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ABSTRACT

The structural analysis under in-service conditions aiouartemperatures requires a reliable
creep constitutive model which reflects time-dependerggaeformations and processes ac-
companying creep like hardening and damage in a wide saager The objective of this work
is to develop a comprehensive non-isothermal creep-damadel based on transitions of creep
and long-term strength behavior in a wide stress range. mperitant features of the proposed
creep and damage equations are the response functionsayphed stress which should ex-
trapolate the laboratory creep and rupture data usualbimdd in tests under increased stress
and temperature to the in-service loading conditions egletor industrial applications. The
study deals with four principal topics including the basgs@amptions of creep constitutive
modeling, the conventional isotropic and anisotropic prédamage models, the comprehen-
sive non-isothermal creep-damage models for a wide steegger Finally, the application to
structural analysis of benchmark problems and engineeongponents is demonstrated.

Within the framework of the constitutive modeling we dissukfferent creep-deformation
mechanisms depending on stress and temperature level einditification in the frames of
one creep constitutive model based on micro-structuradexyental studies. An overview of
conventional approaches to phenomenological creep nmapeith temperature dependence is
given. It includes creep-damage models based on the KaetRalootnov-Hayhurst concept
and creep material models with both the initial and the daaduced anisotropy.

The proposed non-isothermal creep-damage model for a Wwielssgange is based on sev-
eral assumptions derived from creep experiments and ntiaatsral observations for various
advanced heat resistant steels. The constitutive equaffiects the stress range dependent be-
havior demonstrating the power-law to linear creep traosivith a decreasing stress. To take
into account the primary creep behavior a strain hardeningtfon is introduced. To charac-
terize the creep-rupture behavior the constitutive equas generalized by introduction of two
damage internal state variables and appropriate evoletjoiations. The description of long-
term strength behaviour is based on the assumption of duotibrittle damage transition with
a decrease of stress. Two damage parameters represerftehentiiductile and brittle damage
accumulation. The creep constitutive and damage evolatiprations are extended including
the temperature dependence using the Arrhenius-typeifumsctThe unified multi-axial form
of the creep-damage model for a wide stress range is prelsektesw failure criterion includes
both the maximum tensile stress and the von Mises effectiiees The measures of influence
of the both these stress parameters are dependent on theflstress.

Several isotropic and anisotropic creep-damage modelapiéed to the numerical struc-
tural analysis using FEM-based CAE-software ABAQUS and XISSThese models are incor-
porated into the software finite element code by means of mdefaed material subroutines.
To verify the subroutines several creep benchmark probemsleveloped and solved by spe-
cial numerical methods. The examples of long-term streagtysis for various industrial
components are highlighted to illustrate the effectivéufezs and importance of the continuum
damage mechanics approach for the life-time assessmesteustural analysis. Finally, an
example of long-term strength analysis for the housing ofiiakgstop valve usually installed
on steam turbines is presented. The results show that thedogend approach is capable to
reproduce basic features of creep and damage processe&gneaing structures.



ZUSAMMENFASSUNG

Eine Strukturanalyse unter Betriebsbedingungen bei kiedenen Temperaturen setzt ein zu-
verlassiges Kriechkonstitutivmodell, welches zeitaffige Kriechdeformationen widerspie-
gelt und begleitende Prozesse wie Verfestigung und Sghaditiber einen grof3en Spannungs-
bereich erfassen kann, voraus. Das Ziel dieser Arbeit esEaitwicklung eines umfassenden,
nicht-isothermen Kriech- und Schadigungsmodells, dagJdergange im Verhalten des Krie-
chens und der Langzeitfestigkeit beschreibt. WesentliBestandteil der vorgestellten Kriech-
und Schadigungsgleichungen sind die Antwortfunktiongareaifgebrachten Spannung, welche
die experimentellen Kriech- und Versagensdaten, die gelich unter erhdhten Spannungen
und Temperaturen ermittelt werden, auf die Betriebsbediggn extrapolieren sollten. Diese
Arbeit ist gegliedert in vier Themenbereiche: Grundannahrder Modellierung, konventio-
nelle isotrope und anisotrope Kriech- und Schadigungstedicht-isothermes Kriech- und
Schadigungsmodell fir groRe Spannungsbereiche sowheamgeBeispiele fiur die numerische
Abschatzung des Kriechens und der Schadigung bei Bernkpnodlemen und Bauteilen.

Im Rahmen der Modellierung werden verschiedene Mechamisiee Kriechdeformati-
on, die vom Spannungs- und Temperaturniveau abhangese siaren Beschreibung in einem
Kriechkonstitutivmodell, dem experimentelle Ergebnizsesrunde liegen, diskutiert. Es wird
ein Uberblick iber konventionelle Ansatze zur phanomegisichen Modellierung des Krie-
chens mit Temperaturabhangigkeit gegeben. Das beinlalech- und Schadigungsmodelle,
die auf den Arbeiten von Kachanov-Rabotnov-Hayhurst bemulind Kriechmodelle mit so-
wohl einer anfanglichen als auch einer durch Schadigaodgazierten Anisotropie.

Dem vorgestellten Kriech- und Schadigungsmodell liegana&men zu Grunde, die aus ex-
perimentellen Beobachtungen fur zahlreiche warmfesibl8&tabgeleitet wurden. Das von der
Konstitutivgleichung beschriebene Kriechverhalten zeigenUbergang vom exponentiellen
zum linearen Verhalten mit geringeren Spannungen. Um dasR4riechen zu berticksichtigen
wurde eine Funktion mit Dehnungsverfestigung verwendas Yersagen durch Kriechen wird
hinreichend genau beschrieben, wenn in die Konstitutiggleng zwei Schadigungsparameter
und die dazugehorigen Evolutionsgleichungen eingéfaghmd. Die Beschreibung des Ver-
haltens beziiglich der Langzeitfestigkeit basiert auf Alenahme dedJbergangs von dukti-
lem zu sprodem Verhalten mit abnehmender Spannung. Die S@f&digungsparameter ha-
ben einen unterschiedlichen Charakter bei duktiler unédgar Schadigungsakkumulierung.
Die Kriechkonstitutiv- und Evolutionsgleichungen sindclueinen Arrheniusansatz erweitert
worden, so dass die Temperaturabhangigkeit beriickgickierden kann. Die vereinheitlich-
te mehraxiale Form des Kriech- und Schadigungsmodellgifiiide Spannungsbereiche wird
prasentiert. Ein neues Versagenskriterium, das sowehhdiximale Zugspannung als auch die
effektive von Mises-Spannung beinhaltet, wird eingefiihr

Mehrere Kriech- und Schadigungsmodelle wurden fur Asatyvon Bauteilen mit FEM-
basierte Software wie ABAQUS und ANSYS verwendet. Diese 8lliedwurden mithilfe von
benutzerspezifischen Subroutinen in die Software integlien diese Subroutinen zu verifizie-
ren, wurden mehrere Benchmark-Kriechprobleme aufgésietl numerisch gelost. Beispiels-
weise wird eine Simulation zur Abschatzung der Langzsiitfgeit anhand des Gehauses eines
Quick-Stop Ventils einer Dampfturbine prasentiert. Digébnisse belegen, dass der entwickel-
te Ansatz in der Lage ist, die Merkmale des Kriechschadigprozesses zu erfassen.
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1. BASIC ASSUMPTIONS AND MOTIVATION

Creepis the progressive time-dependent inelastic deformatimtet constant load and tem-
perature.Relaxationis the time-dependent decrease of stress under the canditiconstant
deformation and temperature. For many structural mageiiat example steel, both the creep
and the relaxation can be observed above a certain crigoapeérature. The creep process
is accompanied by many different slow microstructural na@gements including dislocation
movement, ageing of microstructure and grain-boundaritadan.

The above definitions of creep and relaxatia67] are related to the case of uni-axial ho-
mogeneous stress states realized in standard materiagte8tt many responsible engineering
structures and components are subjected to high tempestuironment and complex mechan-
ical loadings over a long time of operation. Examples inelstfuctural components of power
generation plants, chemical facilities, heat engines @nerdigh-temperature equipment. The
life of these structures is usually limited by possible tidependent creep processes. Under
creep in structure®ne usually understands time-dependent changes of strdisteess states
taking place in structural components as a consequencet&inek loading and temperature.
Examples of these changes include progressive defornsatietaxation and redistribution of
stresses, local reduction of material strength, etc. Euntbre, the strain and stress states are
inhomogeneous and multi-axial in most cases. The aim oéftreodeling for structural analy-
sis” is the development of methods to predict time-dependeanges of stress and strain states
in engineering structures up to the critical stage of cregpure, see e.g3f, 157.

Design procedures and residual life assessments for sgglonsible high-temperature
structural components as pressure piping systems andsgssers and turbine blades, casings
of valves and turbines, etc. require the accounting forea®l damage processes. Chaftisr
devoted to the discussion of basic features of materiaépaad damage behavior, the overview
of main creep-deformation mechanisms, the highlightingain approaches to phenomenolog-
ical creep modeling and the definition of the scope for thigigbution.

1.1 Creep Phenomena

In design of engineering structures against creep it isssog to seek the material and the
shape which will carry the design loads, without failurer, thee design life at the design tem-
perature. The meaning of “failure” depends on the appbeatiollowing four main types of
failure illustrated in Figl.1are distinguished in4, 25]:

a) Displacement-limited applications, in which precismensions 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 desigh]| a) displacement-limited, b) buckling-limited,
c) relaxation-limited, d) failure-limited.

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

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

d) Rupture-limited applications, in which dimensionalei@nce is relatively unimportant,
but fracture must be avoided (as in steam turbine quick shbyey.

Design procedures and residual life assessments for ssgonsible high-temperature
structural components as pressure piping systems andsgssers and turbine blades, casings
of valves and turbines, etc. require the accounting forcessl damage processes. The aim of
creep modeling for structural analysis is the developmérglmble methods and creep models
to predict time-dependent changes of stress and stragsstaéngineering structures up to the
critical stage of creep rupture, see e84,[157.

Structural analysis under creep conditions requires abiei constitutive model which
reflects time dependent creep deformations and processempanying creep like harden-
ing/recovery and damage. To tackle any of these we needitdivét equations which relate
the creep strain ra&" or time-to-failuret* for the material to the stressand temperaturé to
which the material is exposed. The phenomenological apprtathe development of a creep
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constitutive model is based on mathematical descriptie@xp&rimental creep curves obtained
from uniaxial creep tests.

A standard cylindrical tension specimen is heated up todimperaturd” = (0.3 — 0.5) Tp,
(T i1s the melting temperature of the material) and loaded byhsileeforceF. The value of
the normal stress in the specimenshould be much less than the yield limit of the material
oy. The instantaneous material response is therefore eldsteeload and the temperature are
kept constant during the test and the axial engineeringstia plotted versus time A typical
creep curve for a metal is schematically shown in Eig, the same examples of schematic rep-
resentation of creep curve can be foundan, 25, 145 152 179. The instantaneous response
can be characterized by the strain vaitle The time-dependent response is the slow increase
of the straire with a variable rate. Following Andrad&§], three stages can be considered in a
typical creep curve: the first stage (primary or reducedmyrabe second stage (secondary or
stationary creep) and the third stage (tertiary or acctddrareep). During the primary creep
stage the creep rate decreases to a certain value (minineep catesZ; ). The secondary
stage is characterized by the approximately constant ecegepDuring the tertiary creep stage
the strain rate increases. At the end of the tertiary staggparupture of the specimen occurs at
time moment*.

A number of creep material properties can be deduced fromriaxial creep curve. The
most important of them are the duration of the stages, thgeval minimum creep raté&, ,
the time to fracturé™ and the strain value before fractur'e

The shape of the creep curve is determined by several camgpetctions195 including:

1. Strain hardening;

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

3. Damaging processes, such as cavitation and crackingauimen necking.

Of these factors strain hardening tends to decrease thp caée:“’, whereas the other
factors tend to increase the creep rk&te The balance among these factors determines the shape
of the creep curve. During primary creep the decreasingestdjpthe creep curve is attributed
to strain hardening. Secondary-stage creep is explaineztnms of a balance between strain
hardening and the softening and damaging processes ngsinlita nearly constant creep rate.
The tertiary stage marks the onset of internal- or extedaatage processes (item 3 in the
preceding numbered list), which result in a decrease indbistance to load or a significant
increase in the net section stress. Coupled with the sofjgmiocesses (item 2), the balance
achieved in stage 2 is now offset, and a rapidly increasiri@atg stage of creep is reached.

1.2 Phenomenological Modeling

In general, let us consider an additive split of the uniagiedinse as follows, see e.g1[)]:

g = ¢ 4 ¢th 4 ¢nel (1.2.1)
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Fig. 1.2:Strain vs. time curve under constant |[dadnd temperatur& (I — primary creep, Il —secondary
creep, lll —tertiary creep), aftelp?).

with ¢, eth, e¢l as the elastic, the thermal, and the inelastic strainsengisely. The third
term can be splitinto a creep and a plastic part:

gnel = g 4 Pl (1.2.2)

Below we neglect the thermal and the plastic strains congiglenly elastic and creep
strains, as illustrated on Fi@.2 This simplification yields

€ =¢ + ¢ (1.2.3)

The phenomenological models of the creep theory are moassigdon constitutive relations
of the following type

f(e,o,t,T) =0, (1.2.4)

where T denotes the temperature. At fixed temperature and predcstress historyr ()
this equation determines the strain variatigh) and vice versal91]. The identification of
Eq. 1.2.9 is connected with the performance of possible tests, famgpte, the creep or the
relaxation test. For constant uni-axial stresses the desepan be approximated by separating
the stress, time, and temperature influences

e = fi(0) falt) f3(T), (1.2.5)
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where the representations for the stress funcfidir), the time functionf,(t), and the tem-
perature functiorfs(T) are well-known from literature. A generalization for medtial states
is possible, for instance, by analogy to the flow theory irsfitaty. Below the attention will
be focused on the stress and temperature functions. Thepéesof representations of stress,
time and temperature functions can be foundli®g 190 191].

The creep behavior can be divided into three stages as showig.il.2 The first stage
is connected with a hardening behavior, characterized bgceedsing creep strain rate. The
second stage is the stationary creep with a constant creep sdte (the creep strains are pro-
portional with respect to the time). During this stage wesider an equilibrium between the
hardening and the damage processes in the material. Thatdgstis the tertiary creep with an
increasing creep strain rate, characterized by a domirdigrsng in the material. The main
softening is realized by damage processes. Note that soregiaks show no tertiary creep,
others have a very short primary creep period. In all casesbtagn rupture (failure) caused by
creep as the final state of a creep curve.

The artificial modeling of the phenomenological creep bardvased on the division of the
creep curve (creep strain versus time at constant stresé®mg8}$ the multi-axial creep descrip-
tion as follows. Let us introduce a set of equations, whichtams three different types: an
equation for the creep strain rate tensor influenced by hargend/or damage and two sets of
evolution equations for the hardening and the damage Jasab

aF(Ueq,T;Hl,...,Hn,w:l,...,wm)

>Clr _

£ = oo ’

Hi = Hi(aelé,T;Hl,...,Hn,wl,...,wm), iZl,...,Vl, (126)
Wy = Wi(Oeq, T Hy, ..., Hy,wy,...,wn), k=1,...,m.

In the notation {.2.6 &€ is the creep strain rate tensor,is the stress tensofF, is the creep
potential, H; andw; are the hardening and damage variabié$,aeq andogg are the equivalent
stresses which control the primary, secondary and tertig®gp. The proposed set of equations
(1.2.6 can be used for classical and non-classical creep moael®.g. 10].

It must be underlined that in addition to the problem how torfolate the set of creep
equations 1.2.6 the identification problem for this set must be solved. Ig. Ei3the solution
is schematically shown. The starting point is the identifocaof the creep equation for the
secondary part. Since the creep is stress and temperapgadint this identification can be
realized at fixed temperatures and for constant stress iryaeasy way. If such an approach is
not satisfying, we have to consider a more complex situamhuse approaches presented, for
example, in 2] and valid for a wide range of stresses.

The creep is influenced by hardening and damaging procesddsaged on the identified
secondary creep equation. The equations for primary atidriecreep can be established by
extension of the secondary creep equations. The idenitfitcean be realized by analogy using
additional experimental results. This approach is preskmt several textbooks, for instance
[124, 125 126,172, 189, 190.

The phenomenological approach to creep modeling genenallydes 3 steps, see Fif).3

1. The first step of the phenomenological creep modellingasformulation of empirical
functions describing the sensitivity of the minimum creat@é<". - during the steady state

min
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Fig. 1.3:1dentification of creep equations by uniaxial tests (afi€l)[

to the stress level and the temperature. Hardening pracassksoftening processes are
in equilibrium during secondary creep stage. The steaatggfMminimum) creep strain
rate is defined by the constitutive equatigfy, = g.(c, T'), which depends only on the
stressr and the temperaturE. The power law and the hyperbolic functions of stress and
Arrhenius functions for temperature dependence are mos#g in applicationsl45.

2. During the primary stage creep straff is decelerated by hardening process (e.g. ob-
struction of the dislocation movements) and relaxatiorcesses (e.g. redistribution of
lattice defects). To characterize the hardening/recopesgesses the constitutive equa-
tionéS. = g«(o, T, H) is generalized by introduction of hardening internal staréable
H and appropriate evolution equatibh= gy (o, T, H).

3. During the tertiary stage creep strathis accelerated by the damage process (e.g. nucle-
ation, growth and coalescence of voids at the grain boues)aaind aging process (e.g.
degradation of the material microstructure). To charam#ehe damage process the con-
stitutive equatiortS’. = g.(c, T, H,w) is generalized by introduction of the damage
internal state variable» and appropriate evolution equatian= g, (¢, T, H, w).

The artificial modeling of the phenomenological creep béravased on the division of
the creep curve (creep stragfi vs. timet at constant stress) allows the multi-axial creep
description as follows. Let us introduce a set of equatiansch contains three different types:
an equation for the creep strain rate terssbinfluenced by hardening and/or damage and two
sets of evolution equations for the hardeniignd the damage variables. The complete sys-
tem of equation, describing creep and accompanying presgssnsisting of main constitutive
equation for creep strain rate teng6r and evolutionary equations for assumed internal state
variables { andw) can be presented as follows:
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Fig. 1.4:Schematic illustration of creep curveFig. 1.5:Temperature dependence of the min-
shapes, afterlP5| imum creep rate<", after 24]

¢ =g(0,H w,T), & ,=0 Constitutive Equation
H=g¢y(c,H,w,T), Hi—g =0 Evolution Equation (Hardening/Recovery) (1.2.7)
w=gu(oc,H,w,T), wi— =0 Evolution Equation (Softening/Damage)

The emphasis in all cases of creep modeling is on correl@tiagnacroscopic behavior
with the underlying microscopic mechanisms. This requihes a variety of internal variables
that describe the microstructural features that contrelrtite of deformation be considered.
The internal state variables and the form of the creep paleren be chosen based on known
mechanisms of creep deformation and damage evolution dasvyebssibilities of experimental
measurement and engineering applications, &,d.3, 48].

