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Moreover, the newlgonstructedreepfatigue approach calculates fatigue and creep
damagevariablesusing the critical plane method (CPMand the modified strain
energy density exhaustiofEDE) model| respectively The multiaxial ductility
factor and elastic followup factor are also introduced into tmedified SEDEmModel
to accommodate thepecial multiaxial and mixed controlled modesvhich are
widely existedin practical structureslin order to validate thdeasibility of the
proposednumericalprocedure a series of creefatigue testof notched specimens
made from nickelbased GH4169 superalloy were carried outat 650 °C. The
predicted numbers of cycles to crack initiatamgree well withthe experimental data
Evidence ofcrack initiationundervariousloading conditionsvas observedvia the
electron backscatter diffractio(EBSD) techniqug indicathg locationdependent
crack initiationsdepending oroading conditionsin detail the crack initiation sites
shifting from surface to subsurface with incregshold timescan be well simulated
by the proposed numericaroceduredue toa reasonablalesciption of the creep

fatiguedamageevolution.

Keywords: Creepfatigue Unified viscoplastic model Life prediction Crack

initiation sites Multi-axial stress states

1. Introduction
With the demandor higher performance of aero engindse safety assesments

of critical componentsuch agdurbine disksoperaté at elevated temperatures under
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cyclic serviceloadings areof great significance to tlrestructuralintegrity (Pineau et
al., 2016. Undersuchcircumstancedatigueinduced byfrequentstartups and shut
downsandcreepinduced bysteady hold time periodsgethers very likely tocause
the crack initiation in some critical positions ofa turbine disk The material
degradationn thestructureds greatly affected byhe time-dependentatigue, creep
and creegdatigue interactios (Ahmed et al., 2016 In particular, some high
temperature componentsive been found texhibit distinct damageredistributiors
with mutative maximum locatiors under the multiaxial creegfatigue loading
conditionsthroughoutthe lifetime (Wang et al., 2012 An accurate description of
history-dependentdamage at critical locations of high temperature components is
essential forthe development ofa robust design methodology and reliable life
prediction techniques. Aghe computer technology develops, the fingéement
method (FEM) provides an effectivetool for obtaining the cycle-by-cycle stress
strain behavioras well asthe accuratehistory-dependent damagestimations for
complex structuresSeveral key factorgdictating an accurate creefatigue life
design should beessentidy consideredby taking advantage othe FEM. A
reasonableyclic constitutive modetlirectly coupledwith the FEM is of necessityo
simulate the parallel evolution of deformationa€omponentunderloading, hold
time and unloading @riods. Then, some reliable life models with clear physical
meanings should be selected to estimate different types of damagielitionto this
the multraxial stress stasecaused bygeometric discontinuitieand complicated

loading patk should bancorporatedor the physics of crack initiatiofivang et al.,
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20195.

In the past several dades many researcherhave devotedthemselvedo the
developnent ofcreepfatiguelife modelsin terms ofvariedtheoretical systes The
strateges for creepfatigue crack initiation lifeprediction can beclassified into
microscopic and macroscopic gnaps. For the microstructurbasedapproaches
fatigue indicator parameters, such as accumulated plastic slipsoaed dissipation
energy can be applied ta@haracterimg the fatigue damageevolution process
(Dunne, 2014 Sangid, 2018 while the grain boundargavitation due to grain
boundarysliding is taken asnindicator contributing tdhe creepdamagesvolution
process (Wen et al., 201)/ Furthermore, the dislocatiemechanics cyclic
viscoplasticity model enjoys the great advantageewealingmicro-mechanisms of
strengthening and softening for hitgmpeature deformationwhere a key variable
regarding dislocation density can be usecharacterizehe precipitate and grain
boundary strengthenindow-angle boundary dislocation annihilatiaand so on
(Barrett et al., 201 7Barrett et al., 2014b However,although thephysial process
of crack initiation can bevell revealedwith the microstructurdased approacheis
is difficult for these approacha® meetthe requirementof crack initiation life
prediction in tle componentevel analysis Hence, nacroscopigphenomenological
approachesare widely employed in the current assessmamd design codes
(Ainsworth, 2003 ASME, 2009 RCCMRx, 2012 due to their sim@
implementation and lowompuationalconsumptionIn the creegatigue regimea

