167] and appropriate evolution equations (the so-called hardening rules).

• The verification of the creep-damage model presented in Chapt. 3 should be performed
using solutions of benchmark problems specified for creep and damage mechanics. The
main problem while the model development was the lack of creep and rupture experi-
mental data under the low level of stress. Thus, the accuracyof the creep-damage model
predictions can be increased by a new creep material parameters identified using of ex-
periments obtained under low and moderate stresses and higher temperature range. The
independent creep-rupture tests under non-proportional loading (e.g. combined tension
and torsion) in a wide stress range are necessary to verify the new failure criterion.

• The algorithm and the procedure for the automatical or semi-automatical identification of
the creep materials parameters applicable for any of the similar advanced heat-resistant
steels have to be developed. An application or a stand-alonesoftware for the identifi-
cation should automatically fit the input experimental datafor the series of stresses and
temperatures and must output the values of creep material parameters. The identification
procedure can be additionally visualized and extended withqueries to final user to define
an identification options and to optimize the values of creepparameters.



A. IDENTIFICATION PROCEDURE OF CREEP MATERIAL
PARAMETERS

A.1 Secondary creep stage

The steady-state creep region of every creep curve from experimental data set(εd , td),
(εd+1, td+1), . . . , (εq, tq), whered ≥ 2 and q ≤ f ( f is a number of experimental mea-
surements), is approximated by least-squares regression method [199], using linear function

ε = ε̇crmin t, (A.1.1)

where the minimum creep strain rateε̇crmin is the slope to be estimated from linear function
(A.1.1) in the following form:
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The material constantsA andn for the relationship between creep strain rate and stressε̇cr =
A σn can be determined from steady-state creep. In double logarithmic coordinates the creep
strain rate and stress theoretically must be connected by close to linear function, which can be
approximated by least-squares regression method [199], using linear function

lg ε̇crmin = lg A + n lg σ, (A.1.3)

where the creep exponentn is the slope of function (A.1.3), linear in double logarithmic scale.
Specifyingε̇crmin 1, ε̇crmin 2, . . . , ε̇crmin ξ as minimum creep rates at the fixed stressesσ1, σ2, . . . ,

σξ and fixed temperaturesT1, T2, . . . , Tϕ, whereξ is a number of experimental stresses andϕ
is a number of temperatures corresponding to experimental creep curves with secondary creep
stage, constantn and the set of temperature dependent constantsAj (j = 1, 2, ..., ϕ) can be
estimated from following relations, produced by least-squares regression method [199], using
approximation function (A.1.3):
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The data array(Aj, Tj), where j = 1, 2, ..., ϕ, representing temperature dependence of
secondary creep can be quite accurately approximated by theleast-squares regression method
[199], using Arrhenius law function

A(T) = a exp

(

−
h

T

)

, (A.1.6)

which is linear in half-logarithmic scale, and which contains the creep material constantsa and
h, defined by notations
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A.2 Tertiary creep stage

Material constantslj define the shape of creep curve on the tertiary creep stage andgoverns the
value of critical creep strain(ε∗1, ε∗2, . . . , ε∗ψ) corresponding to rupture time(t∗1 , t∗2 , . . . , t∗ψ) and
stresses(σ1, σ2, . . . , σψ) for the number of fixed temperaturesT1, T2, ..., Tϕ:

li(Tj) = n − 1 +
n

[

ε∗i
A exp(−h/Tj) (σ∗

i )n t∗i

]

− 1

for (j = 1, 2, .., ϕ) and (i = 1, 2, ..., ψ),

(A.2.8)

whereψ is a number of experimental stress values corresponding to experimental creep curves
with tertiary creep stage andϕ is a number of temperature values.

The creep curves with an evident tertiary creep stage(σ1, σ2, . . . , σψ) are selected from the
complete experimental stress range. The value oflj (j = 1, 2, ..., ϕ) for every temperature
value Tj is defined as an arithmetic mean value of the arrayli(Tj) (i = 1, 2, ..., ψ). For all
temperaturesT1, T2, ..., Tϕ the value of creep constantl is defined as a simple average value of
the setlj (j = 1, 2, ..., ϕ).