1.3 Creep Deformation Mechanisms

Creep properties are generally determined by means of atestich a constant uniaxial load
or stress is applied to the specimen affected by an elevaemeperaturd” = (0.3 — 0.5)T,, and
the resulting creep strain is recorded as a function of tifitee influence of temperature and
stress variation on the shape of creep curves are shown atibelty in Fig.1.4. After the in-
stantaneous straiy a decelerating strain-rate stage (primary creep) leadst@saly minimum
creep rateS’. (or secondary creep strain rate), which is finally followgdam accelerating
stage (tertiary creep) that ends in fracture with a rupttragrse® at a rupture time*. It is ob-
servable from Figl.4that the value of the minimum creep strain réffe. of creep curves with
apparent secondary creep stage is rising with a growth@egstrand temperaturé values.
Materials can deform by dislocation plasticity or, if thengerature is high enough, by
diffusional flow or power-law creep. If the stressand temperaturé are too low for any of
these, the deformation is elastic. To distinguish betwéendifferent mechanisms involved
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Fig. 1.6: Schematic illustration of a typicaleformation-mechanisms magdter [71].

in creep damage, it is helpful to use a compact method of septation, partly developed
by Graham and Walles3[l] and later called by Frost and Ashby the “deformation-madra
map” in [71]. Schematic illustration of typical map is shown in Fig6in which the stress-
and temperature-dependent regimes over which differgetstpf creep processes dominate can
be captured. Contours of constant strain rates are presastéunctions of the normalized
equivalent stress., /G and the homologous temperatlrg T,,,, whereG is the shear modulus
andT,, is the melting temperature. For a given combination of thesst- and the temperature
T, the map provides the dominant creep mechanism and the sitat. It shows the range of
stresgr and temperaturé in which we expect to find each sort of deformatioand the strain
rate¢ that any combination of them produces (the contours).

The first global overview of theeformation mechanism map&s provided by Frost and
Ashby in [71]. Later a lot of examples fodeformation-mechanism may different materials
were widely presented in literature, refer e.g. 2d,[25, 70, 145 152 166, 175 179. Dia-
grams like these are available for many metals and ceraandsare a useful summary of creep
behavior, helpful in selecting a material for high-tempera applications.
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Creep strain accumulation is a heat-activated process. |&nentary deformation event
gets additional energy from local thermal excitation. Igenerally agreed that above /5
(T, is the melting temperature) the activation energy of stestdte deformation is close to
the activation energy of self-diffusion. The correlaticgtween the observed activation energy
of creepQ. and the energy of self-diffusion in the crystal lattice oftede Qyq is illustrated
in Fig. 1.7. For more than 20 metals an excellent correlation betwedm \wlues has been
documented in127, 156. Therefore, by plotting the natural logarith(fv) of the minimum
creep rate“" against the reciprocal of the absolute temperafli€l’) at constant stress =
const, as shows on Fid..5 and proposed inZ{4], the correlation betweeé" and T can be
comprehensively expressed using the Arrhenius-type ilmmeis follows

£ ~ exp (;QTC) , (1.3.8)

whereR =8.31 [J- mol~! - K~1] is the universal gas constant, a@d is called the activation
energy for creep with units dg- mol‘l] andT is an absolute temperature with unitskof

AV, (mmP/mol)
10° 10° 10°
1000 + ; + 10°
2 100 | +10° E
< i . ]
10 | \\\\\1 L ]04
10 100 1000
Qc (kd/mol)

Fig. 1.7:Comparison of the activation energy of cré@pand the activation energy of self-diffusi@iyy
for pure metals, afterl[56].
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At stresseg and temperatureE of interest to the engineer, the following behavior progbse
by Norton [L57] and Bailey P7] is generally obeyed:

&= A", (1.3.9)

whereA andn are stress-independent secondary creep constants. Anexxad relationship,
although not generally used, has also been propdstfl fo explain the behavior at very high
stresses, as follows:

¢ =Aexp(Co), (1.3.10)

whereA andC are stress-independent constants.

Because creep is a thermally activated process, its temopessensitivity would be expected
to obey an Arrhenius-type expressidn3.8, with a characteristic activation ener@y for the
rate-controlling mechanism. Considering both the streaad temperaturé dependencies of
the creep strain rat&", Eq. (L.3.9 can therefore be rewritten asq3:

£ = Ay o exp (;QTC) ) (1.3.11)

whereAq andn are stress-independent creep constantsRand.314 [J- K1 - mol~!] is the
universal gas constant.

Although Eq. (.3.1) suggests constant values foandQ., experimental results on steels
show both of these values to be variable with respect tostresd temperaturéd. The ex-
tended overviews of such experimental results are repertedin B4, 194, 195. Schematic
illustration of creep strain rat&" vs. stresgr dependence typical for the majority of advanced
heat-resistant steels is shown on Rig8. Such a generalization of phenomenological approach
to the description of creep behaviour and change of congtdrats been proposed to use in
[24, 25, 59, 60, 119, 207.

The general approach illustrated on Fig8 shows the approximately stepped change in the
value of creep constantdepending on the level of stressorresponding to the defined creep-
deformation mechanism. For the all low-alloy and highialkeat resistant steels the stress
exponentz from Eq. (1.3.1) is decreasing with the decrease of stresBut the change of
creep constant is stepped, because of the transition from the “power-laakdown” at high
stresses to the “power-law” creep mechanism at moderasssts. This transition is laboratory
well studied and reported for many low-alloy heat-resisttrels, see e.g.2B, 41, 53, 69,
194. Table1.1shows the summary of reported experimental data for sel@vahlloy steels
with n3 and Q3 as “power-law breakdown” creep constants aacand Q, as creep constants
corresponding to “power-law” mechanism. The reported eslaf stress exponentcan be
generalized ag; > 8 for high stress levels and then gradually reducin@ tg n, < 8 at
moderate stress levels, see Hig.

With the development of advanced high-alloy steels, thiwateid creep-deformation mech-
anisms corresponding to the same stress levels as for lowsteels has changed. The techni-
cal operating region for high-alloy steels also includesdhange of creep constantvith the
decrease of stress It is caused by the transition from the “power-law” creepigth stresses
to the “linear” creep or diffusional flow mechanism at moderstresses. This transition is not
laboratory well studied, but never the less some experisraat reported for several high-alloy



1.3. Creep Deformation Mechanisms 11

A
e Power-law
- Diffusional flow or
L “Harper-Dorn” creep creep or
“viscous glide” = F B 1
B 4 n <np <ns R
D E ny~1 _
+— -
S | | Low-alloy steels: < 2
3 f 2<m <8 “fe-
s F = Q
n | nz > 8 o O
a E §<>- o
o [ < ©
O =
= B __._g_
= © -2
- , SR8
— ,,f."‘z‘: 7777777777777 X = _
= AR ] o 9
p | | Zmmemmeemw . By Sy
i | L ‘ | >
Stressr

Fig. 1.8:Schematic illustration of creep rad® vs. stresg dependence, afte?4, 25, 59, 60, 119, 202].

Table 1.1:Reported experimental values of secondary creep matemaineters:; andQ; (i = 2,3) for
low-alloy heat-resistant steels

System of steel Temperature| Low-stress region | High-stress region| Reference
°C 1y 2, kd/mole| n3 | Qs, kd/mole
13Cr-3Mo 510-620 | 4 400 10 | 625 [194
23Cr-1Mo 565 25 | — 12 | — [41]
Cr-Mo-V 550-600 49 | 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 56 | — [23]

heat-resistant steels, see e3fl,[106, 109, 110, 138 187, 193. Tablel1.2 shows the summary
of reported experimental data for several high-alloy steélhn, andQ, as “power-law” creep

constants and; andQ; as creep constants corresponding to the “linear” creep amesim. The

reported values of stress exponantan be generalized &< n, < 12 for high stress levels
and then gradually reducing ig ~ 1 at moderate stress levels, see A

Although many investigators report a distinct break in theve presenting creep strain rate



12

1. Basic Assumptions and Motivation

Table 1.2:Reported experimental values of secondary creep matamaieters; andQ; (i = 1,2) for
high-alloy heat-resistant steels

System of steel | Temperature| Low-stress region | High-stress region | Reference

°C n Q1, kd/mole| ny Q2, kd/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 [13§
18Cr-10Ni-C 500-750 1 160 6 285 [31]
18Cr-12Ni-Mo | 650-750 1 150-200 7 400-430 [11Q
" austenitic 600 4.5 — 13 — [193

Table 1.3:Deformation mechanisms and corresponding response dmscti

Deformation Response
mechanisms functions References
. Qc\
Power-law creep cr X exp T o [27, 71, 157
Diffusional flow cr X exp <—%) o [51, 83, 84, 92, 144,128
. . Qc .
Linear + power-law  &¢ «x exp T sinh(A o) [62 63
. Qc
Power-law breakdown ¢, o« exp T exp(Co)  [183

¢ vs. stressr dependence, others view the valueno&s continuously changing with stress
o and temperaturd. While discussions continue regarding the natures ahd Q and the
reasons for their variations, industrial practice has iooied to ignore these controversies and
to use a simple power-law Eql.B.1] with discretely chosen values af and Q. Because
variations inn andQ are generally interrelated and self-compensating, no maggarepancies
in the end results have been yet not&gd].

Actually, of all the parameters pertaining to the creep pss¢ the most important for en-
gineering applications are the minimum strain rgiteand the time to rupturé&’. Specifically,
their dependence on temperatdfeand applied stress are of the most interest to the engi-
neer. This dependence varies with the applicable creepanesth. A variety of mechanisms
and equations have been proposed in the literature and fesre feviewed elsewhere, e.g.
[64, 74,152 166, 199. Finally, the creep deformation mechanisms presenteth@idealized
deformation-mechanisms map (see Righ) and corresponding response functions on stress
and temperaturé are listed in Tabld..3.
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Fig. 1.9:Evolution of damage caused by creep and correspondingcseiyperations in a high-
temperature component, aftars).

1.4 Creep and Damage Models

A typical creep behaviour of metals and alloys is accomphhietime-dependent creep defor-
mations and damage processes induced by the nucleatioheagdiwvth of microscopic cracks
and cavities. In order to characterise the evolution of théanal damage as well as to describe
the increase in creep strain rate during tertiary creepdgh&rmuum damage mechanics has been
established and demonstrated to be a powerful approach8e]gA lot of applications of creep
continuum damage mechanics are related to the long-terncpicns in thin-walled structures,
e.g. pipes or pipe bends used in power and chemical plants.fbléows the short introduction
into the continuum damage mechanics.

Damage accumulates in the form of internal cavities duriegg. The damage first appears
at the start of théertiary stageof the creep curve and grows at an increasing rate thereafier
shape of theertiary stageof the creep curve (see Fifj.2) reflects this: as the cavities grow,
the cross-section of the specimen decreases, and at cblostdrihe stress goes up. Since
¢" o« o, the creep raté" goes up even faster than the strestoes caused by creep damage,
as illustrated on Figl.9.

Isotropic damage models are generally formulated usinghtbeconcept of the effective
stressi, see e.g. 34, 124, 152, 1664]. In the uniaxial case this concept is formulated as fol-
lows. Previous studies icontinuum damage mechanstsirts with the concept abntinuityyy,
introduced by KachanowipQ:

iy = M, (1.4.12)
Ap

where Ay denotes the cross section of a uniaxial specim&p,is the cross section area of
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cavities, andn is the normal vector to the cross-section, as illustrateérignl.9. Using the
Eq. (1.4.129 a virgin state is characterized withy, = 1, a fracture is characterized wigl, = 0,
an isotropic damage is described with= ¢, and for the damaged state thentinuityy, lies
in the rangel > ¥, > 0.
Later the concept afontinuityy, was extended to the concepts of scalar state variaple
e.i. isotropicdamageparameterv, which characterises a damage state of a material loaded by
the stresg. Specifying byw the area fraction of cavities

w=Au/Ao=1—-71, (1.4.13)

one can introduce theffective streser net stressr by dividing the applied forcd to the
effective arear net area

A=Ag— A, = Ap(l —w). (1.4.14)
As a result the effective stress was defined by Rabotno¥/id fas follows:
sotb___F ¢ (1.4.15)

A A(l-w) (1-w)

In [171] Rabotnov pointed out that the damage state variablenay be associated with
the area fraction of cracks, but such an interpretation mmeoted with a rough scheme and is
therefore not necessary”. Rabotnov assumed that the atejs additionally dependent on the
current damage state. The constitutive equation shoulel tiee/form

£ = ¢ (0, w). (1.4.16)

Furthermore, the damage processes can be reflected in thi@vequation
w=w(,w), wlip=0 w<w’, (1.4.17)

wherew™ is the critical value of the damage parameter for which théenms fails. With the
power functions of stress and damage the constitutive equatay be formulated as follows
Ao

écr — m, (1418)

accompanied by the damage evolution equation in the form

o B ok
£ = 0w} (1.4.19)
whereA, B, n, m, [, k are the material dependent creep parameters.
These Eqs¥.4.19 and (.4.19 can be only applied to the case of constant temper&ture
To generalize them to the non-isothermal conditions theerretconstantsd and B should be
replaced by the functions of temperatire Assuming the Arrhenius-type temperature depen-
dence 1.3.8 the following relations can be utilized $2]

A(T) = Ag exp <;£f) and B(T) = By exp (;—%?) , (1.4.20)
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whereQ. andQy are the activation energies of creep and damage processpsctively.

To identify the material constants in Egs4.18 - (1.4.2Q experimental data of uni-axial
creep up to rupture for certain stress and temperature saargerequired. The identification
procedure is presented e.g. L. If to limit to the case of fixed temperature and to assume
m = nin Eq. (1.4.19, then the uni-axial creep model takes the fofr7]

n B k
£ = A ( 7 ) and &= —7 (1.4.21)
1—w (1-w)!

The model 1.4.20) was applied for the creep-damage description of transiyetsaded
shells and plates, presented e.g.18,[14, 15, 18, 19, 35, 52], and creep of several steels pipes
and welded structures, e.g. 7 96, 151, 152. The isotropic damage concept is suitable to
characterise the creep-damage behaviour of some matkkelsteels and aluminium alloys
[45] and is applicable for simple stress states typically sealiin uniaxial creep test37, 143.

Dyson and McClean proposed i) the following modification of the Kachanov-Rabotnov
creep-damage model, which fits all creep stages and it islynased for the creep modelling
of low alloy ferritic steels and Ni-base alloys:

S pCr _Q . (o (1 — H)
¢ =¢5 (14 Dy) exp (ﬁ) sinh (0_0 A-Dyy (i w)) , (1.4.22)

whereé" andéy are the equivalent minimum creep strain rate and the reterereep strain rate;
o andoy are the equivalent stress and the reference stress, resped is the temperature?
is the creep activation energyd, Dq4, D,, w are internal state variables, defined by evolution
equations. NotablyH is the hardening parametdny is the damage parameter caused by
multiplication of mobile dislocationd), is the damage parameter caused by particle coarsening
andw is the damage parameter caused by the cavity nucleationrandhg

There are unlimited possibilities to extend the constiigquations. As one example can
serve the modell]67], in which the additional number of creep parameters, daténg damage
mechanisms and corresponding temperature dependenei@straduced. A set of constitutive
equations have been derived with an associated set of tampemdependencies, which de-
scribe the accumulation of intergranular cavitation, tharsening of carbide precipitates and
the influence of these mechanisms on the effective creep sate

. Bo. (1— H) s (Y
se—Asmh{(l_q)) (1—w)}' w = CNé¢, <—E) , (1.4.23)

. [ hée H . (K RV

() (- ) o= ()or

A=AOBexp<—%), B:Boexp<—%),
K. c

- () (25). cooen( )

whereN = 1foroy > 0andN = 0 for oy < 0; Ao, By, Co, Ko, h, H*, Qa, Qp, Qc andQx,.
are material constants to be determined from uniaxial ctegg over a range of stresses and of
temperatures; the constanis determined from multi-axial creep rupture dat&T].
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1.5 Scope and Motivation

In recent years a lot of industrial and scientific organadi work intensively for improved
modeling and experimental investigation of creep-damaetior of heat-resistant materials
used in high-temperature equipment components of powsgrggon plants, chemical facili-
ties, heat engines, etc. Among them are European CreebGCadlave Committee, see e.@3
139, Forschungszentrum Karlsruhe (Germany), see €z, [L76 177, Institute of Physics of
Materials Brno (Czech Republic), see e.0% 106 107, 108 109 110, 165 185 186, 187),
Materialprifungsanstalt Stuttgart (Germany), see €.§.104, 133 196, Oak Ridge National
Laboratory (USA), see e.glll, 137, National Research Institute for Metals (Japan), see e.g.
[5, 6, 118 162, 163 164, 201], National Aeronautics and Space Administration (USAkg se
e.g. [L73 174, etc. At present, a large number of creep models, which bie ta describe
uniaxial creep curves for certain stress and temperatages have been developed and prac-
tically applied for creep estimations and life-time assessts. Only few of them are found
applicable to the FEM-based creep modeling for structunalysis and life-time assessment
under multi-axial stress states, because of their diftargtial designations and corresponding
mathematical and mechanical limitations. Therefore, el bhasic approaches to the descrip-
tion of creep behavior can be conventionally systematizedoar main groups as proposed
in [147, 157: 1) empirical models2) materials science model8) micro-mechanical models
4) continuum mechanics models

Within the frames and objectives of this work tbentinuum mechanics modelse of the
most interest. The objective abntinuum mechanics modeliigyto investigate creep in ide-
alized three-dimensional solids. The idealization isteglao the hypothesis of a continuum,
e.g. refer to §5]. The approach is based on balance equations and assumpgarding the
kinematics of deformation and motion. Creep behavior icdiesd by means of constitutive
equations which relate deformation processes and streBstails of topological changes of
microstructure like subgrain size or mean radius of carpréeipitates are not considered. The
processes associated with these changes like hardenacaoyerg, ageing and damage can be
taken into account by means of hidden or internal state bi@saand corresponding evolu-
tion equations, see e.g34, 126 172 189. Creep constitutive equations with internal state
variables can be applied to structural analysis. Varioudetsoand methods recently devel-
oped within the mechanics of structures can be extendedetsdhution of creep problems.
Examples are theories of rods, plates and shells as wellrast diariational 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 dateitime dependent structural behav-
ior up to critical state of failure. Examples of recent saglinclude circumferentially notched
bars B7], pipe weldments91] and thin-walled tubesl[17. In these investigations qualitative
agreements between the theory and experiments carriechaubdel structures have been es-
tablished. Constitutive equations with internal statdaldes have been found to be mostly
suited for the creep analysis of structur@$]] However, it should be noted that this approach
requires numerous experimental data of creep for struehaterials over a wide range of stress
and temperature as well as different complex stress states.

This thesis is a contribution to the continuum mechanicsetiogd of creep and damage with
the aim of structural analysis of industrial components stnactures. This type of modeling is
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related to the both fields of “creep mechanic34,[16( and “continuum damage mechanics”
[89] and requires the following step4(, 94, 147, 152, 159:

e formulation of a constitutive model including creep condtve equation and evolution
equations for internal state variables (e.g. damage,rsnfjehardening, etc.) to reflect
basic features of creep behavior of a structural materidéumulti-axial stress states,

e identification of creep material parameters in constituind evolution equations based
on experimental data of creep and long-term strength ataleeenperatures,

e development of geometrical model of analysed structureppti@ation of a structural
mechanics model by taking into account creep processedi@sd state effects,

e formulation of an initial-boundary value problem based ba treep constitutive and
structural mechanics models with initial and boundary ok,

e application of finite element method or development of nuoca¢solution procedures,
¢ verification of obtained results as well as the numericahoas and algorithms.

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

e Applicability to wide ranges of temperature and stre3$ie constitutive and evolution
equations are formulated as phenomenological dependeoistress and temperature.
According to experimental studies many materials for higifnperature applications ex-
hibit a stress and temperature ranges dependent creepidreh&he European and
Japanese material research results show that, espeaalhew steels in the class of
9-12%Cr, long-term creep-rupture testingeoH0 000 h under low stresses is required to
determine the real alloy behaviour, e.g. refer16] 11g. Otherwise a very dangerous
overestimation of the material stability can result as shawdifferent publications if
comparing long-term extrapolations on the basis of eithertsor long term tests. Thus,
the response functions of the applied stress and temperetwonstitutive and evolu-
tions equations should extrapolate the laboratory credp@ture data usually obtained
under increased stress and temperature to the in-senadatp conditions relevant for
industrial applications.

e Ability to model tertiary creep stagd he aim of creep modeling is to reflect basic features
of creep in structures including the development of inedat#formations, relaxation and
redistribution of stresses as well as the local reductiomaferial strength. A model
should be able to account for material degradation prosesseder to predict long-term
structural behavior, i.e. time-to-fracture, and to analgadtical zones of creep failure.

e Minimum quantity of creep material parametefSonventional constitutive models con-
tain the large number of parameters which must be identiffgtidoway of complex, long
and expensive experiments. Such situation results to reghgssity for development of
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models with a small number of parameters at preservatiamracy, sufficient for practi-
cal purposes. Effective way of creation of such models istivabination of approaches
of continuum mechanics with qualitative conclusions ofgiby of creep of metals.