modelinganalysisdealing withfatigue or creep loading conditiossparatelys not
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adequatdor safety and reliability of desigiNaumenko and Altenbach, 2Q08ocie
and Marquis, 2000 Therefore, the linear damage summation (LB&) beenvidely
accepted to predicthe creepfatigue crack initiation life. Traditionally fatigue
damagewas estimatedusing the phenomenologicafatigue curves obtained from
pure fatigue tests based orthe cycle fraction concep{Manson, 1968 Much
attentionwas paidto the estimation of creep damage, includimgstressbased time
fraction approactiRobinson, 1958 the strainbased ductility exhaustioapproach
(Hales, 1980 Priest and Ellison, 1981and their extendednes (Spindler, 2005
Spindler and Payten, 201Takahashi et al., 2009The abovementioned approaches
are based orthe steady stresstrain responsdacking the descriptionof reattime
damageevolution Recently,the strain energy density exhaustig§EDE) method
based ora cycle-by-cycle concept has been provedb® capable ofimproving the
prediction capacityWang et al., 2017blts advantages are twold. Oneis thatthe
concept of energy dissipation criterion (EDC)insroducedto fulfill the physical
meaning of this approacfihe other is thakey experimeral variablesin each cycle
are extracted to calculatgcle-dependent damagmrametersvherebycyclic plastic
behavioris taken ino accountnatumlly. However,the cycle-by-cycle creepfatigue
life model h& just beenapplied in the uniform stress field without aggometric
discontinuitiegWang et al., 2017bAiming at pradical high temperature structures,
the SEDE modetvill have tobe modified by considering the influencenofilti-axial
stress stag which hae agreatimpacton the fatigueand creeglamage calculatian

in stress concentration regio(fsatemi and Socie, 1988Ven et al., 2016 Another
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important issueconcerningactual high temperaturestructure is thata ubiquitous
mixed controlled modealuring hold time periogsnamely an intermediate mode
betweenthe stresscontrolled andhe straincontroled modes (Wang et al., 2018b
In this casethe elastic followup effect should be takeinto accountwith respect to
the modified SEDE modelFurthemore accuratenistory-dependenstress and strain
fields in each position of high temperaturestructureare critical in terms ofthe
accurde implementationof the cycle-by-cycle modified SEDE damagemodel In
order toachieve this goala reasonableonstitutiveequationis requred for creep
fatigue behavior simulations In this regard, theunified viscoplastic constitutive
models with the static recovery teri@haboche, 20Q8vaguchi et al., 2002Zhang
and Xuan, 201) which canwell reflectthe interaction between creep and fatigue,
have beermwidely acceptecamong numerous constitutive nedsl(such as theon
unified constitutive equationsetc (Chen et al., 201 7/Kobayashi et al., 2008 It is
found thatthe stress relaxation evolutionary rule of tHgeot material GH4169
superalloyin this work exhibits obvious loading level dependeneg 650 C.
Neverthelessthe influence of loading lev&li.e., plastic strain amplitudeon the
creep or stress relaxation evolutionary ruges hot been consideredn the exishg
works

In this work a new unified viscoplastic constitutive model (NUVCM) was
developedat first by introducinga modifiedstatic recovery term ithe kinematic
hardening ruleconsidering theeffect ofloading leves for the GH4169 superably at

650 °C. Then, the fatigueand creeglamage modslwererespectiely presentedy
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empl oying the c¢onddGPMX(Findlidy, 1968 asiwelliasnalti- pl ane o
axial ductility factor(Wen et al., 201 with the purpose of estimating muékial

fatigue damagand multiaxial creep damage, respectivelyso, an elastic follow

up factor was introduceith the current creemlamagemodel for thespecialmixed

controlled mode in structureEinally, cyclic tests onsingleedgenotch specimens

were carried outo validate thdeasibility and robustness ofi¢ proposed numerical
procedurefrom both experimetal and simulative viewpoirg, during which the

physical details ofthe creepfatigue crackinitiations of the singleedgenotch

specimensresuccessfullyevealed.

2. Experimentd procedures

In order to validate the applicability of the proposedlti-axial creepfatigue life
predictionprocedurea series ofatigue andcreepfatigue tests were carried oat
650 € for uniaxial uniform and notched specimens madeom nickelbased
GHA4169 superalloyafter that metallographic observatiomgere performedthrough
the electron backscatter diffraction (EBSD) technique to characterize crack initiation
sitesof the notched specimensdergoingvariousloading conditions.
2.1 Preparationof specimens

The chemicalcompositiors of the nickelbased GH4169 superayl are shownin
Table 1 For the creeffatigue tests, thereparationproceses of specimensare
schematicallyshown in Fig. 1. Firstly, rough machining cylindrical bars were

extracted from the a®ceived diskusing the electrical discharge machiningire
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cutting (wireEDM). Then a standard heat treatment (HT) weried outto ensure
the optimized distributions dflizAl type 2" andNisNb typed" strengthening phase
The cktail of the standard HTis listed as follows solid solution at960 °C for 60 min,
air cooing (AC) to room temperaturéRT), agng at 720°C for 480 min furnace
cooling to 620°C for 120 min agng again at620 °C for another480 min andthen
AC to RT. Finally, the uniaxial uniform and notched specimens were machined from
the abovementioned heat treated specimdii$lS), the detailed dimensions of
which are shown irFig. 2aand 2b, respectively.The uniaxial uniform specimens
were fine machined from the HTS, in which the galeygth was polished using
DiaPro Dacdiamondsuspension.For eachnotched specimera single edge notch
with a radius of 8 mm was located at the center of the gauge pdayidhe
additional wire EDM methodhfter fine machiningThe critical position of notch
surface was polished up to a mirror surfezavoidthelocal stress concentratiat

thenotch root.