The long-term strength curves corresponding to the number of fixed temperaturesT1, T2,
. . . , Tϕ, i.e. failure time(t∗1 , t∗2 , . . . , t∗ψ) vs. applied stress(σ1, σ2, . . . , σψ) relations, can be
approximated by the least-squares regression method [199], using the following function, linear
in a double logarithmic scale:
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lg t∗ = − lg [(l + 1) B] − m lg σ, (A.2.9)

whereψ is a number of experimental stress values corresponding to the available experimental
creep curves with tertiary creep stage. The constantm, which is not dependent on the tempera-
ture, characterized the slope of the function (A.2.9), linear in a double logarithmic scale.

The constantm and the set of temperature dependent constantsBj (j = 1, 2, ..., ϕ) can
be estimated from following relations, produced by the least-squares regression method [199],
using approximation function (A.2.9):
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The data array(Bj, Tj), wherej = 1, 2, ..., ϕ, representing temperature dependence of ter-
tiary creep can be quite accurately approximated by the least-squares regression method [199],
using Arrhenius law function

B(T) = b exp
(

−
p

T

)

, (A.2.12)

which is linear in half-logarithmic scale, and contains creep material constantsb andp, defined
by the following notations:
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A.3 Primary creep stage

The analytical formulation of the primary creep strain can be provided, if in Eq. (2.1.8) the
influence of secondary and tertiary creep stages are neglected as follows:

ε = k ln

[

(1 + C) exp
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θ

k

)

− C

]

with θ = a exp

(

−
h

T

)

σn t, (A.3.14)

whereC andk are primary creep material constants to be defined.
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For all the number of fixed temperaturesT1, T2, . . . , Tϕ (ϕ is the number of temperature
values) the creep curves with well marked primary creep stage are selected. Then for all selected
creep curves the maximum creep strain values at the end of primary creep stage are obtained

for all fixed temperatures: (εT1
max 1, εT1

max 2, . . . , εT1
max φ), (εT2

max 1, εT2
max 2, . . . , εT2

max φ), . . . , (ε
Tϕ

max 1,

ε
Tϕ

max 2, . . . , ε
Tϕ

max φ). The next step assumes the extraction ofϕ creep curves with close or equal
maximum creep strain values, one for every temperature value. For example, the following

array is obtained after extraction:ε
Tϕ

max 1, εT2
max 2, . . . , εT1

max φ. Creep curves corresponding to

the array (ε
Tϕ

max 1, εT2
max 2, . . . ,εT1

max φ) are approximated by function (A.3.14) using least-squares
regression method [199] for the purpose of estimation of primary creep constantsCδ andkδ

(δ = 1, 2, ..., ϕ) for every temperature valueT1, T2, . . . , Tϕ.
The final values ofC and k are obtained as simple average values for arraysCδ and kδ

(δ = 1, 2, ..., ϕ) as follows

C =
C1 + C2 + ... + Cϕ

ϕ
and k =

k1 + k2 + ... + kϕ

ϕ
. (A.3.15)
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dünnwandiger Flächentragwerke auf der Grundlage phänomenologischer Materialmod-
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[181] SEGLE, P., SAMUELSON, L. Å., ANDERSSON, P., and MOBERG, F., “Inelasticity and
damage in solids subject to microstructural change,” inCreep & Fracture in High Tem-
perature Components: Design & Life Assessment Issues(JORDAAN, I. J., SESHADRI,
R., and MEGLIS, I. L., eds.), no. Sept. 25-27, 1996 in Proc. of the The Lazar M.
Kachanov Symp., (Newfoundland, Canada), Memorial University of Newfoundland,
1997.64

[182] SEGLE, P., TU, S. T., STORESUND, J., and SAMUELSON, L. A., “Some issues in life
assessment of longitudinal seam welds based on creep tests with cross-weld specimens,”
Int. J. of Pressure Vessels & Piping, vol. 66, pp. 199 – 222, 1996.64

[183] SHERBY, O. D. and BURKE, P. M., “Mechanical behavior of crystalline solids at ele-
vated temperature,”Prog. Mater. Sci., vol. 13, no. 7, pp. 325 – 390, 1967.10, 12

[184] SHIBLI , I. A., “Performance of P91 thick section welds under steadyand cyclic loading
conditions: power plant and research experience,”OMMI, vol. 1, no. 3, pp. 1 – 17, 2002.
Available from http://www.ommi.co.uk.23
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