Simplicity of creep parameters identificatidDepending on the choice of creep-damage
model the main problem is the creep parameter identificdtiothe corresponding ma-
terial. The significant scatter of properties of creep dessanlot number of experiments
for statistical processing of experimental results. Foapeeter identification even simple
constitutive models require a considerable number of exygarts both under uni-axial
and multi-axial loading. Thus, the creep material paramsdiar a selected constitutive
model must be derived from the standard procedures for enelepxial testing.

Compatibility with commercial FEM-based softwail@ommercial finite element codes
like ABAQUS and ANSYS were developed to solve various protdén solid mechanics.
In application to the creep analysis one should take intowtcthat a general purpose
constitutive equation which allows to reflect the whole $&treep and damage processes
in structural materials over a wide range of loading and tnapire conditions is not
available at present in commercial FEM-based software réfbee, a specific constitu-
tive model with selected internal state variables, spagf@s of stress and temperature
functions as well as material constants identified fromlatée experimental data should
be incorporated into the commercial finite element code hiyngra user-defined material
subroutine 152. Furthermore, the constitutive model must be compatibth standard
programming languages (e.g. FORTRAN, C++, PYTHON) and &aby translated into
programming code.

Therefore, within the framework of the dissertation a coemgnsive non-isothermal creep-

damage model based on continuum mechanics approach ancbhpplto a wide stress range
have to be developed. The model must rely on the materiahaeiassumptions about various
creep-deformation behavior in a wide stress range and iexpetal observations showing the
changes of material microstructure caused by long-ternmtakeexposure and creep deforma-
tions. In addition, it must contain a minimum of creep matieparameters, which are easy
identified from the standard procedures for creep and rapiar-axial testing. For the pur-
pose of effective application to numerical structural gsislin FEM-based software the model
should be presented in the form of a user-defined materiabstibe coding.



2. CONVENTIONAL APPROACH TO CREEP-DAMAGE MODELING

In Chapterl we discussed theoretical approaches to the constitutidehmg of creep behavior.
Chapter2 presents the conventional approaches to creep-damagdingoaeéhich are applied

to several engineering materials. The models include Spdorms of the constitutive equa-
tion for the creep rate tensor and evolution equations f@rmal state variables. In addition,
constitutive functions of stress and temperature are fipédciln order to find a set of mate-
rial constants creep tests under constant load and tempetaading to a homogeneous stress
state are required. The majority of available experimenfaita is presented as creep strain ver-
sus time curves from standard uni-axial tests. Based ore tbeserimental curves the creep
material parameters are identified.

Section2.1 is devoted to description of the conventional isotropic tka@wv-Rabotnov-
Hayhurst creep-damage model based on continuum damagamesxisee e.g8p, 100, 171].
The model is extended to the case of variable temperaturstsaid hardening consideration
[114]. Both the creep and the damage rates are assumed tempatapendent. A technique
for the identification of material creep parameters for ttaei based on the available family
of experimental creep curves is presented in AppeAdiXhe model was applied to the numer-
ical long-term strength analysis and life-time assessmedér the creep conditions of several
typical power-generation plant componemnt§,[114, 129, 130, 131, 137.

The objective of Sect2.2.1to develop a model for anisotropic creep behavior in a weld
metal produced by multi-pass welding. The anisotropy oégreroperties is caused the com-
plex directional microstructure of weld metal induced bg tieat affect95]. The structural
analysis of a welded joint requires a constitutive equatibonreep for the weld metal under
multi-axial stress states. For this purpose we apply thecgmbes to modeling of creep for ini-
tially anisotropic materials. The outcome is the a creestitutive equation for the strain rate
tensor describing secondary and tertiary creep behavig.accompanied by the two damage
evolution equations describing the different damage actaion in the longitudinal direction
and in the transverse plane of isotropy. The material cotste identified according to the
experimental data presented in the literatl@®.[ The model was verified applying it to the
numerical long-term strength analysis of a typical T-pipigee weldment§0].

Since the nature of damage phenomenon is generally amsotihe isotropic material
damage is just a simplified case of the damage anisotropyn ifhe necessary to highlight
in Sect.2.2.2the Murakami-Ohno creep-damage model with damage indutisdteopy. The
anisotropic creep behaviour induced by damage is charsetieny introducing a tensor-valued
internal state variable. We should discuss the anisotrdgimage concept proposed by Mu-
rakami and Ohnol[42 in order to conclude about the influence of damage inducesbanpy
on the long-term predictions in high-temperature engingeaipplications, e.g.1[3, 79].
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2.1 Non-isothermal isotropic creep-damage model

The conventional isotropic creep-damage model by Kachfh@g}, Rabotnov [L71] and Hay-
hurst B9 is based on the continuum damage mechanics. It containgaver-law stress re-
sponse function and a scalar damage parameter. The camwantnodel is extended to the
case of variable temperature and strain hardening comsider Both the creep and the damage
rates are assumed temperature dependent using the Askgpaifunctions. The constitutive
model is able to describe the primary, secondary and tediages of creep behavior. Both the
uni-axial and the multi-axial forms of the model accompdnigth a technique for the identifi-
cation of material creep parameters based on the availavyfof experimental creep curves
at various temperatures and wide stress range are presmited

2.1.1 Uni-axial stress state

The Kachanov-Rabotnov-Hayhurst model and physical meshmnof creep for typical heat-
resistant steels build the basis for the here suggestedsntrermal creep-damage model. The
primary creep is characterized by the introduction of tHie¥ang strain hardening function:

ECI’
H(") =1+C exp (—?) ) (2.1.1)

In order to reflect various influences of temperature on tffasional creep and the cross
slip dislocation two different functional dependences iateoduced in the constitutive creep
strain rate equation and in the evolution equation deténgithe damage rate. For the descrip-
tion of temperature dependence the Arrhenius functi©fg][are introduced:

A(T) = A exp (;—QT’X) and B(T) = B exp (;Q—Q"Fﬁ) . (2.1.2)

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

decr
dt

1—w

o n
= A(T) H(e™") [ } , (2.1.3)
dw ( o™
dt (1—w)"

In Egs @.1.) - (2.1.9 £ represents the creep strainglenotes timey is the uniaxial stress;
Q« andQyg are energies of activatioff; is the absolute temperatutd; B, C, n, m, k, [ are the
material constantsy is the scalar damage parameter< w < w*), wherew* is the critical
value of damage corresponding to the time of ruptiire

Instead of three constants including the energies of daiivaf creep and damage processes
and universal gas constant the following two constantsrdreduced:

Qu Q,B

(2.1.4)
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In the general case, the values of thermal energies of &otiveor creep procesg, and
for damage proceg3; of the typical heat-resistant steel are different. Togettith the other
material constants, they are estimated from the set of erpatal creep curves within a wide
range of temperatures and stresses.

The time integration of the damage evolution equatibt.@) under assumption of the fixed
stress and temperature provides the functigh) as follows:

1

— !
w(t) =1- [1 —(I+1) Bexp <Tp) o t} o . (2.1.6)
Therefore, time-to-rupture’ can be defined with assumption that= 1 as follows:
P = ! . (2.1.7)

[(Z +1) B exp (—Tp) O'm}

By taking into account the time-dependent functioft) in the form of Eqg. 2.1.6, the
creep constitutive equatio@.(L.3 is integrated by time as follows

=k ]+ e (40) ] 219

where the auxiliary time-dependent functidft) is defined in the following form:

A exp (’9—%}1) o P\ T
() = 5 =1 {[1—(1+1)B exp <_T> o t] —1}. (2.1.9)
The procedure of material creep constants identificatiateuthe constant temperature is

described inT7]. For the identification of values for the activation enesgypf creep-damage
processes, i.e. creep constaitandp, it is necessary to have experiment data under at least
two differents values of temperatufe If the experimental data is available for more than two
temperaturel’ values, than the identification procedure cited 114 must be applied. The
typical creep material parameters identification procedar the uniaxial formZ2.1.3 - (2.1.4

of conventional non-isothermal creep-damage model isligigted in AppendixA.

For the creep rupture time assessment, which is principgafiped by secondary and tertiary
creep stages, it is possible to apply the simplified versfameep-damage model by neglecting
the primary creep stage, i.e. by settifig(¢<") = 1. Further simplification can be made by
equating the tertiary creep constants= I. 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 thegpotential of the constitutive model
for isotropic creep behaviour can be chosen based on knowhanesms of creep deformation
and damage evolution]. According to known deformation mechanisms the primarg sec-
ondary creep rates are dominantly controlled by the von 8/efective stress. The tertiary
creep stage, accelerated by damage, is additionally irdagehby the kind of the stress state.
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The conventional isotropic creep-damage model by Kach&tahotnov-Hayhurst is based
on the power-law stress function and a scalar damage pagmah a constitutive equation
écr — § E(e:a

2 gyM

s, (2.1.10)

where the equivalent creep strain rate have following form

h ECI’ o n
cr __ _ _eq vM
beq = A exp( T) [1+C exp< . )] <1—w) , (2.1.11)

and the evolutional equation for a scalar damage paransef@mulated as follows

w = B exp < T) Eiaiq»)l (2.1.12)

1
In notations 2.1.1Q - (2.1.12 & represents the creep strain rate tensgi = [3s--s]?
is the effective von Mises stress;is the stress deviatord, B, n, m, | are creep material
parametersc is an isotropic damage paramefér< w < w*), og, is the damage equivalent
stress, used in the form proposed by Leckie and Hayhurd@ifj [

Oeq = a0 + (1 — &) oy, (2.1.13)
whereo; is a maximum principal stresg, is a weighting factor considering the influence of
damage mechanismg;fcontrolled oro,y-controlled).

The creep-damage mod@.{.10 - (2.1.19 fulfils the condition of incompressibility. Fur-
thermore, the damage evolution is assumed only for theipesitiuivalent stress

(0eq) = 0eq for o >0 and (0%) =0 for og <O0. (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 component$ostil power plants and chemical
facilities structures is defined by irreversible procesdaseep and damage. The most danger-
ous and the probable place of rupture in welded structurpgefines or high-pressure vessels
is the weldment zone. The reason of that fact is a complex anelniform microstructure of
the material in the weldment zone caused by the manufagtpriocess of multi-pass welding.
It is possible to define at least three main zones: weld matghcent heat-affected zone and
parent material of a welded structure (see Rid), as described in96, 157.

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

e the long-term prediction of stress redistribution in a laeeldment zone having complex
geometry as a result of creep strain,
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Fig. 2.1: Typical microstructure of welded joint and material beloavafter [L51, 157].

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

Particularly, creep modeling allows to predict zones ofpeeted fracture and for the pur-
pose of inspection of some structural components duringheservice and to estimate the
residual lifetime of a structure. Description and methodglof in-service inspections for high-
temperature power and chemical plant components can be fagnin (3]

Analysis of literature

One of the possibilities to model creep process in weldagtgires is to use the concepts of
continuum damage mechanics which provide constitutivaegu for the creep strain rate ten-
sor, damage evolution equation and evolution equationstfoer material state variables, e.g.
hardening, softening, etc. These equations are compleaherith non-linear initial-boundary
problem to analyze the long-term strength of structuresgesg. L3, 89]. The practical experi-
ence and approaches to creep modeling in welded structsiregEM during the last 10 years
can be found in91, 96, 184]. According to that approaches the weldment volume wasldivi
on three zones considering different material behavioeuttte creep conditions (see F&2).
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Fig. 2.2:Creep curves of uniaxial specimen made of high-alloy hesistant steel P91 (9CrMoNbV) at
temperature 65 and tensile stress 100 MPa, afté]|

Table 2.1:Definition of weldment cracks, afted ).

Designation Location of crack

Type | in weld metal

Type I in weld metal and adjacent HAZ
Type llI in coarse-grained HAZ

Type IV in intercritical HAZ

The results of experimental observatiof$,[96] generally show significant differences in
the creep properties in a weldment zones with different osicucture. Thus, HAZ has higher
creep strain rate and less time to rupture comparing to tine sharacteristics of base (parent)
material and weld metal. In general, results of finite-eletr@eep modeling predicted the
critical damage accumulation and further rupture with krnadtiation in the fine-grained and
intercritical HAZ. Such a type of fracture agrees with thepenments, and the weldment crack
location is of type 1V (see Fi2.3and Table2.1) due to the classification of for damage types in
weldments 47]. However, failures due cracks within the weld metal haverbencountered in
practice, refer tog5]. These cracks have types | and Il in the classification sefemdamage
types in weldments][7], see Fig2.3and Table2.1
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Fig. 2.3:Classification scheme for damage types in weldments, aftér [
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Fig. 2.4:Experimental creep curves of P91 (9CrMoNbV) weld metal atperature 650C and tensile
stressr = 87 MPa, after 95].

Creep experimental data

Modeling of weld metal creep behavior based on experimelaiza P5] for the steel P91 (9Cr-
MoNbV). Experimental observations demonstrated sigmtieaisotropy of weld metal elastic
and creep properties (see Fiy4). The reason of anisotropic creep properties of weld metal
in a welding joint is an orientation and microstructuralonfogeneity of weld metal caused by
the manufacturing process of multi-pass welding (seeZ). Experimental datedp] showed
that creep curves are significantly different for tests abuial specimens carved from weld
metal along the welding direction and in transverse plane(see Fig.2.4).

Previous experimental works and modeling approaches isigdige creep of weldments
(e.g. P5, 96, 104)) do not take into account the qualitative anisotropic prbehavior of weld
metal in a multi-pass weld joint. Within the frames of theeash work published in80]
experimental creep and damage data of multi-pass weldni@nhigh-alloy steel 9CrMoNbV
[95], including the inhomogeneity of the microstructure in tieat affected zone, in the base
material and in the weld metal of welding joint have been stigated and processed. For the
purpose of adequate creep behavior modeling and long-teemgsh analysis of the welding
seam using continuum damage mechanics approach the treabyésotropic creep-damage
model have been developed.
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plane of isotropy

Fig. 2.5:Stress state in a transversely isotropic medium and camnespg projections,,, o, andt,,,
after [151, 157].

Transversely isotropic creep-damage model for weld metal

Long-term strength analysis of welded structures requreesdefinite model to describe the
anisotropic creep properties of weld metal under the compleess state. The mode(
takes into account different creep and damage materiakptiep in longitudinal and transver-
sal directions of a welding seam. Thus, the engineeringpctieeory have been applied for
development of the creep-damage model based on creep ipbtamd flow rule, e.g. creep
theory proposed by Bette34]. Experimental datag5] have been processed and used for the
development of the transversally-isotropic creep modehtdated with stress tensor invariants
as shown below. Origins and theoretical bases of the imyegstil creep model are described in
details in [L49, 151, 157.

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

C=0mmMOM+0)+Ty QM+ME Ty, (2.2.15)
into its corresponding projections
Omm =M -0 -m,
op=(I-meom)-c-(I-mem), (2.2.16)
Ty=m-0-(I—-mem).

In notations 2.2.19 - (2.2.1§ m = e; m; is the column vector of welding directiod,is the
second rank identity tensar,,,,, is the normal stress acting in the plane with the unit nommal
o, stands for the “plane” part of the stress tensaepresenting the stress state in the isotropy
plane,t,, is the shear stress vector in the plane with the unit nommaFor the orthonormal
basisk, I andm the projections are (see Fig.5):

Tm — kak+7ml l/

(2.2.17)
op =0 kk+oylel+1 (kl+1®k).
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The plane partr, of the stress tenser can be further decomposed as follows

1
ap:sp+§tr0'p (I-m@m), trs, =0, (2.2.18)

wheres, is the “plane” part of the stress tensor deviatar the plane with the unit normat.
It is possible to introduce the following set of transveyssbtropic invariants, as proposed
in [149 151, 152:

Ly =tro,=trc—m-o-m,

1

Ly = 5 trs5 = 3 <tr02—2m-02-m+ (m-o-m)*— (trop)2> , (2.2.19)

N|—

I4m:Tm-rm:m-az-m—(m-a-m)z,

Ism =TmSp - Tm, lom=m- (T Sp X Tp).

Taking into account the assumptipp = I, — % I, similar to the variant of isotropic creep
in [161], one can introduce the equivalent stress built on the Wensely isotropic invariants of
stress state as follows

0 = I+ 3 a1 Jam +3 02 Jam, (2:2.20)

wherea; anda, are material creep parameters of the transversely isctropdium. If that
parameters take the values = 1 anda, = 1 than the equivalent stress in the forth2.20
gets the classical form of von Mises effective stregg for an isotropic material.

Under the assumption that the net area reduction due toydavihation proceeds mainly
on the planes perpendicular to the direction of the maximemsite effective stress;, and the
rate of this cavity formation is governed by an equivalerdsg measure., one can formulate
the equations for the equivalent damage affected stretseg the welding directiowre,' and
in the plane perpendicular to the welding direct'nziéz. Analogously to Eq.4.1.13 for an
isotropic material 121] the equivalent damage affected stresses take the foltpi@im

(%4
Ut = P1 lim+ (1 —P1)0eq and o = P 51 + (1= B2) Oeq, (2.2.21)

wherecy is the first principal stress.

Anisotropic creep-damage models are generally formulatedg the the concept of the
effective stress tensot2q. In the case of uni-axial stress state the effective strasslefined
by Eq. (L.4.15 as proposed in1[71]

- (0
g =

, (2.2.22)
1—w
wherew is the scalar damage parameter characterizing the damatgeo$ta material loaded
with a tensile stress.

For the multi-axial stress states the tertiary creep sedescribed by the way of the second
rank damage tensdn assuming the directional character of damage mechanisheiweld
metal. In the case of transversely isotropic creep behawbthe weld metal the evolutional
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damage equation is formulated in consideration of simméilog conditions. And the second
rank damage tensar is replaced with two scalar damage parameters(along the welding
direction) anduv, (in the plane perpendicular to the welding direction), reéeg80].

Therefore, effective stress tensor considering two schlarage parametedss; andw, can
be formulated as proposed ind, 157 in the following form

F= 1 pome T ! (T @M+meTy,). (2.2.23)
1—w l—w, JO—w)(d—w) " o

The corresponding damage evolutional equations for tHarsdamage parametess; andw,
with an assumption(2.2] are formulated as proposed (] in the following form:

b by ((o22))*
(11<an1§> and szZﬁ. (2.2.24)

Finally, the constitutive equation of steady-state cregp the consideration of transversely
isotropic damage accumulation and the corresponding saeep material parameters is ob-
tained in the form, proposed 149, 150, 15]] as follows

gor g gl (]m (m Q@m — %I) +ardp +ay (En@m+m ®fm)) , (2.2.25)
where the secondary creep material paramaters.146 - 10~22 [MPa " /h] andn = 8.644 are
taken from P5] as constants in Norton’s law for longitudinal directiontbé 9CrMoNbV weld
metal at 650C; the tertiary creep material parametéys= 1.6 - 1020 [h- MPd‘], Iy =11.46,

by =4.76-10~% [h- MPd‘], I, =20 andk = 7.9 are identified using assumptions presented in
[150; correlation material parameters between longitudimal transverse weld metal direc-
tions identified in B0] for creep properties are; = 1.23, a, =1 and for damage properties are
51 =0.59, ,52 =0.23.