2.2 Fatigue and creeffatiguetests

Strain-controlledfatigue and creefatiguetestswere carried ouat 650°C using a
MTS model 809 A/T testing systenthe input parameterr the uniaxial and
notchedspecimensegardingthe straircontrolledtestsare summarzedin Table 2.
Strain-controlled triangular loadingzaveformswere employed for pure fatigue tests,
while tensionhold-only trapezoidal loadingvaveformswere employedfor creep

fatigue testsSpecimers U-1 to U-4 denotethe uniaxialuniform specimensKig. 29,
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which are used todeterminethe materialparameterdor the NUVCM. Detailed
experimental procedures and loading conditiongHemniaxial uniform specimens
havebeen reported in our priews work(\Wang et al., 2017)bSpecimes N-1 to N
12 representhenotched specimens§iQ. 2b. Theaims of this grou@reto prove the
feasibility of the proposed numerical procedumemulti-axial creepfatigue life
predictionandto discussthe crack initiation mechanism$esting temperaturel, ,
strain ratio,R,, and strain rate¢, were respectively set to be 630, -1 and 0.4 %s,
which wae the same as those ftie uniaxial uniform specimens.Note that
specimen$N-1 toN-12 were subjected to global straiantrolledloadingwaveforms
with atotal strain rangeDg , ranging from 0.6% to 1.0%asshownin Fig. 3 Cradk
initiation life of all the specimens aseimmarizedn the last column ofable 2 It is
also shown that wo ceramic rodsof a high temperature extensometer were
symmetricallyattached tdhe gaugdength area of the specimebhe gap between
the two ceamic rods was calibrated to be 25 mm before clampatly sides okach
specimen. Hold times at the peak tensile strain petipd,for eachDeg were
selected to be §, 60s, 600s and 360&. Thereplicatechnique(Jordon et al., 2012
based on alispensing gurwith a mixing nozzlewas adpted to detect crack
initiation length at the notch surface, atfé crack initiation life for each noted
specimens determinedvhenthe main crack at the notch root reached twitcal

valueof 0.3 mm(MeyerOlbersleben et al., 1999

2.3 Metallographic observationfor posttest examination
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In order to study the crack initiation mechanss of the notched specimens
undegoing differing loading conditions, pogest examinationson creepfatigue
tests vere conducted usinghe EBSD technique.After determinng the crack
initiation life of each notched specimen, the longitudinal cross sewtianthe notch
root was preparedby the wire EDM. With a combination of scanning electron
microscopy (SEM) and high quality EBSD Kikuchi pattenh® crack initiation sites
were capturedby a CamScarApollo 300 SEM equipped with aHikari EBSD
detector The key factor for ensuring a highsolution EBSD map is to remove
residual stress as far as possifdle.this end, aareful treatment was conductad
follows: SiC Foil #220 paper at 25 N force for 1 min witlaterbased diamond
suspension MD-Largo polshing disc at 25 N force for 4 min with DiaPro
Allegro/LargodiamondsuspensionMD-Dac polishing disc at 20 N force for 3 min
with DiaPro Daadiamondsuspensionand finally MD-Chem polishing disc at 15 N
force for 15 min with oxide polishing suspensionOPS) After the sample
preparationKikuchi patterns wereollected by theHikari detectorand EBSD data

wereprocessed bthe Oxford Instruments HKL Channeldnd theTangosoftware

3. The proposednumerical procedure
3.10verview

The overall flow charbf the proposedhumerical procedurtor predictingcreep
fatiguelife of high temperature structurées shown inFig. 4. The first task for the

proposed numerical proceduweasto developthe NUVCM wherdoy creepfatigue
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behavio of GH4169 superalloyat 69 °C can be well describedAfter that, the
NUVCM can beimplemented intathe finite element codeABAQUS using user
materialsubroutine(lumay). The secondaskwasto simulat the cyclic deformation
process of thenotched specimensnder creegatigue loadhgs during whichthe
cycle-by-cycle stress and strain evolution fislaf all the nodes in the notched
specimens can bebtained.The third taskwas to extracthe element integration
points information (i.e., equivalent stress, equivalent plastic setir)andto derive
thefatigue and creedamage variabledistributionsby the usdfld user subroutindn
this period, thainiaxialcycle-by-cycle SEDE modebeveloped in th@reviouswork
(Wang et al., 2017bwas further modifiedwith the purpose ofincorporatingthe
multi-axial stress staseand elastic followup effect In detail, a modified fatigue
damage parameter based on @M waselaboratedo estimatethe fatigue damage
in the ith cycle, d?), while a modified creep damage parametebtained by
employing theadditional factors was utilized to estimate creep damage in tte
cycle, df). Finally, the cycledependenfatigue and creeplamagesvere recorded

through the usdfld subroutine With the aid of LDS rule, if the summation of

P
accumulatd fatigue and creep damages toj cycle, § d! +d", equals to 1 at the

i=1
mostdangerousntegration pointthe finalcreepfatigue crack initiation lifecan be
determined Considering that theeffect of accumulated damage on stisfsain
behavior is limited within the crack initiation peridthe creegatigue deformation
and creegatigue damagevereindependently described the proposesumerical

procedure The correspoting NUVCM and creegfatigue damage modelsill be
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introducel in the following paragraphs.