It was proved that the shown above transversely isotrogiepdamage model well de-
scribes the experimental creep curves][along the welding direction and across the weld-
ing seam at temperature 68D in stress range from 70 to 100 MPa. The necessary material
creep parameters for welding zones with different micradtire were estimated from fitting
the experimental data referenced #5[96]. Anisotropic model for the weld metal material
and conventional isotropic model by Kachanov-Rabotr&$} for another materials of welded
structure were were applied for FE-bases creep analyseéiisgstem ANSYS to describe
the creep and damage processes, refe3@p These creep-damage models were inserted in the
FORTRAN codes of subroutines incorporated into the FE-s@dNSYS for the purpose of
long-term strength analyses. This procedure is describgt?).

2.2.2 Murakami-Ohno creep model with damage induced awojgpt

In the general case of complex stress states by constantlic yading conditions the grain

boundary cavitation may induce the anisotropic tertiageprresponse with significant depen-
dence on the loading orientation. The anisotropic behaviauced by damage has been ob-
served in creep tests under nonproportional loadid[or in tests on predamaged specimens
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for different loading orientations3[/]. Since the nature of damage is generally anisotropic the
isotropic phenomenon of the material damage may be treatadspecial case of the damage
anisotropy. Conversely, the isotropic damage models caextended to models considering
the damage induced anisotro@y 9, 33, 57, 147]. The anisotropic creep behaviour induced by
damage can be characterised by introducing a tensor-vaiterthal state variable. A variety
of phenomenological material models have been proposdddiferent definitions of damage
tensors and corresponding evolution equations, a revievibedound for example inlB9.

Till now, there is no unified phenomenological approach irdeimg the damage induced
anisotropy. Because of a limited number of experimenta aedtich allows a verification of
anisotropic creep-damage models it is difficult to conclatdeut the applicability of different
creep damage models. In what follows let us discuss the oEo damage concept proposed
by Murakami and Ohnolf42 in order to conclude about the influence of damage induced
anisotropy on the long-term predictions in high-tempeepower plant components, see e.g.
[13, 79]. Anisotropic damage models are generally formulatedgiiie concept of the effec-
tive stress tensorlpq. In the uni-axial case this concept was formulated by Kaokaand
Rabotnov in 100, 177] in the form of effective stress, refer to Eq. {.4.19 in Sect.1.4.

By postulating that the principal mechanical effect of preamage results in the net area
reduction caused by cavity formation in materials, Murakand Ohno 41, 147 described
the damage state by means of a second rank symmetric damage(@®specified by the three-
dimensional cavity-area density, and developed a contmilneory of creep and creep-damage
of metals and alloys. The stress tensas magnified to the following effective stress tensor

”:%(U-CD—I—CD-U) with & =[I-0] ", (2.2.26)
wherel is a second rank identity tensor aflis a second rank symmetric damage tensor.

The results of the metallographic observations on coppstaels show that cavities caused
by creep-damage develop mainly on the grain boundariegpdiqular to the maximum tensile
stress 120. Under the assumption that the net area reduction due ttydavmation proceeds
mainly on the planes perpendicular to the direction of th&imam tensile effective stress
01, and the rate of this cavity formation is governed by an eajaivt stress measure one can
formulate analogously to Eg2.4.13 - (2.1.19:

Q ~ - - 3. |2
Oeq = a0+ (1 —a) Oum, Oum = Es..s , 22.27)
< > = Ueq for Ug >0, <0'£> =0 for Ug <0,

wheres denotes the deviator of the effective stress te@sandd; is the maximum positive
principal value ofr. The evolution equation the damage tensor can be formudetéallows

1=38 [< q>]l tr(®-n;@n)]"'n@n, (2.2.28)

wheren; is the principal direction, which corresponds to the firshgipal stressr;, and tr is
the trace operation, which denote the following matherabtiperations:

rA=A--I=1--A. (2.2.29)
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In order to describe the deformation of damaged materigiem#ing on both the net area
reduction and its three-dimensional arrangement MurakapiZ] discussed a modified stress
tensoro for the constitutive equation of damaged materials. Assgnai small value of the
cavity area fraction and noting the condition tidiashould coincide witlo in the undamaged
stateg is assumed in the following form

&:%a+%@@n¢+¢wn+%u—af¢m(anﬂ+¢?a) (2.2.30)

wherexs andpB; are material constants. Insertifigind its deviatoric paginto the Norton’s law
the creep constitutive equation with respect to the danvadigced anisotropy may be specified
as proposed in1[3] in following form

sCr
3 64
20um

& = § and ¢ =A(0w)", (2.2.31)

where the modified von Mises effective stress is

3 2
mM:[§§~4 : (2.2.32)



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

Many materials exhibit a stress range dependent creep ioeh@kie power-law creep observed
for a certain stress range changes to the viscous type ¢tbesiress value decreases. Recently
published creep experimental data for advanced heataes&eels indicate that the high creep
exponent (in the range 5-12 for power-law behaviour) maggatly decrease to the low value
of approximately 1 within the stress range relevant for eregiing structures. The first aim
of work presented in SecB.1is to confirm the assumption, that the creep behavior issstres
range dependent demonstrating the power-law to viscousitian with a decreasing stress.
The assumption is based on the available creep and stragatieh experiments for the several
9-12%Cr heat-resistant steels. An extended constitutivéainfor the minimum creep rate is
introduced to consider both the linear and the power lawcraeges depending upon the stress
level. To take into account the primary creep behavior d@rstrardening function is utilized.
The data for the minimum creep rate is well-defined only foderate and high stress levels. To
reconstruct creep rates for the low stress range the dalte stitess relaxation test are applied,
as presented in Se@®.2 The results show a gradual decrease of the creep expondntheit
decrease stress level. Furthermore, they illustrate Heaptoposed constitutive model with
strain hardening function well describes the creep rates fwide stress range including the
loading values relevant to engineering applications. Tiop@sed creep constitutive model is
extended with the temperature dependence using the Ausiype functions.

To characterize the tertiary creep behaviour and fractueeproposed constitutive equa-
tion is generalized by introduction of damage internalestairiables and appropriate evolution
equations. The description of long-term strength behaviouadvanced heat-resistant steels
is based on the assumption of ductile to brittle damage cter&ransition with a decrease of
stress. The second aim of work presented in S&@tis to formulate the long-term strength
equation based on ductile to brittle damage transition aranfirm it with the available creep-
rupture experiments for the 9-12%Cr advanced heat-resistaels. Therefore, two damage
parameters were introduced with ductile and brittle dansgemulation characters. They are
based on the same long-term strength equation descrilmegtt-rupture, but lead to the dif-
ferent types of fracture. Ductile fracture with progressileformation and necking occurs at
high stress levels and is accompanied by power-low creeprmetions. However, brittle frac-
ture caused by thermal exposure and material microstrictegradation occurs at low stress
levels and it is dominantly accompanied by the linear credprdhations. And two correspond-
ing ductile and brittle damage evolution equations basearhanov-Rabotnov concept are
formulated for the coupling with creep constitutive eqoati The proposed damage evolution
equations are extended with the temperature dependenag the Arrhenius-type functions.
All the necessary tertiary creep material parameters iiilhfitting the available from litera-
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ture creep-rupture experimental data for the 9-12%Cr athéheat-resistant steels at several
temperatures.

Finally in Sect.3.4the unified multi-axial form of non-isothermal creep-damagodel for
a wide stress is proposed. The available creep-ruptureiexpats for 9-12%Cr heat-resistant
steels 155 suggests that the brittle damage evolution is primarilgtoaled by the maximum
tensile stress at low stress levels. And within the rangeigti Btresses the primarily ductile
creep damage is governed by the von Mises effective stresteads to the necking of uniaxial
specimen. To analyse the failure mechanisms under muél-attess states the isochronous
rupture loci (plots of stress states leading to the samettnfracture) and time-to-rupture sur-
face are presented. They illustrate that the proposeddéathiterion include both the maximum
tensile stress and the von Mises effective stress, as indbbysev [L8( and Leckie-Hayhurst
criteria [86]. But the measures of influence of the both stress paramaterdependent on the
level of stress showing ductile to brittle failure traniti

3.1 Non-isothermal creep constitutive modeling

Many components of power generation equipment and chenaftaéries are subjected to high
temperature environments and complex loading over a long. tFor such conditions the struc-
tural behavior is governed by various time-dependent e including creep deformation,
stress relaxation, stress redistribution as well as dareagj@tion in the form of microcracks,
microvoids, and other defects. The aim of “creep mechang#ie development of methods
to predict time-dependent changes of stress and straiesstatengineering structures up to
the critical stage of creep rupture, see e84, [L57. To this end various constitutive models
which reflect time-dependent creep deformations and pseseaccompanying creep like hard-
ening/recovery and damage have been recently developede@ture of the creep constitutive
modeling is the response function of the applied stressiwisitsually calibrated against the
experimental data for the minimum (secondary) creep rateexample is the Norton-Bailey
law (power law) which is often applied because of easiertifleation of material constants,
mathematical convenience in solving structural mechgmicblems and possibility to analyze
extreme cases of linear creep or perfect plasticity byrsgttie creep exponent to unity or to
infinity, respectively. Therefore, the majority of availalsolutions within the creep structural
mechanics are based on the power law creep assumption34,.40] 94, 164|.

On the other hand, it is known from the materials sciencetttetpower law creep mecha-
nism” operates only for a specific stress range and may chartpe linear, e.g. diffusion type
mechanism with a decrease of the stress Iexgl [As the recently published experimental data
show [L0§ 110, 117, 176, 177], advanced heat resistant steels exhibit the transitiom fihe
power law to the linear creep at the stress levels relevargrigineering applications. To es-
tablish creep behavior for low and moderate stress levelsiapexperimental techniques were
employed. Furthermore, experimental analysis of creeiogy stress values requires expen-
sive long-time tests. Although the results presented.@8[110, 117, 176, 177] indicate that
the power law may essentially underestimate the creepegperimental data for many other
materials is not available, and the power law stress funétiaisually preferred.

Generally, the ranges of “low” and “moderate” stresses peific for many engineering
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Fig. 3.1:Creep deformation mechanism map of 9Cr-1Mo-V-Nb (ASTM Pa#&l, after 107, 109.

structures under in-service loading conditions, el$.Z]. The reference stress state in a struc-
ture may significantly change during the creep processs&tsemay slowly relax down during
the service time, and so the application of the power law bbglguestionable.

The attempt to extend the constitutive model to predictgsteains and the damage accu-
mulation in the both ranges of “power-low creep” and “diffusal flow” is cited in [L2, 153
and is presented below. The proposed phenomenologicabagpto creep modeling is based
on deformation mechanism maps for metals (seeg).and available experimental creep data
for heat-resistant low-alloy and high-alloy steels (selel@sl.1and1.2and Fig.1.8).

One example of typical heat-resistant high-alloy steehésgteel 9Cr-1Mo-V-Nb (ASTM
P91) or simply steel type P91. For this steel a lot of creeerEental data has been recently
published, e.g. refer to/p, 73, 105 106, 107, 108 109 110 165 185 186, 187. In addi-
tion, it is widely spread for high temperature power planplagations, such as steam turbine
components and high pressure piping. Creep deformatiomamném map of P91 steel (see
Fig. 3.1) shows that it is necessary to take into account both creghamesms during the creep
modeling: power-law creep, which includes generally higess range, and linear or viscous
creep, which includes generally moderate and low streggesamefer to107, 109.

Within the phenomenological approach to creep modelingusnally starts with the consti-
tutive equation for the minimum (secondary) creep #dte . Figure3.2illustrates all collected
experimental data for 9Cr-1Mo-V-Nb (ASTM P91) heat resistteel, presenting the depen-
dence of the minimum creep rate on the applied stress fogrdiit temperatures, where the
ranges of “low”, “moderate” and “high” stress values arelakped. Here the transition stress
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Fig. 3.2:Dependence of minimum creep strain rafg, on stressr for 9Cr-1Mo-V-Nb (ASTM P91)
heat-resistant steel derived from the experiments aft&er73, 106, 107, 108 187).

o0y reflects the transition from linear (viscous) creep medrard power-law creep mechanism.

We have decided to concentrate our investigations on teatyrer600C as the most spread
in-service temperature among power plant components nia@erelMo-V-Nb (ASTM P91)
heat resistant steel, see F&§3. Within the “low” stress range the creep rate is nearly linea
function of stress, which corresponds to viscous creepacher. The “moderate” stress range
is characterized by the transition from linear to power laapehdence. Within the region of
“high” stresses the value of the creep exponent is usualthenrange between 4 and 12 de-
pending on the material, type of alloying and processingltmns. The experimental data for
9Cr-1Mo-V-Nb (ASTM P91) heat resistant steel show that tigé stress range creep exponent
takes the value 12.

At first, the hyperbolic sinejinh) stress response function was tried as a basis of the consti-
tutive model suitable for complete stress range, see3R3g|t fits satisfactory experimental data
for the “low” and “high” stress ranges, but not suitable fardderate” stress range. Therefore,
the so-called double power-law stress response functiopgsed in 107] has been selected
as a basis. Relying on the assumptions of stress-dependesitibn of creep-deformation
mechanism fromJ07], Sect.1.3of the thesis and Norton-Baileg{, 157] equation (.3.9 the
following creep constitutive equation for a fixed temperatand wide stress range is proposed
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Fig. 3.3:Fitting of creep experimental data(7, 108 187] of minimum creep strain rat&" by different
constitutive equations for 9Cr-1Mo-V-Nb (ASTM P91) heasistant steel at 60C.

£ =T 48T = Ay o+ Ay o, (3.1.1)

pl —
where¢“ is the steady-state creep ratf, is the rate of viscous mechanisgy; is the rate of
power-law mechanism and;, A, and the stress exponeniare secondary creep material pa-
rameters. Otherwise, the proposed isothermal creep tumstimodel presented by ER.(.1)
can be transformed to the normalized form, which is moreabigtfor the creep material pa-
rameters identification (for the detailed descriptionrédg12, 17, 78, 153):

o n—1
()] 612

whereoy is the transition stress, presenting the transition fronvgydaw creep behaviour to
linear. The required material parameters of the 9Cr-1IMdB/{ASTM P91) heat-resistant
steel for the creep constitutive modal1.2 are the following:A = A; =2.5-10~° [MPa !/h],

n =12,0p = 100 MPa. They are easily defined from separate fitting of exyatal data for
“low” and “high” stress ranges. The proposed creep coristélequation 8.1.2 reflects the
transition from viscous to power-law creep mechanism aogliges a good fitting of available
experimental datalfD7, 108, 187] for the complete stress range, as illustrated on Fig.

T =Ac
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And the connection between the equivalent forms of creegtiative equation presented
by Eqgs 8.1.7) and @.1.2 is following

1
A AN\

The creep constitutive equatio.1.1) can be extended with temperature dependence as-
suming temperature-dependent secondary creep matersahptersA(T) and A,(T) in the
following form

¢ = ¢&(T) +¢5(T) = A1(T) 0 + Ax(T) 0", (3.1.4)

where the temperature dependence is introduced by the Aaswype functionsy.3.8 simi-
larly to Eq. 1.3.1))

A1(T) = Ay exp ( R%}) and Ay(T) = Ay exp ( R%?) (3.1.5)

where the constantd,;, Ay, and creep activation energi€g, Q, present the secondary creep
material parameters to be identified, and the universal gastantR = 8.31[J- K~! - mol™1].

The normalized form of the creep constitutive equati®ri ) can be also extended with
temperature dependence assuming temperature-depeedentary creep material parameter
A1(T) and transition stresg(T) in the following form

1+ (%)1 , (3.1.6)

where the connection between the equivalent forms of creaptitutive model expressed by
Egs B.1.4 and (3.1.6 gives the following form of temperature-dependent tramsistress:

= Al(T) g

Ay(T) = [UO<T()]”) - o= o(T) = m;gml (3.1.7)

Therefore, the transition stresg can be presented in simple temperature-dependent form
using Arrhenius-type functiori(3.9 as follows

oo(T) = Ay exp( Q"), (3.1.8)

where A, is the secondary creep material parameter @gds the activation energy of the
transition to be identified. Creep parameters for the teatpeg-dependent transition stress
op(T) from Eq. 8.1.8 are connected with creep material parameters for lineame (Ao,
Q1) and power-law regimeA,, 1, Q») from Eqs @.1.4 and 3.1.5 in the following way

1

- = (@) " and Qo = Ql — 1Q2. (3.1.9)

Finally, the experimental dat&2, 73, 106 107, 108 187] presenting minimum creep rate
&7, vs. stressr for 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel at tengperes 606C,
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Fig. 3.4:Comparison of non-isothermal creep constitutive mod@el.g with experiments {2, 73, 106,
107, 108, 187] for the 9Cr-1Mo-V-Nb (ASTM P91) steel at 60C, 625 C and 650C.

625°C and 650C is fitted with the creep constitutive equatidhl.6. And as a result the
following secondary creep material parameters applicablbe wide stress and temperature
ranges are identifiedAq; = 2300 [MPa '/h], Q; = 200000 [J- mol~!], A, = 0.658 MPa,
Qo =36364 [J- mol~1] andn = 12.

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

3.2 Stress relaxation problem and primary creep modeling

In structural analysis applications it is often desirallleconsider stress redistributions from
the beginning of the creep process up to the creep with coinstite. Let us note, that in
a statically undetermined structure stress redistribgtiake place even if primary creep is
ignored. Although, the creep modeling with consideratibpramary creep are important in
many applications of structural analysis when loading ishie ranges of moderate and low
stress levels, which are relevant for engineering stresturhe examples are stress relaxation
and creep analysis for a wide stress ranbgé §7, 78], multi-axial creep of thin-walled tubes



38 3. Non-isothermal creep-damage model for a wide streserang

under combined action of tension (compression) force amigo[L57, analysis of the primary
creep behaviour of thin-walled shells subjected to intiegpnessure 35], the creep buckling of
cylindrical shells subjected to internal pressure andl@ximpression36), etc.

The aim of this Section is to confirm the stress range depeedeicreep behavior based
on the experimental data of stress relaxation. An extendestitutive model for the minimum
creep rate is introduced to consider both the linear and tineeplaw creep ranges. To take
into account the primary creep behavior a strain hardeningtion is utilized. The material
constants are identified basing on the published experahdata of creep and stress relaxation
for a 9-12%Cr advanced heat-resistant ste@ls 163 164]. The data for the minimum creep
rate is well-defined only for moderate and high stress leviedgeconstruct creep rates for the
low stress range the data of the stress relaxation test ateedp The results show a gradual
decrease of the creep exponent with the decrease streksHavthermore, they illustrate that
the proposed constitutive model well describes the cretes far a wide stress range.

3.2.1 Stress relaxation problem

Primary and secondary creep behaviour of modern heataatisteels can be analysed using
the available stress relaxation curves obtained from ugdiaxperiments under the high temper-
ature conditions, see e.g61], as shown below. Stress relaxation and creep experimeatal
for the 12Cr-1Mo-1W-0.25V steel bolting material at 3@0presented in163 164 has been
selected for the formulation of the constitutive creep nidolea wide stress range. FiguB5
illustrates the typical stress relaxation curves of the riP@o-1W-0.25V steel at 50@ ob-
tained during the experiment$g3. The uniaxial constitutive model presented below is valid
for primary and secondary creep stages and includes thp onaterial parameters identified
from the available stress relaxation and creep experirhdata.

Experimental relaxation curve3§3 can be transformed into creep strain vs. time depen-
dence (see Fid.6) as follows:
cr _ UOini — U(t)
S ="z
wheree“' (t) denotes the creep strain,; is the initial stress in the test(t) is the residual stress
(the experimental values of,; ando(t) are given in L63), E = 164.8 GPa is the Young’s
modulus of the 12Cr-1Mo-1W-0.25V steel at 5@from [197.

The experimental dependencies presenting residual sseisne and creep strain vs. time
can be combined into a general 3D plot with the tiimine residual stressand the creep strain
€“" as orthogonal axes containing relaxation trajectoriesesponding to the defined values of
the constant total straigt®* = 0.25%, 0.20%, 0.15%, 0.10%, as illustrated on Big. These
trajectories are formed by the interpolation of experimépbints withe (), o(t) andt as
coordinates into solid lines in the CAD-software Solid\Wark

The relaxation experimental data for 12Cr-1Mo-1W-0.25&€sbolting material at 50@
in the form of 3D trajectories presenting creep stedirvs. residual stress and timet is fitted
with the 3D surface by the way of kriging correlation gridglim the mathematical software
OriginPro, as illustrated on Fi@.8.

But the 3D surface obtained by the kriging correlation ginddioes not fit precisely the re-
laxation experimental data for 12Cr-1Mo-1W-0.25V stedtihg material at 500C after [L63.

(3.2.10)
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Fig. 3.7:3D trajectory plot of relaxation experimental data for 120G40-1W-0.25V steel bolting mate-
rial at temperature 50, after [L63].

Therefore, the experimental data in the form of the strdagaéon trajectories is fitted with the
3D lofted surface formed by the loft operation through thieagctories in the CAD-software
SolidWorks, as illustrated on Fi§.9. Moreover, the creep curves illustrated on Bd.Q which
are derived from the 3D lofted surface as cross-sectionsepéicular to the residual stress axis
o, have both primary and secondary stages and demonstratec¢hassity to apply a combined
primary and secondary uniaxial creep model to describe them

To model the secondary creep behaviour for the wide streggerancluding both the low
and the moderate stress values the following double-ptaveconstitutive equatior(1.2 for
the minimum creep ratg. . (for the detailed description refer to Se8tl) was applied:

1+ (‘TH) ] , (3.2.11)

¢"=ay(cH)+a(cH)"=AcH =
0

including the strain hardening functidd(e“") to describe the primary creep stage, which was

proposed in114]
(3.2.12)

H(e") =1+ae P,
The steady-state creep material parameters of the 12CrIMIO.25V steel bolting mate-
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Fig. 3.10:Creep curves derived from 3D lofted surface created in 8ditks as cross-sections perpen-
dicular to residual stress axis.

rial at 500 C for the creep constitutive equatioB.2.1]) were identified manually to fit the ex-
perimental values of minimum creep strain rgffe, from [163 164], as illustrated on Fig3.11

In Eq. 3.2.1)) the secondary material creep paramater A = 2.4- 10~10 [MPa~!/h] cor-
responds to linear creep, the parameters 5.0- 10~2° [MPa°/h] andn = 5 correspond

to power-law creep, andy = 263 MPa denotes the transition stress from viscous to power
law creep. The strain hardening functidhZ.12 containsy andB as the appropriate primary
creep material parameters of the 12Cr-1Mo-1W-0.25V stekiny material at 500C, which

are identified manually by fitting the experimental stre$sxagion curves from163.

For an accurate description of the stress relaxation thstitotive model presented by
Egs B.2.1) - (3.2.12 which reflects both the hardening and the steady-stat@ cseequired.
The solution of the stress relaxation problem is based onataé straing*®t remaining con-
stant and the conversion of the elastic stegirby the stress reduction into the creep str&in

formulated similarly to $7]:
1\ do  de*'
_ (E) A (3.2.13)

or taking into account Eq8(2.1) - (3.2.19 the relaxation problem is formulated as follows
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Fig. 3.11:Minimum creep rate vs. stress for 12Cr-1Mo-1W-0.25V heaistant steel at 50C.

1\ do B o (1 + e_B £cr) n—1
- (% EzAcr(l—i—zxe ) [1+ - , (3.2.14)

where the creep stra" is replaced with(ci, — o) / E accordingly to Eq.%.2.10.

The differential equation3(2.19 is solved numerically using the MathCAD software for
several values of initial conditions, i.e. initial stressluesc;,; = 145 MPa, 240 MPa, 336
MPa corresponding to several values of the total steéfh= 0.10%, 0.15%, 0.20% in the
relaxation experimentslp3, as illustrated on Fig3.12 During the solution of the relaxation
problem B.2.14 the values of the primary creep material parameterss andg = 4500 from
the hardening functior3(2.129 were identified for the 12Cr-1Mo-1W-0.25V steel at 300y
fitting the experimental relaxation curves fro6. Figure3.12illustrates a good agreement
of the numerical solution for the stress relaxation prob(8r.14 with the experimental data
after [L63 and confirms the applicability of the proposed constiwitivodel 8.2.1] - (3.2.19
to the description of the creep behaviour for advanced les#tant steels.



44 3. Non-isothermal creep-damage model for a wide streserang

350 . R
l o G il ] Experiment| Model | Total strain:
—S e i ) mmm — | 0.20%
300 e R 2 2 0.15%
777777777777777777777777777777777777777777 0.10%
g 250
=
)E( 200
g
»
® 150
=)
S
0
(O]
700
50
0.1 1 10 100 1000 10000
Time (¢), h

Fig. 3.12:Comparison of the numerical solution for the uniaxial stresdaxation problem by the creep
model @3.2.149 with experimental datalp3 for the 12Cr-1Mo-1W-0.25V steel at 50Q.
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Fig. 3.14:Primary creep stage fitting of the experimental creep cuaiftes [L65, 186 and definition of
the primary creep strain valueg, for the 9Cr-1Mo-V-Nb (ASTM P91) steel at 600 for the
following values of tensile stress a) 120 MPa, b) 125 MPa, c) 150 MPa, d) 200 MPa.

3.2.2 Primary creep strain

Since there is no stress relaxation experimental data é0@@r-1Mo-V-Nb (ASTM P91) heat-
resistant steel found in literature, then it is necessarglioon the available creep experiments
during the primary creep modeling. The primary and secondegep stages of experimental
creep curves165 186 for the 9Cr-1Mo-V-Nb (ASTM P91) steel at 60G can be modeled
using the creep constitutive equatidhd.1]) with previously defined in SecB.1 secondary
creep parameters for E®@.(.2 asA = 2.5- 1077 [MPa !/h], n = 12 andoy = 100 MPa. For

the purpose to identify the primary creep material pararsete@ndp in the strain hardening
function 3.2.19 included in Eq. 8.2.1)), the set of experimental creep curves was selected
from [165, 186]. The selected creep curves with apparent primary creggsteorresponds to
several constant stress values 120 MPa, 125 MPa, 150 MPa, 200 MPa. Then the set of model
creep curves corresponding to the same constant stressswaks created using numerical
integration of constitutive equatioB.@.1J) in MathCAD software. The primary creep stages of
model creep curves were fitted to the correspondent expetaineurves using serial iterations,

as illustrated on Fig3.14 And in the result the values of primary creep material paians
have been found as= 0.5 andp = 300.
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The next step was the creation of the set of model creep cuntesut primary creep stage
using constitutive equatior8(1.2 for the same constant stress values as before, se8.E4).
Consequently, the creep strain accumulated during theapyirstageey, is calculated as the
positive difference between the creep stigjn ... accumulated with strain hardening effect by
Eqg. 3.2.11 and the creep straif,. accumulated without strain hardening effect by Bq1(29
in the following form:

cr Ccr
= £

epr pr-+sec

(0) — esec(0). (3.2.15)

It is necessary to notice, that the mathematical operaBdh 19 was performed numeri-
cally in MathCAD software for the whole stress range at®L0lhe creep strain accumulated
during the primary stage;, was calculated for each value of stresen the moments of time,
when the influence of the strain hardening functi8r2(12 on the creep curve was negligible,
as illustrated on Fig3.14

Finally, the primary creep straif; vs. stresgr dependence, illustrated on Fi§15 can be
fitted using the Boltzmann function producing a sigmoidateu

cr
Epr min

L+exp (727)

—cr
cr __cr prmax
epr(O') - Sprmax

(3.2.16)

where the defined fitting parameters are following: the iteomsconstantC = 9.5, transition
stresst = 87 MPa corresponding to the mean value of primary creefnsifa= 4561073,

primary creep strain value in the low stress raefe ., = 1.351073, primary creep strain

value in the high stress rangg . = 7.7610°3.

The primary creep strain functioB.@.16 will be taken into account in Se@®.3during the
fitting of the experimental rupture creep strainvs. stress dependence by the EB.8.28
for the purpose of the tertiary creep material parametenstification.

3.3 Non-isothermal long-term strength and tertiary creegdefing

One of the approaches to long-term strength estimationvaframbd heat-resistant steels is based
on the time-to-failure concept in the form proposedas,[122, 136, 195. Since creep causes
creep fracture, the time-to-failuté is described by a constitutive equation which looks very
like that for creep itself, see e.g. E4..8.1)

* —m Qf
t* = Bf o~ "exp (RT) , (3.3.17)

whereBs, m and Qs are the creep-failure constants, determined in the sameaw/dlyose for
creep. The behavior af with respect tar andT is similar to that of", with the differences
being that the signs are reversed for the stress expanantl the activation enerdys, because
t* is a time wherea&™ is a rate, refer to45, 195.

In many high-strength alloys this creep damage appearnsiadife and leads to failure after
small creep strains (approximately 1%). In high-tempegatiesign of structures it is important
to make sure:

e that thecreep straire" during the design life is acceptable;
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Fig. 3.15:Stress dependence of primary creep stegnfor the 9Cr-1Mo-V-Nb (ASTM P91) heat-
resistant steel at 60C in the complete stress range.

e that thecreep ductilitye* (strain to failure) is adequate to cope with the acceptatdep
strain;

e thatthetime-to-rupturg™ at the design loadsand temperaturéBis longer (by a suitable
safety factor) than the design life.

Times-to-failure are normally presented @eep-rupturediagrams olong-term strength
curves, as illustrated on Fig.16 Their application is obvious: if you know the stresand the
temperaturd’ you can read off the lifé¢*; if you wish to design for a certain lifg* at a certain
temperaturd’, you can read off the design stress

Typical long-term strengticurves for advanced heat-resistant steels (see e.g3Hif).
demonstrate the transition from ductile damage characterirtnt in the “high” stress range
to the brittle damage character dominant in the “low” stiesgye, i.e. mixed damage mode
during the “moderate” stress range, see €2, 152, 166, 179. The brittle damage character
dominant in the “low” stress range is caused the overaginignaatterial microstructure degra-
dation for the advanced heat-resistant steels. Thudghitdimage character is accompanied by
the significant decreasing of thiene-to-rupturet®, as was shown in experimental studies e.g.
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Fig. 3.16:Schematidong-term strengticurves at various temperaturésfor advanced heat-resistant
steels illustrating the transition of damage charactéer 25, 152, 166, 179.

[5, 72,102 103 109 122 155. Simple extrapolation (e.g. with Larson-Miller parantgtef
long-term strengticaused by ductile damage at “high” stresses may lead todxenadile overes-
timation oftime-to-rupturet* at “moderate” and “low” stress ranges. Long-term creeptng
data p5, 72, 102 103 119 obtained from creep tests longer than 50 000 h, show a change
the damage mechanism for longer failure times leading tmptere failure in comparison with
Larson-Miller parameter predictions, as shown in Bd.6

All the metallurgical changes occurring under creep coolit described inq2, 189 are
of great importance in advanced creep-resistant steelubedhey strongly affect creep and
failure properties. The creep-rupture testing resultshieyfuropean and Japanese research or-
ganizations show that, especially for new advanced stedlsei class of 9-12%Cr, long-term
creep-rupture testing (over 50 000 h) under low stressesisined to determine the real alloy
behaviour, e.g. refer tdlp1, 11§. Otherwise a very dangerous overestimation of the materia
stability can result as shown in different publicationsahgparing long term extrapolations on
the basis of either short or long term tests. A gradual losslong-term creep-rupture strength
is caused by the changes of material microstructure dunegrtal exposure and creep defor-
mations and is proved by the change of the slop§-term strengtlslope with a decrease
in stress, see e.g.5[102 103 118 127. Therefore, thermal ageing effects and the loss of
creep-rupture strength must be taken into account for thredtation of constitutive equations
of the long-term strength model in the form of ductile to tieidamage character transition.
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3.3.1 Stress dependence

An important problem of the creep-damage modeling is thigabd extrapolate the laboratory
creep-rupture data usually obtained under increasedsti@sd temperaturg to the in-service
loading conditions in “moderate” and “low” ranges of stresand temperaturé. The tertiary
creep parameters corresponding to “low” stress range catehéfied only from the extrapola-
tion of long-term strengtlturve based on the assumptions of ductile to brittle damlageacter
transition [L66], and accelerated microstructure degradat®rlpDZ during thermal exposure
and creep deformations.

All the available experimental creep-rupture data frofd, [102, 107, 109 118 162
178 186, 187 for the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel aD80 illustrated
on Fig. 3.17 shows that only “high” and “moderate” stress ranges can ladysed bas-
ing on experiments. Thereby, it is possible to formulate plaet of long-term strength
curve fitting the “high” stress experimental creep-ruptdeda and to identify the tertiary
creep parameters corresponding to ductile damage charabe formulation oflong-term
strengthequation for the complete stress range of the 9Cr-1Mo-V-ABTM P91) steel at
600°C begins with the “high” stress range. The available expenital creep-rupture data
[44, 102, 107,109, 118 162, 178 186 187] is fitted by the Eq. 8.3.17 for “linear” long-term
strengthcurve at constant temperature 600

= by o ("), (3.3.18)

wheren = 12 is the power-law exponent fror.(.2 for the 9Cr-1Mo-V-Nb (ASTM P91) steel
at 600C, and the tertiary creep material paramétgfor the “high” stress range is defined
asb, = 1.25-10% [h- MPa"¥)]. The value of tertiary material paramefer 0.5 defines
the difference in power-law exponents between the minimrge strain raté; vs. stress

o dependence and tHeng-term strengttcurve in the complete stress range. And referring
to [157 tertiary creep parametdr must have the value lying in rand® < k < 1) for the
creep-damage models based on Kachanov-Rabotnov coléehop, 171].

Unfortunately, there is no creep-rupture experimental dethe “low” stress range available
in literature for the 9Cr-1Mo-V-Nb (ASTM P91) steel at 6@ It is caused by the extremely
long duration of necessary creep tests which should be ®320Q0 hours to achieve the critical
phase of creep rupture for low stress values less than 70 MBaal observation of experi-
mental creep-rupture datd4, 102 107, 109, 118 162, 178 186, 187] for the 9Cr-1Mo-V-Nb
(ASTM P91) steel at 601 shows that the approximate location of transition fromctila”
to “brittle” damage character can be detected in the “mddeémstress range. This transition
is visualized in the graduate change of slope of long-teramgth curve with the reduction of
stressr and is proved by the available creep-rupture experimeiatal ith the “moderate” stress
range, as illustrated on Fi@.17. Therefore, the expected location of the “lineswhg-term
strengthcurve in “low” stress range can be estimated using the ajmate value of the tran-
sition stresgry from ductile to brittle damage character. Since the appnaxe value of the
transition stress is taken &g = 100 MPa, than the equation for tleng-term strengtlturve at
constant temperature 600 is following:

o =b o (17K, (3.3.19)
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Fig. 3.17:Experimental creep-rupture datd 102, 107, 109, 162, 178 186, 187] for the 9Cr-1Mo-V-
Nb (ASTM P91) steel at 60 fitted by the Eq.3.3.20 for long-term strengtlturve.

where the tertiary creep material parameberfor the “low” stress range is identified as
by =1.25-10° [h- MP&a!~")] by the manual fitting.

The value of stresgj, which denotes the transition from ductile to brittle damagecha-
nism at 600C, have been taken the same as the strgsshich denotes transition from viscous
to power-low creep at 60C in Eq. 3.1.2. But for other temperatures the valuesgfandoy
may be rather different. Using the defined valige= 100 MPa it is possible to formulate the
following equation of théong-term strengtlturve in the complete stress range with previously
identified tertiary creep material parameters:

-1
1-k n—k
R o B B
= (— + ) T (3.3.20)

where the tertiary creep material parameBefor the complete stress range is identified as
B = by =1.25-10% [h- MPa"¥]. The long-term strengthcurve @.3.2Q illustrated on
Fig. 3.17 takes into account ductile damage mode for “high” stresgttle damage mode
for “low” stresses and mixed damage mode for “moderate’ssee, defined by the transition
stress valuéyp = 100 MPa.
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Fig. 3.18:Classification of accumulation character types for the ascdbmage parameteys using
Eqg. 3.3.2] according to Kachanov-Rabotnov concef®,[100, 171].

3.3.2 Creep-damage coupling

The next step in the phenomenological approach to creeplingdkethe formulation of damage
mechanism incorporated into the creep constitutive maiél?. To characterize the damage
processes the creep constitutive equat®bh.@) must be generalized by introduction of the dam-
age internal state variables and appropriate evolutioatemns. Isotropic damage models are
generally formulated using the the concepts of scdéanage parametew using Eq. 1.4.13
and theeffective stresg using Eq. 1.4.15 as described in Sed.4, see e.qg.34, 124, 152, 164].

In the frames of the developed creep-damage model it is sage introduce the damage
parametetv which reflects both ductile and brittle damage characterse © the Kachanov-
Rabotnov conceptlD0, 171] the value of damage parameterlies in the rangé0 < w < 1),
where thew = 0 corresponds to the undamaged state in the initial monfamhe t andw =1
corresponds to fracture when= t*. The accumulation character of damage parametean
be analyzed using the following equation, as illustrateérign3.18

w(t)=1- (1 - —) ”11, (3.3.21)

where the tertiary creep material constagbverns the accumulation character of damage pa-
rameterw and defines the fracture ductility. The damage character can be approximately
estimated using the valuesioonsidering the following criterion: < 5 corresponds to ductile
damage modéd, > 15 corresponds to brittle damage mode, dfd< ! < 15) describes the
“mixed” damage mode, as illustrated on Fy18

Creep-rupture observations for 9-12%Cr heat-resistaetsin [L27] shows that

e “breakdown of creep strength” (rapid decrease of the slddermy-term strengtiturve
and decrease of creep ductili#y) is connected with brittle damage mode,

e brittle damage mode is only dominant in the linear creepeangler low stress level,

e ductile damage processes influence on the creep deformatiaine power law creep
range.
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Therefore, by analogy to Kachanov-Rabotnov-Hayhursiesenage modeBp, 100, 171]
a new creep constitutive equatichiZ.11 based on double power-law stress response function
(3.1.2 is formulated using thsetrain equivalence principlafter Lemaitre 123 and ductile to
brittle damage character transitiat?p, 155 as follows
cH A ( cH )”

~Cr
Er=A
1—wy (76’—1 1— wy

(3.3.22)

including the strain-hardening functioB.2.12 to describe the primary creep stage
H(e") =1+ a exp(—p ). (3.3.23)

In notation 3.3.29 the values of secondary creep parameters defined irBElg2)(for the 9Cr-
1Mo-V-Nb heat-resistant steel at 6@ are following:n = 12, A =2.5- 10~ [MPa !/n] and
the transition stresg) = 100 MPa. The variable), denotes the brittle damage parameter and
variablewy denotes the ductile damage parameter. In notaBd® 43 the values of primary
creep parameters defined in S&:R.2for the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel
at 600C are following:a = 0.5 andp = 300.