3.2 Development of thlUVCM
The NUVCM involving modified Chaboch@& nonlinear kinematic hardening rule
andtheisotropic hardening rule wakeveloped in this sectn to describe theyclic
deformationand stress relaxatiobpehavio under creegatigue loading conditions
Meanwhile, thesmall deformation and initial isotropic elasticity are assumed here.
3.2.1 Main constitutive equations
The main equations of thanified constitutive model developed in this paper are

written as follows

0= U+n 1)
=220 2 (i) @
E E
o 3. s-U
27 [s-4
= [2ep. ey JF\
F:\/g(s U):(s-)U R ®)

where the total strain0 is separatednto the elasticcomponent(’f and inelastic
componenty' , and the creep and plastic deformation are treated together as a
uniform inelastic variable. Meanwhilthe linear elasticity obeythe Hookés lawas
Eqg. (2) in which E andn denote Youn® modulus and Poiss@ratio,respectively.

U and trd arethestress tensor antietrace of stress tensor, ahds the unit tensor
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of seconerank. In addition, " and p are the rate of inelastic strain and
accumulatednelastic strainrespectivelys and U are the deviators of stress tensor
and back stress tensaespectivelyF is the vonMises yield functionK andn are
the material parameters representing the viscous characteristics wmivédstigated
material. Q, is the initid yield stress,and R is isotropic deformation resistance
reflecting the change of the yield surface siz(@ represents the inner product
between seconthnk tensor,sand( ) is the MaCauley brackewhich means that
(x) = 0 when x<0 andx)=x when x2 0. It should be mentioned thatome
researcheradoptedhe hyperbolic sine equation tdescribethe inelastic strain rates,
instead of powetaw equation oEq. @). Both havetheir advantages and limitations.
Fortraditionalpowerlaw equationthe main advantage is that when the value isf
high enough, it can also describe ratéependent cyclic behavioMoreover,the
procedure to derive the consistency tangaodulus will be quite simple if the
powerlaw equation is adoptethdicating goodapplicability of Eq. (4) Barrett et al
(Barrett et al., 2014&Barrett et al., 2013eBarrett et al., 2013bpointed out thaa
hyperbolic sineequationenables reliable extrapolation frostrainrates at which
experiments areonducted to strainatestypically observed in practicalpplications.
In addition, the limit viscosity influence under the monotonic tensile loading
strain rate jumpnfluence under somextremecyclic loadings can be wetlepicted
when ahyperbolicsineequation is usefChen and Feng, 201Bouailhas, 198p

3.2.2 Development of the kinematic hardening rule

As repoted by Kang and KarfiKang and Kan, 2007 Yaguchi and Takahashi
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(Yaguchi et al., 2002 Zhang and XuariZhang and Xuan, 20},/Wang and Shi

(Wang et al., 2017a etc, the introductionof the static recovery term in the
kinematic hardening rule caaffectively improve the capability of the unikd
viscoplastic constitutive modeln particular, it can be used samulae the creep

fatigue interactiorand thecreeprelaxation behavioduring a stressor stmain hold

time for materials undecreepfatigue loadingsA modified Chaboch® nonlinear
kinematic hardening rules developed in this papdry introducing a newstatic
recoveryterm, in which themaximumplastic strain amplitudes involved to reflect

the loading level influenceDifferent from theclassicCh o b o ¢ h e dhetotaho d e | ,

back stres is assumed to divided into 8 parts in this pdpen better nonlinearity

8
namelyU= 3 U . The evolution equation for each back stress pais set as:
i=1

o °2 i - 0 —1m(q) ~,
Uusz\’igﬁirﬁJ 'iug'[ ]0()L4 (6)
m(q)=7,e"" +{ Y

where ¢, and r, are the material parameters for each part of back stress

3

Qo

12
U=%0 [8 is the equivalent back stress and m are two conventional

R

parameters controlling the magnitude of static recovery andlasgy/sassumed to
be identical for each part of back stré&hang and Xuan, 2017 In order to

describe the stress relaxatibehaviao reasonablyunderdifferentloading levelsthe

parameterm(q) is redefined as an exponential functioiplastic strain amplitudg

as shown inEq. (7). f,, 7, and w are threetemperaturelependent parameters

which can be determined by crefgpigue experiments under different loading levels.