Creep constitutive equatio.g.29 must be accompanied with the damage evolution equa-
tions. They were formulated for the britide, and ductilecwy damage parameters similarly to
Kachanov-Rabotnov-Hayhurst creep-damage ma@#l100, 171] as follows

1 1
Fhr DA —w)h o T F 1) (1 — wg)k

Wp (3.3.24)
wheret* (o) is the stress-dependent time-to-rupture function acogrth Eq. 8.3.20, and the
tertiary creep material parameters for the 9Cr-1Mo-V-NISTM P91) heat-resistant steel at
600°C defined by Eq.3.3.2Q are the following:B = 1.25- 102 [h- MP&” ], k = 0.5 and
transition stresgy = 100 MPa. In Eqs3.3.20 and (3.3.29 the power-law exponent = 12 is
taken from the constitutive equatiod.8.29. The tertiary creep material parametgrgovern-
ing the brittle damage mode ahdgoverning the ductile damage mode have to be defined from
the experimental data for creep-fracture ductitity

Formulating the damage accumulation equat®i.@J) for the brittle and ductile values of
creep parametdrone can obtain the following mathematical conversion

(1 — ti) =(1—wp)™ = (1 —wq). (3.3.25)

Hereby, in the proposed creep-damage mao8ld&.29 - (3.3.29 only the one damage evolution
equation can be formulated, if to replace one of the damagarers ¢, or wy) in the creep
constitutive equation3.29 by one of the following corresponding connections:

Ip+1 l1+1

wbzl—(l—wd)m or wy :1—(1—6(][))@. (3326)

For a constant stress = const both of the damage evolution equatiorf3s3(29 can be
integrated by timeé assuming the integration limits ag, = wq = 0 corresponding té= 0 and
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wp = wy =1 corresponding tb=t*. As a result one can obtain thkeng-term strengtlequation
(3.3.20. Integration of the both of damage evolution equatid@8.¢4 taking into account the
long-term strengttequation 8.3.2Q provides both the damage parametegst) andwq(t) as
a functions of time defined by Eq3.3.21).

Taking into account Eq.3(3.2]) and neglecting the strain-hardening functi@m3(23, the
creep strain rate equatio®.8.229 can be integrated analytically by timéeading to the follow-
ing creep strair“" vs. timet dependence:

I{+1
e =are [ (1o )"
1

A n lz+1 t ]2-‘1—1
Fll—(1-— ,
S rat | 0F)

(3.3.27)

From Eq. 8.3.27 it follows that the constant must satisfy the conditiofl, > n — 1)
providing the positive creep stra#y" for the positive stresg values. By setting = t* in
the form of Eq. 8.3.20 the creep strain accumulated during the secondary andriestages
before the fracture, i.e,, = e (t*), can be calculated in the form of dependence on stress as

B h+1 A, b+1 ). (3.3.26)

cr _

es/t(U) - ol—k 5—61—1 4 gn—k (AU ll + 0.61—1 o Ih+1—n

It can be observed from Eq3.3.29 that €5 ™~ ok, where the value of tertiary material
parametek = 0.5 was considered long-term strengtlequations 3.3.19 - (3.3.20. As it was
mentioned beforé& defines the difference in power-law exponents between themim creep
strain rate]; | vs. stresg dependence and theng-term strengtiturve in the complete stress
range. For the positive values bthe fracture straim* increases with an increase in the stress
o value due to notatios* ~ ¢*. Such a dependence is usually observed for many alloys in the
case of moderate stresses, as mentioned58][ Therefore, the experimental creep fracture
straine* values [L02 169 186 20( available for “high” and “moderate” stress levels can be
fitted by the following approximation as illustrated on F3g19

e (0) = €5 (0) + e (o) with € (0) = C o, (3.3.29)

wheree(; (c) denotes the primary creep strain defined by B.19, £, (o) is the creep strain
accumulated during the secondary and tertiary stagesdigfefracture defined by ER.G.28,
and the values of fitting parameters are definekla$.5 andC = 0.009.

The effect of brittle damage character presented by pasmagtis dominant only in linear
(viscous) creep range. Than the value of tertiary creepnpeter/; = 0.532 defining brittle
damage mode can be defined from the “linear-brittle” partepf(B.3.28 as follows:

ABok(l; +1)
e

= Co*. (3.3.30)
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Fig. 3.19:Experimental datall02, 169, 186, 20(] presenting rupture creep straihvs. stresg depen-
dence fitted by the proposed creep-damage m&i8l22 - (3.3.29 for the 9Cr-1Mo-V-Nb
(ASTM P91) heat-resistant steel at 6Q0

The effect of ductile damage character presented by paeamgtis dominant only in
power-law creep range. Than the value of tertiary creepnpai@r/, = 17.383 defining ductile
damage mode can be defined from the “power-law-ductile” iy . 3.3.28 as follows:

k
f—lf(f G+ 1) = Co~
on (lz—l—l—ﬂ)

(3.3.31)

Numerical integration by timeof the both creep constitutive equatid3.29 and damage
evolution equations3(3.29 with the constant stressvalues and all previously defined creep
material parametersi(, n, oy, B, k, 0y, 11, [») produce the creep straifl vs. timet dependence
or uniaxialcreep curve Using the creep-damage modal3.23 - (3.3.29 one can obtain the
valid uniaxialcreep curvesn the stress range from 0 MPa till 300 MPa at temperaturé 600
The illustrated on Fig3.20creep curves for “moderate” and “low” stress range obtaimiogel
(3.3.29 - (3.3.29 show thelocus of elongation at failureThat locus demonstrates the growth
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Fig. 3.20:Creep curves obtained by the numerical integration of cozepage model3(3.22 - (3.3.29
by time for the values of tensile stressorrespondent to “low” and “moderate” stress ranges
for the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel at8D0

of creep-rupture straia® and the transition from brittle to ductile damage charaeti¢h the
growth of stresg.

Creep curves obtained by the creep-damage m@8d&Rd - (3.3.29 can be compared with
an available experimental creep curveg 186 for “high” stress range for the 9Cr-1Mo-V-Nb
(ASTM P91) heat-resistant steel at 6Q0) as illustrated on Fig3.21 Some disagreement with
available experimental curves frorhd5, 186 can be explained by the considerable variation
of experimental results. Thus, the inaccuracy of creep raxygatal measurements can reach
till 30%. But the character of creep behaviour at primargpselary and tertiary stages and the
critical failure parameters (time-to-ruptureand rupture straiti*) for the creep-damage model
(3.3.29 - (3.3.29 and experimental creep creep curvesd 184 are quite close.

It should be taken into account that experimental data may shlarge scatter generated by
testing a series of specimens removed from the same mat€&healorigins of scatter in creep
testing are discussed i6]]. Furthermore, unlike the small strain elasticity, thesgrdehavior
may significantly depend on the kind of processing of speosne.g. the heat treatment. As a
result, different data sets for the material with the sanebal composition may be found in
the literature. For example, one may compare experimeatalfdr the 9Cr-1Mo-V-Nb (ASTM
P91) ferritic steel obtained in different laboratoriés49, 66, 110, 165 200.
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Fig. 3.21:Creep curves obtained by creep-damage mai&lZ2 - (3.3.29 comparing to experiments
[165, 186] for the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel ab80 for the following
values of tensile stress a) 120 MPa, b) 125 MPa, c) 150 MPa, d) 200 MPa.

3.3.3 Temperature dependence

Figure3.22illustrates all the available creep-rupture experimedéa for the 9Cr-1Mo-V-Nb
(ASTM P91) heat-resistant steel at different temperataresshows the necessity to analyze
the damage process for the “low” and “high” stress regiompassely for the purpose of ma-
terial parameter identification. An important problem oé ttreep constitutive modeling is
the ability to extrapolate the laboratory creep-rupturéadasually obtained under increased
stresso and temperaturd to the in-service loading conditions, for which the expemtal
data is not available. Since the damage phenomenon is aloetature activated process,
the proposed time-to-ruptuné on stresso isothermal dependenc@.8.2(Q is extended to
the case of various temperatures by the introduction of ezaipre-dependent tertiary creep
constants. And it provides the satisfactory fit of availableep-rupture experimental data
[32, 44,72, 73,102 107, 109 162 178 186, 187] at least for the four different temperatures,
as illustrated on Fig3.22

Thereby, Eq.3.3.2( is transformed into the set of non-isothermal long-temarsith curves
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(see Fig3.22 by the introduction of two Arrhenius-type functions in ttedowing way

(T — B(T)
H(T) = 3% G 11 o ¥ (3.3.32)

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

B o
B(T) = Bf exp (RT , (3.3.33)
anddy(T) is the temperature-dependent stress, which denotes titioa from ductile to
brittle damage mode }
- Qo
T) = B =Y 1. 3.34
d0(T) gexp<RT (3.3.34)

In Egs B.3.33 - (3.3.39 the dependence on temperature is introduced by the Aubkdppe
functions with the following tertiary creep material parters:B; =2.0- 10~ 14 [h- MPa(”_k)],

Qs = 698000[J- mol~], B, = 0.205 MPaQ,, = 44940[J- mol~!] and universal gas constant
R=8314[J-K!-mol™!],

The isothermal creep-damage mod8al3(29 - (3.3.29 is transformed into the non-
isothermal form consisting of the creep constitutive equea3.3.39 for the creep strain rate
and two damage evolution equatiods3.37 - (3.3.38 for the damage accumulation rate. The
non-isothermal creep constitutive equation describingary and steady-state creep behaviour
is formulated analogously to E(B.G.29 as follows

c[l+a exp(—peT)] . A(T) (a[l—i—zx exp (—p &’
1-— Wh [Uo(T)]n_l 1-— Wy

n
£ = A(T) )]) , (3.3.35)
where the temperature-dependent secondary creep paraméie andoy(T) are formulated
using the Arrhenius-type function8.(.5 and @.1.8 as follows

R%C) and op(T) = A, exp ( R%j’) . (3.3.36)
In notations 8.3.39 - (3.3.36 the values of secondary creep parameters for the 9Cr-1Nib-V
(ASTM P91) steel defined in Se@.1 are following: n = 12, Ac = Ag; = 2300 [MPa '/h],
Qc = Qp =200000 [J- mol~!], A, =0.658 MPa,Q, = 36364 [J- mol~!] and the universal gas
constantR =8.314 [J- K~ 1. mol‘l]. The values of primary creep parameters in By3.39
defined in Sect3.2are following:a = 0.5 andB = 300.

Taking into account the time-to-rupture functidh3.32, the non-isothermal damage evo-
lution equations describing tertiary creep behaviour aadtfire are formulated analogously to
Eq. 3.3.29 for the brittle damage parametey,

0.1—k [5‘0(T)]”_1 + O.n—k

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

Op = 3.3.37
o B (L +1) (1 —wy)h ( )
and the ductile damage parametey
1—k [~ n—1 n—k
oy = L (D" +o (3.3.38)

B(T)(I+1) (1 - wd)lz'
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Fig. 3.22:Experimental creep-rupture dat?] 44, 72, 73, 102, 107, 109, 162, 178, 186, 187] at various
temperatures for the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistseel fitted by the proposed
non-isothermal Eq.3(3.32 for long-term strengtlturves.

where the temperature-dependent tertiary creep parasnét@y) and oy (T) are formulated
using the Arrhenius-type functions as follows

B(T) = Bs exp <%) and 0y(T) = B, exp (%) . (3.3.39)

In notations 8.3.37 - (3.3.39 the values of tertiary creep material parametersare0.532,
I, = 17.383,B; = 2.0 - 10~ [h- MPa" ], Q¢ = 698000 [J- mol~'], B, = 0.205 MPa,
Q. = 44940[J - mol~!] and the universal gas constaht 8.314 [J- K~! - mol~1].

Numerical integration by time of the both creep constiteiiguation 3.3.35 and damage
evolution equations3(3.37 - (3.3.39 with the defined values of temperatufe@nd stress pro-
duce the creep straifi’ vs. timet dependence or uniaxieteep curve Using the non-isothermal
creep-damage moded.3.39 - (3.3.39 one can obtain the valid uniaxiateep curvesn the
stress range from 0 MPa till 300 MPa and temperature range 50 C till 650°C.
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3.4 Stress-dependent failure criterion

Multi-axial stress state has several effects on damagenadetion, see e.g.1p2 16¢. It
determines the parameter used to correlate the damagenddedifferent types of stress state,
as to whether the maximum tensile stressy ¢, the von Mises effective stregsy,, or some
other measure should be used. In addition, multiaxial caimgtaffects the ductility. The higher
the level of constraint, the lower the ductility. The accuation of creep and fatigue damage
under multiaxial stress are both important factors as favatuating the life of engineering
components is concerned. For this reason, they have beba fodus of considerable interest
for many years. And some relevant highlights of the develemis arising from this interest
have to be discussed below.

In the early 1960s, Johnson, Henderson and Kleh uilt on work done by Sdobyrev
[18( to characterize the stress dependence of creep continanmage. The model chosen
is based on the assumption that creep damage is stress dapeadd that two stress re-
lated parameters are relevant, the von Mises effectivesstyg, and the maximum principal
(tensile) stresgmaxt. TO analyze the failure mechanisms under multi-axial ststate and
high-temperature creep conditions tkechronous rupture locare conventionally used. They
illustrate stress states leading to the same-to-fracturet*. The general model which corre-
lates damage under uniaxial tension with damage under noonelex conditions is introduced
by adopting the damage equivalent streg§s Therefore, the early approaches to long-term
strength assessments are based on the damage equivasstgtrwhich is governed either
by the maximum tensile stress,.x + Or by the von Mises effective stressy, see Fig3.23.

Later Hayhurst§6, 97, 121] proposed the damage equivalent stregsas a linear combi-
nation of the maximum tensile stress,x + and the von Mises effective strasg, as follows:

Oeq = & Omax t + (1 — &) oum (3.4.40)
with the maximum tensile stress in form
Omaxt = (07 4+ |o7]) /2 (3.4.41)
and the von Mises effective stress in form

oM = gs- - S. (3.4.42)
In notations 8.4.4Q - (3.4.4]) o; denotes the first principal stress, ants a weighting factor
considering the influence of damage mechanismscéntrolled oro,\-controlled). Figure
3.23 shows the failure criterion using the damage equivaleesst,, for two defined values
of weighting factora = 0.3 anda = 0.5. Such a form of the damage equivalent stiggs
corresponds to a quite narrow ranges of steeaad temperaturé.

Generally, it has been assumed that the von Mises effedtigsss,, controls creep rate
and governs the nucleation of creep voids but does not tomérito their growth, while the
mean stresg in the following form

o1+ 011 + 07111

T = 3.4.43
7 : (3.4.43)
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Fig. 3.23:Formulation of multiaxial failure criteria using planeess isochronous rupture loci:
a) conventional approach, aftédq, 97, 121], b) stress-dependent multi-axial failure criterion
based on long-term strength of the 9Cr-1Mo-V-Nb (ASTM Pdathresistant steel at 600.

promotes the growth of the creep voids or cracks, refet5&][for the details. In the torsional
creep rupture testd 5 all of the specimens exhibited a ductile transgranulaegrigacture
of shear type. And larger creep deformations with many rauiols were observed near the
fracture surfaces. These results should be because tlex dgfg and little & existed in the
torsional creep specimens. It has been reportéd]that at higher stresses (meanwhile larger
0) a ductile fracture caused due to the larger deformatiom;hmiestrained the growth of creep
voids. But at lower stresses a brittle intergranular freetaccurred due to the sufficient growth
of voids with slower creep deformations. At each stresestaeep deformation and nucleation
of creep voids in a specimen at a higher stress are easilycto dae to the largar, ), but the
growth of voids is restrained by the larger deformation. Ndecreasing the applied stress, a
brittle intergranular fracture mode should be present duiaé growth of creep voids. How-
ever, from tension to torsion the growth of creep voids bezsuiifficult due to the decrease
of o. Therefore, it is suggested that in a specimen with exigiirigand smaller,, a brittle
intergranular fracture should occur easilpf.

The new mixed stress-dependent failure criterion basedre@p-rupturediagram 8.3.20
of the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel at ®D@vas proposed for the multi-
axial form of creep-damage mod@&.8.29 - (3.3.29 as follows:

B

- 1-k ~n-—1 n—k°
Omaxt 79~ T 0um

# (3.4.44)
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Fig. 3.24:1sochronous damage surfapeesenting multiaxial stress-dependent failure critebased on
long-term strengttof the 9Cr-1Mo-V-Nb (ASTM P91) heat-resistant steel at8D0

The failure criterion 8.4.44 includes both the first principal stressand the von Mises effec-
tive stressr,\y, and therefore it is applicable for the complete stresseaithin the range
of “high” stresses the creep damage is primarily ductile adls to the necking of uniaxial
specimen, so it is governed by the von Mises effective strggs Within the range of “low”
stresses the creep damage is primarily brittle and leadetlmhg-term degradation of material
microstructure. In this case we assume that the creep daisiggeerned by the first principal
stressr;. The “moderate” stress range is controlled by the both fiisicppal stressr; and the
von Mises effective stress,. The set of isochronous rupture loci presented on Bigd
illustrates the idea of failure mode transition from bettlpture for “low” stresses to ductile
rupture for “high” stresses.

The stress dependence of damage can be presentsddiyonous damage surfaanalo-
gous to a yield surfacelpg. Theisochronous damage surfasbown on Fig.3.24illustrates
the alternative presentation of the failure criteri@¥(44 for the multiaxial stress state. The
time-to-rupturet* is plotted as a function of principal stressgsando;;. And it illustrates the
plane stress conditions which lead to the saime-to-rupturet* depending on range of stress.
It shows that for the long test durations the creep failupritmarily determined the first princi-
ple stresgr;. This assumption is confirmed by the multi-axial creep-uuptexperiments for a
lot of materials including advanced heat-resistant siesder different stress and temperature
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T conditions, see e.g8B, 90, 155.
Finally the multiaxial form of the proposed creep-damagalet@3.3.22 - (3.3.29 is for-
mulated consisting of constitutive equation for the creteqiis rate tensor

&= |A (3.4.45)

owH A (avM H)”] 3 s
1— wy 0'61_1 1 — wy 2 0uMm
with the strain-hardening functio2.19 depending on the equivalent creep strgp
H(egq) =1+ a exp(—pegy), (3.4.46)
and two evolution equations for the brittlg, and ductilecwy damage parameters
wp=[t"(h+1)(1—wp)]™t and w@g=[t" (L+1) (1 —wq)?] ™ (3.4.47)
with time-to-rupture functionn* depending on the stress parametegs, « andoy

B
t* (Umax ts UVM) =
1-k ~n-—1 n—k
Umax t 00 + UVM

(3.4.48)

where the maximum tensile strasg.y ¢ is defined by Eq.3.4.4)), and the values of all pre-
viously identified creep material parameters for the 9CeIWANb (ASTM P91) heat-resistant
steel at 600C are following:A =2.5-10~? [MPa !/h], n = 12,0y = 100 MPax = 0.5, = 300,

B =1.25-10% [h- MPd" %], 5, = 100 MPaj = 0.5,]; = 0.532,], = 17.383.

It is necessary to notice that the time-to-rupture functidor,ax +, oym) in the form 3.4.49
for the multi-axial stress state can have different formthaevolution equations8(4.49. For
instance, it can be dependent onlya, + for evolution equatiow, or dependent only om,
for evolution equationuy. The specific forms of time-to-rupture functiohand the variants of
stress parameters as it’'s arguments must be investigadedisoussed in future.

For the case of the same time-to-rupture functién®max t, cum) in the both evolution
equations3.4.47, the proposed creep-damage moB@ed (45 - (3.4.49 can be formulated with
only one damage evolution equation, if to replace one of #meatje parametera or wy) in
the creep constitutive equatio.4.45 by one of the following corresponding connections,
formulated analogously to EB.3.26:

Ip+1 I1+1

wb=1—(1—wd)w or wdzl—(l—wb)w. (3.4.49)



4. CREEP ESTIMATIONS IN STRUCTURAL ANALYSIS

In Chapters2 and3 we introduced creep constitutive and damage evolutiontemsafor the
modeling of creep in engineering materials. The objectiv€loapt. 4 is the application of
creep constitutive models to structural analysis. In S&dtwe start with the discussion of
basic steps in modeling of creep in structures with the appbn of finite element method
(FEM). The advantages of FEM application and creep anajysisedures in a commercial
FEM-based software with conventional and user-definedtitatige models are highlighted.
Section4.2is devoted to the introduction of benchmark problem conuettte frames of struc-
tural mechanics, description of its main purposes in creephanics and verification steps for
a reliability assessment. As examples, two benchmark enablof creep-damage mechanics
which can be solved by approximate numerical methods argepted. The reference solu-
tions are compared with the finite element solutions by AN&Yi8 ABAQUS finite element
codes with user-defined creep model subroutines. To digbesapplicability of the devel-
oped techniques to real engineering problems two examplesroerical life-time assessment
with application of creep-damage models for initial-boandvalue problems are presented in
Sects4.3and4.4. The purpose of Sect.3is the numerical creep behavior modeling of the
T-piece pipe weldment made of the 9Cr-1Mo-V-Nb (ASTM P9lathesistant steel. The ini-
tially transversally-isotropic creep-damage model depetl in Sect2.2.1is incorporated in the
commercial FEM-based CAE-software ANSYS. The numericalysis results of the welded
structure qualitatively agree with available experimeotsservations and confirm the facts of
various creep and damage material properties in longialdind transversal directions of a
welding seam. Finally, in Sect.4 an example of life-time assessment for the housing of a
quick stop valve usually installed on steam turbines isgmesd. Long-term behavior of this
components under approximately in-service loading camabt(constant internal pressure and
constant temperature) is simulated by the FEM. The resdt® shat the developed in Chagt.
constitutive model is capable to reproduce specific featafereep and damage processes in
engineering structures during the long-term thermal expos

4.1 Application of FEM to creep-damage analysis

The aim of creep modeling is to reflect basic features of cheepgineering structures includ-
ing the development of inelastic deformations, relaxatiod redistribution of stresses as well
as the local reduction of material strength. A model shoeldble to account for material de-
terioration processes in order to predict long-term stnadtbehavior, to estimate the in-service
life-time of a component and to analyze critical zones oiufai caused by creep. Structural
analysis under creep conditions usually requires theatig steps, proposed ii7, 157:



64 4. Creep estimations in structural analysis

1. Assumptions must be made with regard to the geometry dcfttheture, types of loading
and heating as well as kinematical constraints.

2. A suitable structural mechanics model (e.g. three-dsieral solids, beams, rods, plates
and shells) must be applied based on the assumptions carg&mematics of deforma-
tions, types of internal forces (moments) and related loal@guations.

3. Areliable constitutive model must be formulated to reflene dependent creep defor-
mations and processes accompanying creep like hardeztogéry and damage.

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

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

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

For the numerical solution the direct variational methadg, the Ritz method, the Galerkin
method and the finite element method (FEM), are usually a@plin recent years the FEM
has become the widely accepted tool for structural analye advantage of the FEM is the
possibility to model and analyze engineering structures semplex geometries, various types
of loadings and boundary conditions. General purpose felgenent codes ABAQUS, AN-
SYS, NASTRAN, COSMOS, MARC, ADINA, etc. were developed tdveovarious problems
in solid mechanics. In application to the creep analysis simmuld take into account that a
general purpose constitutive equation which allows to cetlee whole set of creep and dam-
age processes in structural materials over a wide rangeadfrig and temperature conditions
is not available at present. Therefore, a specific constuhodel with selected internal state
variables, special types of stress and temperature furscéie well as material constants identi-
fied from available experimental data should be incorpdret® the commercial finite element
code by writing a user-defined material subroutine. The gtesof manuals for the procedures
of user-defined subroutines implementation into the commeFEM-based software ANSYS
and ABAQUS can be found in3[ 22]. The ABAQUS and ANSYS finite element codes are
applied to the numerical analysis of creep in structures,[66, 140, 152, 170, 181, 183.

The standard features of the commercial FEM-based softi@age ANSYS and ABAQUS)
includes only conventional creep models, referitd?[0]. Strain hardening, time hardening, ex-
ponential, Graham and Blackburn models, etc. are propasethé primary creep stage and
Garofalo, exponential and Norton models, etc. are propfisatie secondary creep stage. Us-
ing standard creep models incorporated into FEM-basedaudtit is impossible to model the
tertiary creep stage accompanied with damage accumulaittmess and fracture, see Fgl
In order to consider damage processes the user-definedusmeoare developed and imple-
mented. The subroutines serve to utilize constitutive antléon equations with damage state
variables, see Figt.1 In addition, they allow the postprocessing of damagethe 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 computationgihe@ring mechanics and partic-
ularly in creep-damage mechanics. Several benchmarkersbbased on the different creep
constitutive models are presented 12[16, 28, 29, 152, 2]. To consider both the creep and the
damage processes, a specific constitutive model with selecternal state variables, special
types of stress and temperature functions as well as mlatenatants identified from avail-
able experimental data should be incorporated into the cential FE-code by writing a user-
defined material subroutine, see e.§, 42]. Thus benchmark problems are needed to verify
those developed subroutines. For these problems numericalalytical reference solutions
are usually obtained. To conclude about the fact that theostibes are correctly coded and
implemented, results of finite element computations mustingpared with reference solutions
of benchmark problems.

4.2.1 Purposes and applications of benchmarks

An important question in the creep analysis is that on réitgtof the applied models, numer-
ical methods and obtained results. To assess the reljabilthe developed subroutine as well
as the accuracy of the results with respect to the mesh getygie of finite element, the time
step, and the iteration methods, numerical benchmark @nobhre required. Inp7, 152 the
following verification steps are proposed for the relidpiissessment:

¢ \erification of developed finite element subroutifesassess that the subroutines are cor-
rectly coded and implemented, results of finite element agatpns must be compared
with reference solutions of benchmark problems. Severatti@ark problems have been
proposed in29] based on an in-house finite element code. Below we recakddorm
solutions of steady-state creep in elementary structurglsknown in the creep mechan-
ics literature. To extend these solutions to the primarytarithry creep ranges we apply
the Ritz and the time step methods. The advantage of thebteprs is the possibility to
obtain reference solutions without a finite element diszagibn. Furthermore, they allow
to verify finite element subroutines over a wide range of éi@tement types including
beam, shell and solid type elements.

e \erification of applied numerical methodklere the problems of the suitable finite ele-
ment type, the mesh density, the time step size and the tepeshtrol must be analyzed.
They are of particular importance in creep damage relatedlations. Below these prob-
lems are discussed based on numerical tests and by compaitbaeference solutions.

e Verification of constitutive and structural mechanics nisdghis step requires creep tests
of model structural components and the corresponding noalemalysis by the use of
the developed techniques. Examples of recent experimemidies of creep in structures
include beams40, 157, transversely loaded plate$12 146, 152, thin-walled tubes
under internal pressurd 15 117, pressure vessel$¢, 68|, circumferentially notched
bars B7]. Let us note that the experimental data for model strustare usually lim-
ited to short-term creep tests. The finite element codes ahrbstines are designed
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to analyze real engineering structures. Therefore long &malysis of several typical
structures should be performed and the results should bpa@a with data collected
from engineering practice of power and petrochemical glaelow the examples of the
creep finite element analysis for the typical componentsowigy-generation plants are
discussed.

4.2.2 Simply supported beam

To formulate a benchmark problem using the creep-damadgsamaf the simply supported
aluminium alloy beam loaded by a distributed forgg157 it is necessary to compare the
results obtained by the Ritz method with those of ABAQUS amNBAX'S finite element codes
incorporating the Kachanov-Rabotnov phenomenologied@idamege model 2 1]:

o 3 aowm" s K

o :b[zx or + (1 —a)oym
2(1-w)"oum’ (1—w)

. 1
with UT=§(0'1+|0'[|) (421)

In this notatiore®" is the creep rate tensarjs the stress deviatar, , is the von Mises equiv-
alent stressgr is the maximum tensile stress; is the first principal stressy is the damage
parameter and represents the weighting factor of a material= 1.35- 10~3° [MPa "/h],

b =3.029-10"% [MPa*/h], n = 14.37,m = 10,k = 12.895,] = 12.5 andx = 0 are mate-
rial constants afterl[1€ for the aluminium alloy BS 1472 at 1560.5°C corresponding to the
model @.2.1). Figure4.2shows the good agreement of the time variations of maximutede
tion and the normal stress obtained by the Ritz method anBHh with the exception of the
calculations based on the ANSYS finite element code usingeiétype SHELL43, seell].

4.2.3 Pressurized thick cylinder

We incorporated the following creep constitutive equafi2.2 into the ABAQUS finite ele-
ment code by the means of user-defined material subroutines

. n—1
£ = 22—2 [1 + (0;2/') ] s, €&y =aoy (4.2.2)

with the material constantg = 2.5- 1077 1/h, oy = 100 MPa,n = 12 corresponding to
9Cr1MoVND steel at 60T0C obtained from the creep tests for both the linear and theepow
law ranges data afteip8 110.

A reference solution of steady-state creep according tq48.2 for a thick cylinder sec-
tion loaded by internal pressupeis obtained by means of two numerical procedures including
the numerical integration and finding the root of a non-liredgebraic equation using Mathcad
package (for the details refer td7]). The results obtained by the presentedli#] approximate
method are applied to verify the finite element solution. $teady-state creep problem of the
thick cylinder in the power law creep range is the standarccbmark. Thus the geometrical
data and the finite element model are assumed as given inicarark manuald].

Figure4.3illustrates a good agreement of the solutions based on tHEQAES finite code
and the approximate numerical solutions for different galof the normalized pressupein
both the linear and the power law ranges.
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4.3 Anisotropic creep of a pressurized T-piece pipe weldmen

This section is devoted to the practical application of thigdlly anisotropic model presented
in Sect.2.2.1and research worlk8[]] to the long-term strength analysis in creep conditions of
a T-piece pipe weldment made of the 9Cr-1Mo-V-Nb (ASTM P9é&athresistant steel. The
constitutive model and appropriate creep parameters vasedon the experimental creep and
rupture data95] of multi-pass weldmen considering the non-uniformity loé tmicrostructure
in the heat affected zone, in the base material and in the meldl of welding joint. For the
purpose of adequate creep behavior numerical modelingeaféiding seam, the transversally-
isotropic creep-damage model have been incorporated icdirenercial FEM-based CAE-
software ANSYS. The model takes into account various creejpdamage material properties
in longitudinal and transversal directions of a weldingsedhe performed numerical calcula-
tions of the welded structure qualitatively agree with ekpental data by MPA Stuttgarip4]
and confirm the facts of rupture in corresponding zones ofvilding joint.

4.3.1 Formulation of structural model

The typical component of high-temperature power plants @remical facilities equipment,
i.e. pressurized T-piece weldment of two thick-walled gipéth different diameter was chosen
as a test example. T-piece pipe weldment is subjected tontbmal pressure of 18 MPa and
temperature 65@C. Available creep experimental data for this structurahponent are the
results of experimental observations at the T-piece thiaked pipe weldment creep under the
internal pressure 24 MPa at temperature“@@uring 10 000 hours provided by MPA Stuttgart
[104). Geometrical solid model of the welding joint connectingptthick-walled pipes into
T-piece weldment was created in CAD-software SolidWorkegishe add-on module for the
design of welded structure2€] basing on the geometrical parameters after MPA Stutt@ar[
and standards GOST97 and DIN [19§, see Fig4.4. The finite-element mesh of the T-piece
weldment and the series of creep-damage analyses werempedan CAE-software ANSYS.
Basing on previous experience in the creep simulation oflingljoints, the weldment is
conventionally divided into three zones with different noistructure and creep behaviour char-
acter: parent material of pipes, heat-affected zone andimgseam, see Fig.4. But unlike to
previous investigations, the initial anisotropy of creepperties in the weld metal of welding
seam is considered. Fig.2 illustrates the creep curves of the 9Cr-1Mo-V-Nb (ASTM P91)
steel at 650C under the tensile stress 100 MPa for three different zantseiwelding joint.

4.3.2 Analysis of numerical results

The constitutive creep-damage mode2(24 - (2.2.25 with initial anisotropy of creep prop-
erties and appropriate creep parameters presented in S2dtis applied to the long-term
strength analysis of the T-piece pipe weldment. In the faofereep simulations the four life-
time assessment with different combinations of creep ptgsein various structural zones are
performed. The first variant of analysis assumes the T-pgoeweldment being homogenous
and consisting of only steel P91 parental material. Therseariant of the analysis is based
on previous approaches and assumes the weldment consitiregthree materials with differ-
ent creep behaviour: parent metal of pipe, heat-affected and the weld metal properties in
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Fig. 4.4:Exterior view, geometrical parameters (mm) and structayexperimental facility, afterl04],
b) solid geometry, c) finite-element model.
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Fig. 4.5:Distribution of damage parameters values before the rap@misotropic parametey; in the
weld metal and isotropic parameterin other zones of T-piece pipe weldment.
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the plane of isotropy. And the last two variant of the analysie similar to the previous ones,
however the initial anisotropy of the weld metal creep praps is taken into account.

The creep simulations are performed by the FEM in CAE-sa#wWaNSYS till the mo-
ment of rupture in each analysis case. And the obtained noaheesults demonstrate the
specific qualitative tendencies in damage accumulatioracker as shown below. In the case
of homogenous material (parent pipe material) or non-umfmaterial with isotropic creep
properties of all three weldment zones, the failure causetthé damage accumulation occurs
only in heat-affected zone, see Fg5. Such character of failure corresponds to the longitudi-
nal cracks type Ill due to classification of cracks in weldtsggresented on Fi@.3and Table
2.1 This type of cracks is proved by the experimental obseyuagbresented on Figt.6 and
Table 4.1 with circumferential cracks in the heat-affected zone (HAZving numbers 1 and
4. In this case the time-to-rupture of the weldment is gosdranly by the creep properties
of the heat-affected zone. The damage accumulation in dieEc weld metal of welding
seam is practically missed, and the value of damage parametknost equal to zero. Such a
numerical results of creep simulations qualitatively agreth similar investigation in the field
of finite-element creep modeling of pressurized weldedgipee e.g.91].

Unlike to the previous two analysis cases with isotropieprproperties of materials, the
results of the analysis cases considering anisotropiceptieg of the welding seam show the
significant accumulation of two damage parameterandw, in the weld metal, see Fid.7.

The accumulation character of the damage parametem@ndw, shows the probable initia-
tion of the reach-through longitudinal cracks and transakecracks. Such character of failure
corresponds to cracks types | and Il due to classificatiomaufks in weldments, illustrated on
Fig. 2.3and described in Tab2 1 This type of cracks is proved by the experimental observa-
tion presented on Figl.6 and Table4.1 with the reach-through axial cracks in the weld metal
having numbers 3 and 5.

rear }
left
| right
i \V4
JAN
N | ressure
\ front P
butt strap u, ¢ | connection

Fig. 4.6:Damage situation in P91 T-piece weldment and welded vesskdrinternal pressure 24 MPa
after 10 000 hours of experimental observations at 65@fter [LO4].
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Table 4.1:Damage situation in P91 T-piece weldment and welded vessigrunternal pressure 24 MPa
after 10 000 hours of experimental observations at 65@fter [L04].

Position ggzﬁ:i)n Crack direction aCﬂrsfrncrifnter %ﬁCk depth,
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

.640E-038
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. 005684
.008526
.011368
.0142059
.017051
.015853
022735
025577

BRE0000D

crack (type II)

.171E-05
.880E-03
001759
.002638

.003516
. 004355
005274

. 006153
007031
.00791

BERECC00C

crack (type I)

Fig. 4.7:Distribution of damage parameters values in the weld metdrb the rupture: a) along the
welding directionwy, b) transversely to the welding directior.
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The numerical results obtained with the assumption of arup@ creep properties in the
weld metal have more reliable agreement with the creep ewpatal observations for this t-
piece pipe weldment, illustrated on Fi4.6 and Table4.1, and others welded pipe structures
[96]. Alongside with the cracks with types Il and VI caused b tritical damage accumu-
lation in the heat-affected zone (see HgD), the experimental studied (4] report that the
reach-through longitudinal cracks with types | and Il atiated by the transversally-isotropic
damage parameters accumulation in the weld metal (sed F)g.

The principal result of the researci(] presented in Sect8.2.1and4.3is to show the
ability of the continuum mechanics approach applicatioereep simulations of weldments
considering non-uniformity of microstructure and anieptc creep properties of weld metal.
Consideration of transversely-isotropic creep propgaifaveld metal allows to predict the local
zones of damage accumulation and probable cracks iniatith better qualitative accuracy.
This assumption correlates with the experimeh@®] obtained by MPA Stuttgart during the in-
service observations for the similar structures. The alethnumerical results demonstrate the
necessity of the subsequent creep-rupture experimentsdalifferent weldment zones (parent
material, heat-affected zone and weld metal). The avéitialmf the comprehensive creep-
rupture experimental data will allow to simulate the loegrt 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 geonfetgy pressure piping systems and
vessels, rotors and turbine blades, casings of valves abithés, etc.), where neither analytical
nor experimental reference stresses are available, theutembased finite element analysis
(FEA) is used, e.g.J0, 76, 96, 157. The component is “broken down” into an aggregate of
finite elements (FE) with prescribed properties. The companalysis evaluates the response
of the component as a whole and enables the stresses amd sirany given point to be deter-
mined. A detailed picture of the results distribution withhe component is produced. In its
simplest form the FEA may only be applied to analyse the ielagesses, but the knowledge of
the creep properties of the material enables a long-teengtin analysis or life-time assessment
to be performed.

4.4.1 Previous experience in FEA

The development of computational continuum damage mecbgGDM) now allows FEA to
be performed using physically based constitutive equatiordescribe the material behavior.
This enables the full time dependent behavior of a strud¢tube modeled, including, by the in-
put of ductility values, the transition from generalizedrdae to discrete crack growth. Increas-
ing speed and data storage capacity of computer workssataqdly reduces the time required
for such computations. However, the procedure is crityaddpendent upon the availability of
validated multi-axial constitutive equations for defotioa and damage over the mechanistic
regimes encountere@9, 152].

Modern power-generation plants are required to providé Bigndards of reliability and
availability, which principally depends on the operatirgnditions, optimal structural design
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and the applied constructional materials. The reliabditgl safety of the whole power system
depends greatly on the way in which the main power unit coraptasuch as the turbine, boiler
and generator are operated. The operating conditions séttievices are usually very complex
and involve many unsteady mechanical and thermal loadshwihiconsequence determine
the stress states of the particular components. The dilyabilthe steam turbine should be
considered in terms of the durability of its main compongentisich can be divided into two
major groups, mainly the shells (casings, valve housingd)atating parts (rotors).

The thermal and mechanical loadings within the operatioritions usually lead to degra-
dation of material owing to intensive interactions of maayure modes such as local plasticity,
high temperature creep, damage, corrosion, fatigue ardioga Interactions of main modes
of degradation are complex in appropriate numerical modgdnd difficult for the numerically
based life-time predictions. For instance, creep and damag be intensified by the process
of locally variable high thermal stresses during cyclesoaiding and unloading. Growing de-
mands on safe, reliable and economic operation ask for aiguifilife-time prolongation of
the critical power plant elements. A lot of numerical invgations by different laboratories
based on CDM and FEA presenting long-term strength anabsédife-time assessments of
high-temperature steam-turbine components were publiseently, e.g.38, 39, 98, 159.