Pagel4



The maximum plastic strain amplitudecan be obtained by thelastic strain
memorkation method whichcomes fromChaboché previous workChaboche et

al., 1979, and can be expressed as

=20 97):(¢ 87) o O ®)
b? =(1 -q)H(f)(@:n'):n' 9)
g=dH (f)(n:n")p (10)

&

. f is the strain memory surfack? and

wheren' =( f/ Lﬁ)/” f/u|, n=0/

g represent the center and radius ofgshdace and( is the pecentage between the
isotropic and th&inematicpart in the NUVCM. Note thahe saturated value of
denotes the maximum plastic strain amplitude of the current loading condition.
3.23 Development of thisotropic hardening rule

Theisotropic hardening rule combined with a linear tékmmaitre and Chaboche,
1990 is employed to express the specific feature of cyclic softeninthé&mickel
based GH4169 superalloyhe scalar isotropic hardeningriableis a function @
accumulatednelastic strairand takes the form

R=b(Q, -R P HL bY| (1)

whereQ_, is the asymptotic value of theotropicdeformation resistance in the first
stage of rapid softeningdy is the spee@pproachingo the asymptotic value in the

first stage, andH is associatedvith the slopen the second stage of linear softening.

3.3 Energybasedcreepfatiguedamage models

3.3.1 Energy dissipatio criterion
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The physicalbasis of the energybased damage models, in particular for the
description of creep damage, follows the energy dissipation critétiban et al.,

2007 Fan et al., 2015 In a thermodynamic system, a deforming specimen follows

theenergy conservation principlee.,

W, K dv O (12)

da o o d

whereU is the internal energy is the kinetic energy in the macroscopic viéw,

is the mechanicalvork, and Q is the thermal energy. Each term in the above

equation can be further written as

:—Ltjzﬁr%edv (13a)
%-f: frv %fdv (13b)
W _ & v . d) g
d ~° ~
EQ:K)Z%&M wrody (13d)

whereV is thevolume v is the velocity,r is the densityge is the internal energy

per unit massgq is the heat flux across a normal unit arad r is the heat supply

per unit mass.

CombinedEq. (12) with (13ad), a partial expression can be obtained, i.e.,
de . dU &pq o}
r—-u—+ -r 356 14
d o x 2 (14
de . . . .dU. .
wherera is the change rate of internal energy per unit nm%{t-; is the strain

enegy density per unit time caused by mechanical w%- rr is the change of
¢

heat FurthermoreEq. (14) can bediscretizel at a very small time increment, i.e.,
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r =0 W+ (15)

This equation shows that the accumulation of internal energy equals to the
changes of strain energy density (caused by mechanical work) and heat
transformation For creepfatigue conditions at a constant temperature, all the heat
transformation comes frothe mechanical work. As a consequerthe,right side of
Eq.(15) is expressed as a function of mechanical work and can be rewritten as

ré=1f( @ =f(n) & (16)
wherew is the strain energgensity which can be regarded as the area of the stress
strain curve in a creefatigue condition, and (h) is the energy dissipation function.
IntegratingEq. (16) from the initial time to the failure timand considering the

repeatinghumbers of cycles during this time periag can obtaira new expression

Ne. N

a rbe =f(h)

c-f

a w (17)

where N__ ; is the number of cycles to failure in a créapigue condition. The key

o f
point of energy dissipation criterioms to select a suitabldissipationfunction to
assess the damage dogbredict the creejatigue life.
3.3.2 Fatigue damage based on CPM

Although thenotched specimens are subjected to global uniaxial external loadings
(Table 2), the critical point ateachnotched rootalways experience multi-axial
loading conditionglue to theliscontinuougeometryand residual stress fie(dfang
et al., 201% Thus, a goodexpressionof the multiaxial damage mechanism

regardingthe pure fatigue failure is to developfatigue damage parameter the

frameworkof CPM. The CPM wasfirstly introduced to illustrate the roles of shear
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stress and normal stress on different fatigue failure types. Later, Fataigi
(Fatemi and Socie, 1988 SmithWatsorTopper (Smith, 1970, WangBrown
(Wang and Brown, 19931996 and YuZhu models(Yu et al., 2017ab) were
developed to estimate fatigue life based on CHNRE critical planébased fatigue
damage parameters have been proved to show bafiabilitiesin fatigue damage
estimatiors under multiaxial stress stasgdhan theextendeduniaxial fatigue models
(Socie and Marquis, 2000In addition, it isalso inaccordaoe with the physical
mechanism that fatigue cracks are inclined to initiate on the preferred planes.
The basicfeature of CPM ido recognize the most severe fatigue damage on a

determined critical plan€Bonnand et al., 2030 Detailed procedures for that are
depicted hereinSince the stress and strain tenszas becalcdated by FEAnormal
and shear strain/stress componedotseachintegrationpoint on d the potential
planes can beobtainedaccording to theéensor rotation rule as a function of plane
orientation.Then, by means of an efficient seaatgorithm(Susmel, 2010Yu et al.,
20178, the critical plangin which the fatigue damagerameteis maximizedcan

be determing among all the potential planece et al(Ince and Glinka, 2004
proposed a geneiakd strain amplitude (GSA) parameter that gasnscessin
applying to the global uniaxial loadirmgnditionsfor the purefatigue lifeassesment
More recently, Yu et a[Yu et al.,, 2017pdeveloped a vergimple and effective
expressiorby considering the roles of plastic normal/sheaaiss based on &A.

Combinng these twavorks (Ince and Glinka, 20t4Yu et al., 20175 one obtains

an equation relatg to fatiguedamagen a specific cycled, , which takes the form
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[ ~ . o 2y o 2
& Dg S,.,De0 £, B 0. 2 4
max 4 2 n.max - 18
F, 2 s 28 cdE ¥k 4o

wheret . ands . arethe maximum shear stress and maximum normal stress
respectively.Dg/2 and De,/2 are the shear strain amplitude and normal strain
amplitude respectively.t, and g, are the shearfatigue strength andluctility
constand, respectivelys . is the fatigue strength constan® is the shear modulus
b, and c, are two exponents regarding fatigue strength and ductiégpectively
Note that the symb(ﬂ )max on the left side ofEq. (18) representghe maximum
fatiguedamagdactorfor adetermined critical plane.
3.3.3 Creep damage based on modified SEDE

In our previous work§Wang et al., 2017BNang et al., 201,6/Nang et al., 2017¢
the dominatedparameterof failure strain energy densitgnd creep strain energy
density ra@ have beerestablishedo be adequate tensure theaccuracyof creep
damageestimation However, theframework of previous SEDEmodel is only
applicableto uniaxial specimend heoriginal SEDEequation forcreep damagm a
specific cycle d_ , is written agWang et al., 2017b

W, W,

C C

. t (29
min @Nf W trans ( T) H W trans (T)

d, =f3

—) —’—m
<@ QT

wheret, is the tensile hold timen one cyclew, is the creestrain energy density

rate duringa hold timeperiod, w, is the failure strain energy density, and,, .(T)

is the transition failure strain energy density under the condition dfeereep
damage at a certain tperature.

Two additional factorare neededo predictthe creep damagenderthe multi-
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axial stress stasen terms ofthe modified SEDE modeDne isthe elastic followup
factor, Z, which is definedasa scalato descrile the nagnitude ofelastic followup
phenomenonTwo special caseare generallyfound regardingthe uniaxial creep
fatigue experiment: (i) stressontroled caseduring a hold time period causesa
materialto creep ata constantipplied stress when=o , (ii) straincontrolledcase
during a hold time period causesa full stressrelaxation at the same applied strain
when z=1, seeFig. 5 With respect to cases inetween, the presence of elastic
follow-up is amechanicalboundary condition lying betweea stress controlled
mode anda strain controlled modé\Wang et al., 2018b The other factotis the
multi-axial ductility factor,MDF , which provides dundamentadescription for the
effect of multtaxial stress staseon the reduction ofcreepductility (Wen et al.,
2016).

The phenomenologicalleonds stress relaxation equatioideong et al., 2007

includingthe elastic followup factor isrewritten as

=0, {A lddqt], B)Hog%’) % (20)
where, is the equivalentpeak tensile stresspf{)p is the equivalent plastistrain
rangeleading topure fatigueJ is the equivalent stress duriadnold timeperiod, t

is the timefrom start ofhold time. A and B are two materialependent constants.
Compared with the straicontrolled mode (Z=1) for uniaxial specimens
discontinuougeometric shapesf notched spamensare always subjected to mixed

stressstrain controlled modén this case the roleof the elastic followup factor is

to characterize the decreasf stress relaxation ratélhe factorz is directly
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calculated bya segmenténgth ratio ofkH and KL within a relativdy small hold
time period, as seemiFig. 5 whichis also defined as a ratio of increased creep
strain and released elastic strain duronge hold time period. The instantaneous
equivalentstress relaxation ratat a given time{, is givenby the differentiationof
Eq.(20), i.e.,

Alogad], B

(Z+1) B10 @D

a
u=

The area of stresstrain curveduringa hold timeperiod represesthe drive force
for creep damage based on the law of energy conser&tonet al., 2015 Fig. 5.
In order to addresthe mean stress effect on creep damage estimétiGmg et al.,
2017h Wang et al., 201.6Wang et al., 2017%¢ the stress level higher than the
negative magnitude ofignedmean stress, i.e(} > {i_, duringahold timeperiod is
regarded as the driving force for creep damageschematicallyshown inFig. 5
The highlighted aresignifying thecreep strain energy density, , is expressed as
w =2 §a,) (8) 2046, ou,8 (22
C 2E 0 m 0 m
where E=3E/2(148) . Then, instantaneousreep strain energy density rate at a

given time,\i,_, can be obtained by differentiatifg). (22) with respect to time, i.e.,

'C:Z—g@n A (23)