In the framework of this dissertation several FEM-baseeH-iine assessments of high-
temperature power plant components were performed usafptimulated in Sect2 consti-
tutive creep-damage models:

e The numerical investigations of long-term strength betawstarted with the applica-
tion of conventional Kachanov-Rabotnov-Hayhurst creeprdge modeH0, 89, 157 to
isothermal creep-damage simulatiofY]. As the component to be analysed the casing
of a steam turbine reheat control valve was chosen. Such pawent has to control the
steam flow into an intermediate pressure steam turbine. MMastigation has proved the
high efficiency of FEM-based life-time assessments withaghigication of conventional
CDM-based creep models.

e Within the frames of the research workd] two conventional creep-damage models were
applied to the isothermal simulation of the mechanical beha of a steam turbine ro-
tor in its in-service conditions. These models were therggit Kachanov-Rabotnov-
Hayhurst model40, 89, 152 and the Murakami-Ohnoll41, 1471 model with damage
induced anisotropy presented in S&cR.2 Numerical solutions of the initial-boundary
value problems have been obtained by FEM using solid axisytmical type finite el-
ements. For the purpose of adequate long-term strengtlysasmddoth isotropic and
anisotropic creep-damage models have been implementeH-oo#fe of the commer-
cial CAE-software ANSYS. Obtained simulation results fosteam turbine rotor show
the significant sensitivity of life-time assessment to gpetof material model.

e Thereafter, the conventional Kachanov-Rabotnov-Hayluegp-damage model(), 89,
152 was extended to the case of variable temperature and stemdening consider-
ation, as presented in Se@.1 A technique for the identification of material creep
constants based on the available family of experiment&coeirves (see Appendi)
was presented inlfl4, 129. The resulting non-isothermal model with the appropriate
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creep material parameterkl[3 were incorporated into the FE-code of the CAE-software
ABAQUS. It was applied to the long-term strength analysia pfessurized thick-walled
pipe exposed to the non-uniform heating for the verificaponposes and for the illus-
tration of basic features of creep-damage character, tefd29. Than the model was
applied to the non-isothermal life-time assessments uimdegervice loading conditions
of such power plant components, as the casing of a steamméucbintrol-stop valvel[14],

the casing of a steam turbine bypass vali&(, housing of a high-pressure gas turbine
[131], and the casing of a steam turbine quick-stop valv@]. The obtained numeri-
cal results confirmed the influence on non-uniform tempeeatield on the final stress
and strain fields redistribution before the failure. Howetlge time-to-rupture values un-
der the in-service loading conditions were overestimabtedause 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 aislgbtained by application of the
new creep-damage constitutive model developed in Cl3apt.creep behaviour simulation of
a power plant component. As the component to be analysedatiagcof a steam turbine
quick-stop valve$4, 55, 56], illustrated on Fig4.8, was chosen.

Application

If the steam turbine is tripped it is essential to have a fadtraliable quick stop function for
protection of the turbine. The steam turbine quick stop&&iXQS) is designed for this purpose
[55]. A mechanical spring is used for the emergency shut-ofé dlbsing time is typically less
than 0.2 s for full stroke. On request shorter closing timavigilable. The emergency quick
close function achieves maximum protection for the steannirte. The valves are equipped
with on-line exercise capability that demonstrates freeddmovement of tripping components
without affecting steam flow. The VQS valve is used togeth#r the turbine flow control valve
(VPC), as illustrated in Figd.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 egetppith a quick closing function.
The low total pressure drop over the valves improves theggnefficiency of the installation,
thus improving the power production. Each valve is indeperlgt calculated and designed
according to the relevant operational conditions.

Design features

The VQS and VPC valves design is of angle type and is basedeowell proven design of
stop valve type VS. As far as, the drawings of the VQS valvéngawere not accessible from
opened sources, it was decided to use the drawing of VS vabiaeg available fromJ6] and
illustrated on Fig4.8for the modeling of 3D solid geometry in the CAD-softwarei8@forks.
The VS valve casingdp]|, fully machined of forged CrMo low alloy steel or carbon edte
including X10CrMoVNb91 (F91) steel, is designed to miniminaterial stresses as well as
to fit the requirements of the piping system with regard toemal, pressure class and piping
connections$4]. An even material distribution is essential to minimize thaterial stresses.
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By using the homogenous forged material, an accurate anlotled wall thickness, i.e. a
smooth surface, is achieved. For severe operating conditigth large temperature variations,
a continuous preheating of the valve inlet side is recomméndhe VS valve is designed to be
operated by an actuator, and depending on the actuating &t project preference, any type
of actuator can be selected: pneumatic, electrohydraukteatromechanical. The unbalanced
configuration of VS valve casing with tight design providilegkage tightness according to
ANSI B16.104 Class V was selected, see Higg@ The maximum capacity of the VQS valve
is 7500 Kv or 8660 Cv, the maximum inlet pressure class cpards to DIN-PN 640 (ANSI#
4500), the maximum outlet pressure class corresponds teAHNN50 (ANSI# 1500). Flow
path in angle body of the VQS valve means low pressure drofgalpeessure recovery in the
outlet cone, refer tod4].

Review of FEA results

The 3D-solid geometry of the valve casing designed in the &afware SolidWorks is trans-
ferred to the FEM-based CAE-software ABAQUS and meshed Wid0 solid 8-noded finite
elements (type 3CDS8R, refer t@]) providing totally 10085 nodes, as illustrated on Hg®.
The analysed main part of the valve casing is simplified toreginical geometry with applied
symmetry boundary conditions on the cross-section surfibe main load on the valve cas-
ing is the internal pressure 20 MPa which is considered astanhover time and normal for
operating conditions due to the service applications. Aasahe geometry of a valve actuator
is not taken into account, its effect is replaced with batapessure,,,, applied to the outer
surface of nozzle with opposite sign, as illustrated on &i§. It is calculated as follows

Dnoz = ’7‘“:4'7‘43“ — 8.67 (MPa), (4.4.3)
noz

wherep;,: = 20 MPa is the internal pressure in the val¥g¢: = 1.24 - 10* mn? is the area of
the actuator cross-section aAd,, = 2.85 - 10* mn? is the area of the actuator cross-section.

Additional damage due to fatigue caused by the transientatipa modes of a steam tur-
bine, e.g. during start-up and shut down, is not considers¥d.h The modern experience
of steam turbines manufacturer®fl] shows the 9-12%Cr advanced heat-resistant steels are
used for valve casings or turbine housings manufacturedbiyng or forging processes. Thus,
the material of the analyzed valve casing is assumed to b8G@ndMo-V-Nb (ASTM P91)
heat-resistant steel. As the valve is considered to opataemperature 60C, the values of
Young’s modulusE =1.12- 10° MPa, Poisson’s ration = 0.3 and thermal expansion coefficient
x =1.26-1072 K~! are taken from@6]. Finally, for the transient creep process simulation,
the isothermal form of the creep constitutive model devetbimn Chapt.3 is applied to pre-
dict the creep damage in the valve casing. The creep camnstitequation 8.4.45 with the
strain-hardening functiorB(4.46 and the damage evolution equatioBs4(47 with the time-
to-rupture function 3.4.49 including all the corresponding creep materials pararaetam-
marized in Sect3.4 are incorporated in FE-code of CAE-software ABAQUS by theangeof
user-defined creep subroutine. The proposed model is aldéidcot the basic features of stress
redistribution in the structural component. Furthermdrallows us to predict the locations for
the maximum creep damage and the life-time of the structamra@lponent till failure.
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Fig. 4.8: Typical installation of the steam turbine quick stop valveipower station, aftebp, 56].
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The creep-damage behavior simulation of the valve casitig the previously mentioned
initial-boundary conditions and material properties heedirted the failure of the component
in t* = 164000 hours = 18.7 years. The obtained FEA results showritieal damage accu-
mulation in two locations. The first location is situated bae buter surface of the valve casing
as illustrated on Figd.10and is caused by the brittle damage parametgcritical concentra-
tion. In this possible place of brittle rupture initiatiomet damage accumulation is dominantly
governed by the maximum tensile stressy :, as shown on Figd.1Q The second location
is situated on the inner surface of the valve casing astifitei on Fig4.11and is caused by
the ductile damage parametey critical concentration. In this possible place of ductieture
initiation the damage accumulation is dominantly goverbgdhe von Mises effective stress
oum, as shown on Figd.11 As far as the character of the both damage parametgrarfdwy)
evolution is found out to be equal in the both locations (see 412, the decision about the
type of rupture is done basing on the stress parametgrs { ando,) redistribution character.
The dominant stress parameter,{ + or o) defines the type of rupture (brittle or ductile).
Additionally, this assumption is proved by the differenbkition character of the maximum
principal total strairg't in different rupture locations, illustrated on Figg13 The comparison
of the creep curves shows, that the ductile rupture locdtamaccumulated almost two times
more creep strain than the brittle rupture location. Dueigo 413 the ductile rupture location
has more prevalent tertiary creep stage of the creep cunvé the both locations the rupture
occurs in the same timeé.

These results should be investigated further in order todutchow to come closer to real-
ity. Such clarification could give important input for fusirmprovements in high temperature
component design. In this context, firstly the parametentifieation should be optimized for
the relevant loading conditions, whereby also multi-arigberiments should be used. More-
over, it is very important to compare and review the numédemage predictions with respect
to experimental findings of uni-axial and multi-axial loaakes.
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5. CONCLUSIONS AND OUTLOOK

A new appropriate approach to the phenomenological magleficreep and damage behaviour
based on the well-known concepts of continuum damage mexshamd creep mechanics is de-
veloped. In the framework of the thesis a comprehensiveisatftermal creep-damage model
for a wide stress range is proposed in Ch&pt.It is based on the available creep and rup-
ture experimental studies and microstructural obsematfor advanced heat resistant steels.
The proposed approach takes into account the followingifeat which are important for the
comprehensive creep and damage modeling for structurblsasaf industrial components:

e The uniaxial form of the proposed creep-damage model desgrprimary, secondary
and tertiary creep stages is formulated. The model consiigtse constitutive equation
for the creep strain rate governing steady-state creepvlmhraand two damage evolu-
tion equations for accumulation rates of brittle and deaddmage parameters governing
tertiary creep behaviour and rupture. To take into accdwnptimary creep behavior and
stress relaxation effects a strain hardening functionliged in the constitutive equation.

e The creep constitutive equation presented in Seédtshows the stress range dependent
behavior presenting the power-law to linear creep mechatransition with a decreasing
stress. To take into account the primary creep behavioragndtardening function is
utilized in Sect.3.2 The constitutive equation in the form of serious connectiblinear
and power-law components extended with strain hardeningtion well describes the
creep strain rates for a wide stress range and stress lielayabcess under the loading
values relevant to in-service conditions of industriallaggions.

e To characterize creep-rupture behavior the constitutizgBon is generalized by intro-
duction of two damage internal state variables and apptg®evolution equations in
Sect.3.3 The description of long-term strength behavior is basetherassumption of
ductile to brittle damage character transition with therdase of stress. Two damage
parameters show different ductile and brittle damage aatation characters based on
the Kachanov-Rabotnov concept, but the similar time-fattrre dependence.

e Since the creep and the damage effect are heat-activateelgses, the creep constitutive
and damage evolution equations are extended with the tetuperdependence using the
Arrhenius-type functions. Such a temperature dependeresepted in Sect$.1and3.3
is found applicable only for a quite narrow range of high tenapures.

e The set of creep material parameters for the 9Cr-1Mo-V-N8T® P91) heat-resistant
steel valid in the stress (0 — 300 MPa) and temperature (5580=Gj ranges relevant
to in-service loading conditions is identified in Se8t3. The identification procedure
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5. Conclusions and Outlook

is based on manual fitting of the available experimental gegaented by the minimum
creep strain rate, time-to-rupture and creep-rupturénsiia stress dependencies.

The unified multi-axial form of the creep-damage model isspreéed in Sect3.4. To
analyze the failure mechanisms under multi-axial stresestthe isochronous rupture
loci and time-to-rupture surface are presented. Theytitibs that the proposed failure
criterion based on the dependence of time-to-rupture essinclude both the maximum
tensile stress and the von Mises effective stress. But tlasuamnes of influence of the stress
parameters are dependent on the level of stress with dtxtiettle failure transition.

Finally in Sect.4.4 an example of numerical long-term strength analysis forpacgt
power plant component is presented. The obtained FEA seshitiw that the developed
approach is capable to reproduce basic features of creepandge processes in en-
gineering structures. And the assumptions of power-lawrtealr creep behaviour and
ductile to brittle damage mode transitions are really intgoatrfor an adequate life-time
assessments and local damaged zones predictions undgvicedoading conditions.

The proposed in this work creep-damage model is not yet welfigd and optimized. The form
of strain hardening function for the description of primargep stage proposed in Se8R is
still under question. Because the primary stages of thgpaeeses do not fit the experimental
creep curves equally well under low and high levels of strédserefore, for the purpose of
testing and improvement the following future studies aempt:

e The strain hardening function proposed in S&cR probably need to be replaced with

other more suitable concepts for the purpose of better igdiger of primary creep
stage. Possible variants are the modification of the straiddming function with stress-
dependent primary creep parameters or the applicatiomehkatic hardening concepts,
see e.g. 157. The common approach used in the kinematic hardening gbnsehe
introduction of additional internal state variables susHback stresslf34, 135 and hard-
ening (46, 167 and appropriate evolution equations (the so-called mangerules).

The verification of the creep-damage model presented in tCCBahould be performed
using solutions of benchmark problems specified for creepdamage mechanics. The
main problem while the model development was the lack ofyciea®d rupture experi-
mental data under the low level of stress. Thus, the accwhitye creep-damage model
predictions can be increased by a new creep material pagesridentified using of ex-
periments obtained under low and moderate stresses anert@ghperature range. The
independent creep-rupture tests under non-proportioalihg (e.g. combined tension
and torsion) in a wide stress range are necessary to veéfyetv failure criterion.

The algorithm and the procedure for the automatical or sartomatical identification of
the creep materials parameters applicable for any of théasiadvanced heat-resistant
steels have to be developed. An application or a stand-aofteare for the identifi-
cation should automatically fit the input experimental datathe series of stresses and
temperatures and must output the values of creep materahgders. The identification
procedure can be additionally visualized and extended guidries to final user to define
an identification options and to optimize the values of crg@@meters.



A. IDENTIFICATION PROCEDURE OF CREEP MATERIAL
PARAMETERS

A.1 Secondary creep stage

The steady-state creep region of every creep curve fromriexpetal data setey, t ),

(€4+1,tas1)s ---» (gq, tg), whered > 2 andq < f (f is a number of experimental mea-

surements), is approximated by least-squares regres&thoth[L99, using linear function
e=¢. t, (A.1.1)

min

where the minimum creep strain radg, . is the slope to be estimated from linear function

(A.1.1) in the following form:
q q q
[(‘7 —d) ¥ tigi— (,Z ti) <,Z Ei)}
g = i=d imd J Ni=d /2 (A.1.2)

[(q —d) l_é = (ié ti) 2]

The material constantd andn for the relationship between creep strain rate and stféss

A ¢ can be determined from steady-state creep. In double tbgaid coordinates the creep
strain rate and stress theoretically must be connecteddsg ¢b linear function, which can be
approximated by least-squares regression meth@g,[using linear function

lgétin =1gA+nlgo, (A.1.3)

where the creep exponemnis the slope of functionA.1.3), linear in double logarithmic scale.
Specifyingéti 1, €in2s - - - »€in ¢ @S MiNimum creep rates at the fixed stresgesy, ... .,

oz and fixed temperatures, Tz, ..., Ty, whereg is a number of experimental stresses and

is a number of temperatures corresponding to experimergapacurves with secondary creep

stage, constamt and the set of temperature dependent conswpt@' =1,2,..,¢) can be

estimated from following relations, produced by leastesgs regression metho#l99, using

approximation functionA.1.3):

¢ 9
¢ L (Igégn; 1g01) = (2 lgemm> (,gllgm)

i=1
n —=

: : 5 , (A.1.4)
&y lgo? - (Z lgm)
i=1 i=1
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¢ ¢ ¢ ¢
<i§1 lgsfnini) (El lg (71.2) — (El(lg e i lg 0'1')) <i§1 lga,-)
Ig A = c g 5 . (Al5)
¢ xlgo? — (Z lgUi)
i=1 i=1

The data array(A;, Tj), wherej = 1,2,..., ¢, representing temperature dependence of
secondary creep can be quite accurately approximated Hgdbesquares regression method
[199, using Arrhenius law function

A(T) =a exp (—%) , (A.1.6)

which is linear in half-logarithmic scale, and which contathe creep material constantand
h, defined by notations

A(Th)
AT) AT h:TlT““[Am)}

h\ h T, —To
eXp — Tl eXp — Tz

A.2 Tertiary creep stage

(A.1.7)

Material constant$ define the shape of creep curve on the tertiary creep staggowedns the
value of critical creep strai(ej, €3, . . .,sj;J) corresponding to rupture timg;j, t5, . . .,tj;]) and
stresses$oy, 02, . . ., 0y) for the number of fixed temperaturés, Ty, ..., T,:

n

&
A exp(—h/T;) (o] )" t; -1 (A.2.8)

for (j=1,2,.,¢) and (i=1,2,..,9),

ZZ(T]) :Vl—1+

wherey is a number of experimental stress values correspondingperienental creep curves
with tertiary creep stage anglis a number of temperature values.

The creep curves with an evident tertiary creep staggo, ..., 0yp) are selected from the
complete experimental stress range. The valug ¢f = 1,2,..,, ) for every temperature
valueT; is defined as an arithmetic mean value of the aif&y;) (i = 1,2,...,¢). For all
temperature§7, Ty, ..., T,, the value of creep constahts defined as a simple average value of
the set; (Gj=12,.,09).

The long-term strength curves corresponding to the numbfxed temperaturedy, Ts,
..., Ty, i.e. failure time(t}‘,t;,...,tj;,) vs. applied stresgoy, 0y, ..., 0y) relations, can be
approximated by the least-squares regression meflas#l using the following function, linear
in a double logarithmic scale:
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lgt* = —1g[(l+1) B —m 1go, (A.2.9)

wherey is a number of experimental stress values correspondirftetavailable experimental
creep curves with tertiary creep stage. The constanthich is not dependent on the tempera-
ture, characterized the slope of the functién2(9), linear in a double logarithmic scale.

The constantn and the set of temperature dependent constﬁp(gt = 1,2,..,¢) can
be estimated from following relations, produced by thetlsagiares regression methddf,
using approximation functionX(2.9):

P P n
(2 ,;1 (gt 1go;) — <§1 lgt;."> (;1 lgai>

P P 2
Y Y lgo?— | ¥ lgo;
i=1 i=1

) (A.2.10)

Ig[(I+1) Bj] =

[ [y ¥ ¥ ¢ |
(Zlgt;"> (Zlg(f?) - [Z (lgtf lgm)] (Zlgm)
i=1 i=1 i=1 i=1 (A.2.11)

P P 2
Y Y lgo?— | ¥ lgo;
i=1 i=1

The data arra;(B]', T]-), wherej = 1,2, ..., ¢, representing temperature dependence of ter-
tiary creep can be quite accurately approximated by thé-Bepsares regression methddf,
using Arrhenius law function .

B(T) = b exp <_T) , (A.2.12)
which is linear in half-logarithmic scale, and containssgrenaterial constantsandp, defined
by the following notations:

fit gy

h—T1T

and p =

(A.2.13)

A.3 Primary creep stage

The analytical formulation of the primary creep strain canpoovided, if in Eq. 2.1.8 the
influence of secondary and tertiary creep stages are nedlastfollows:

e=kIn {(1 +C) exp (%) — C} with 6 =a exp (—%) o' t, (A.3.14)

whereC andk are primary creep material constants to be defined.
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For all the number of fixed temperaturés, 1y, ..., T, (¢ is the number of temperature
values) the creep curves with well marked primary creepeséag selected. Then for all selected
creep curves the maximum creep strain values at the end m‘agricreep stage are obtained

T
for all fixed temperaturessiaxl, P max4>) (emaxl, max2' maxq’J) ,(maxl,
T(P

o
€max2’ ***Emaxg)- 1NE NEXt step assumes the extractiop areep curves with close or equal
maximum creep strain values, one for every temperatureevahor example, the following

Tz T
array is obtained after extraction, * max2' -1 €maxg- CTEEP curves corresponding to
2 (T

the array (maxl’ ax 21 -1 Emax ) @re approximated by functiod\(3.14) using least-squares
regression methodLP9 for the purpose of estimation of primary creep constantsandk;
(0 =1,2,..., ¢) for every temperature valug, T>, ..., T.

The final values ofC andk are obtained as simple average values for ar@ysand ks
(6 =1,2,.., ¢) as follows

max 1’ €

Cl+Cot ot C ky+ky+ otk
_at 2;: TS and k= T 2;: X (A.3.15)
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