Substitutingeqg. (20) andEq. (21) into Eq. (23) results in

o Zv, Z N At
W, = I —+ 24
©Z+t Z + dg% z 9

where
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! E 10 @ggé , (252)
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As mentioned beforaVIDF is essentialn creep damage estimatiofh powerlaw

equation including theffect of multi-axial ductility, whichis proposed to express
the relationship betweemulti-axial failure strain energy densitgonsideringstress
triaxiality, w, , and instantaneousreep strain energy density rat@ , can be
expressedh thefollowing two equationsi.e.,

w, =w, GIDF (269)

w, =G, ()" (26b)
where (i, and n, are two material constantdt should be noted that the original
definition of MDF is given by the ratio o& multiaxial creep ductility tca uniaxial
one U /(. FromEg. (26a), MDF can also be defined ag /w; , since the cocept
of strain energy density can be simply seen as the product of equivalent stress and
creep ductility. Inthis case, failure strain energy densitypsoportionalto creep
ductility when stress state is fixed. Physically based-Wemodel(\Wen et al., 2016
is introduced herein, where it is believed that the mechanism of creep damage is

dominatedoy theinitiation, growth and coalescenoémicro-voids, i.e.,

24n, 6 ena -0.5 G, 0
MDF =ex 5 2 tm— —Hg 27
peﬁ&ﬁ+053“§/ ® G5 69 )

where n, is the steadwtate creep exponent ang, is the hydrostatic stress.
Replacingw, by w, and ombing Egs. (B), (24), (26a) and (26b), the creep

damage per cycle can bavritten as
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3.4 Finite element modkhg for notched specimens

A finite element modé&hg for the notched specimens createdusing the
commercial software ABAQUS so as to carry outhe following cycle-by-cycle
simulatiors. By virtue of symmetryand a reasonableomputationalconsumption
only one quarter of thgaugelengthareafor eachnotch specimen waamulatedin
the FEA, as seen iRig. 6. The meshing type was 8-node linear brick (C3D8)
element and th&terallengthof each elemenat the notch rootwas approximately
0.3 mm, matching up witlthe judgment criteria of the initial cracky (Meyer
Olbersleben et al., 1999 Symmetry boundary conditions wer@mployed on
symmetry XOY and XOZ planes, respectivelgeveral nodesnthe top line of XOY
plane(namelythe center line of the full FE modiely) werestudiedfurthersince the
notch side along the top line is regarded asnttostdangerousegion forthe creep
fatigue analysisThe global strain controlled mode was simulatederms ofa Z-
directional cyclic displacement load at the reference peiich interact with and

consequentlyvasconstrainedn theendng faceof thefinite element modéng.

4. Results
4.1 ldentificationof thematerial parameters

4.1.1 Determination of the material parametasgd in the NUVCM
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Within the initial elastic domain, material paramet&rsn and Q, can be easily
obtained fron the monotonic tensile curvésr the GH4169 superalloy at 65TC.
Three materiaparametersn the isotropic hardening rule, includir@,, b andH
weredeterminedollowing the proceduregproposediy Saad et alSaad et al., 2013
K and n in the viscous stresdi, =Kp'", were determinedin terms of the
monotonic tensile curves at difent strain ratesThe groups of(s, 1) in the
kinematic hardening ruleeredetermined using the method suggested by Kang et al

(Kang et al., 2002

The rest material parameters in thedified static recovery termgspeciallythe

determination ofm( q) in Eq. (7) entaik a detailed descriptiorkirstly, the parameter
o0 and loadingdependent parametem(q) under the creepfatigue loading
waveforms with various loading levels can be identified thraihgttrial-anderror
mettod. Then, with theaid of plastic straimmemorization methqdhemagnitudeof
plastic strain amplitudey, were extracted tacharacterizehe effect of loading level
on stress relaxation behavior in the static recovery.temally, 7, 7, and w of Eq.
(7) can bedetermined irFFig. 7. It can be seen that the propogegonential equation
fit very well in different loading levels and the value ocguare is calculated to be
0.9985.In summary all the materialparameteraused in the NUVCMinvolving
elastic, viscoplastic, kinematic hardening and isotropic harddrang been shown
in Table 3

4.12 Determination of the material parametersed in thelamagemodels

The current work regarding tlextensionof fatigue and creep damage modeés
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based on the previous developmaitning at the creeffatigue damage estimation

for GH4169 at 66 °C (Wang et al., 2013, Wang et al., 2019Yu et al., 2017a For

al the materialparametersised in the fatigue damagesodelbased on CPMan be
seen referred toYu et al., 20175 where both the uniaxial and muéxial fatigue
testshave beewalidated assummarzedin Table 4 A series of creep and relaxation
tests were used to fit thmaterial constants in the creep damage model based on
SEDE For the detairegarding the fitting procedures as well as the validations of
uniaxial creegatigue testscan berefered to (Wang et al., 2017b The mateaal
constantdor the estimation of creep damagesummarizedn Table4, wheren, is

used to calculate the value MDF and the rest ofmaterialconstantdhave the same

meanings athose inthe previousSEDE models for uniaxial cortdins

4.2 Validationof the NUVCM

In this section the NUVCM is validatedn terms of hysteresisloops, stress
relaxation curvesluringhold time periodgnd cyclic softening curves specimens
U-1 to U4 with Dg ranging from 1.0% to 2.0 % (able 2. Fig. 8 shows the
comparisonsbetween the experimental data and simulation resulteysferesis
loops at the % cycle The simulativeshapes ohysteresidoops are predicted quite
well with those ofexperimerdl ones Specimen UL with the smallesDe shows
very limited plastic strain range, while the specime# With the largestDe, shows
very significant plastic strain range, indicating that the selected loading levels of

specimens Ll to U-4 havecovered almost thewhole cyclic plastic behavior in this
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material. The comparisondetween the experimental data and simulation results of
stresgelaxationcurves at the*icycle forspecimens k1 to U-4 areshownin Fig. 9

It can be seethata good agreement betweéme experiments anthe simulations

has beerachieved Stress relaxation curveturing hold time periodendicate that
stress drops rapidly within the first several seconds and thereafter drops at a slow
and steady rateln addition,the absolute values of relaxed stress dutirghold

time periods decrease with decreasing loading levels, which can be well described by
the fading exponerfunctionin the static recovery terrmn( q) , according tdeq. (7).

The experimental data and tlerrespondingimulation results for cyclic softening
curves are shown iRig. 10 They aredepictedin terms ofthe relationship between
maximum stress for each cycle and the normalized INgN, . The simulatbn
resultsagree very wellwith the experimentalcyclic softening data aan arbitrary

total strain rangeaccording tdeq. (11).

4.3 Mesh independency analysis

Mesh independency analysis is a necessary process to validate the feasibility of
the proposechumerical procedure used in the notched specimens. The specimen N
10 (Dg .0 %, t, =60 s, Table J is chosen as the typical specimen to analyze
the mesh independency. Frong. 6 we can see that the mesh size ranges 0@
to 1.0 mm from the notch root to tii@ end.Different meshingstrategiesand the
correspondinglamage results in the 1st cycle are summarizédlie 5 in which

the node located at the notch root is treated as the object of analysis. The name of
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"Global 1.0" represents that the meshing global size is 1.0 mm and no more mesh
refinement isconducted in theurrentstudy casewhile the name ofGradient 0.3 to

1.0' denotes the meshing strategy usedrim. 6 It can be seen fromable 5Sthat

with refining the global mesh size, the magnitudes of fatigue damage, creep damage
and total damage gradually increase. Another tendency is that when the global mesh
size is refiner that 0.4 mm ofGtadient 0.3 to 1.0 the values of varies damages
become steadysee Table 5 Considering thecomputationalconsumption and
accuracy the meshing strategy oG'tadient 0.3 to 1:0is the best solution among

them.

4.4 Experimental ack initiation life

Both the uniaxial uniform and notched specimemsler creegatigue loading
waveforms for GH4169 at 650C are used to plot the crack initiation life
distributions, as presentedfing. 11 The data points afniaxial uniform specimens
with the hold times ranging from 0 s to 1800 s come from the previous work of
(Wang et al., 2017b As compared to uniaxial uniform specimens, ciizdigue
lives of notched specimemdgth the same loading levelecreasetb a greagr extent.
For notched specimensiore severdife reductiontakes placevith decreasing total
strain range and increasihgld time, which can beegardedas a common trend of
life distributionsin various materialg§Brinkman, 1985 Wang et al., 2018a In
particular creepfatigue enduranse with a hold time of 3600 s reduce to

approximatelyone tenth ofthe fatigue oneswithout hold periods.In comparison
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uniaxial uniform specimens are impossibleciusesuchhigh life degradationsThis
indicates that stress concentration causeddnymetric discontinuitiesan enhance

the creepsensitivityto life reductiongyreatly

4.5 Metallographic observationsf notchel specimens
Threenotchedspecimensexperiencingwith differenthold times at a given total

strain range of 1.0 % ahosenas typical examples tcharacterizeerack initiation

mechanisms as shown in Fig. 12 From Figs. 12a and 12b, it can be clearly

identified that crack initiates on the free surfacdh@ notch root forspecimen N

without a hold period (Dg .0 %, t, =0 s, Table 2 andspecimen NLO with a
shorthold time (Dg 1.0 %, t, =60 s, Table J. This is due to the fact that cyclic
plastic deformation is higher at the surface withrtfle of stress concentration.nCa
micro level, the main driving force is attributed to the development of persistent slip
bands near the sade due taa repetitive extrusionand intrusionprocess(Tu and
Zhang, 201k Hence specimen representing this type of loadingpndition and

crackinitiation modeareregarde as fatiguedamagedominated specimenOn the

contrary the EBSD image of specimen2 with a long hold time (De .0 %,

t, =3600 ¢, Table J provides the evidence f@ubsurfacerack initiation sites, as
depictedin Fig. 1Z. In the early stage of crack initiatiomsolatedcreepvoids along
grainboundariesandinternalcracks at the tips of graloundarywedge are captured
far away from the surfac@elesman et al., 2016At the same time, the slip band

cracks at thenotch surface seem to disappedhus, his kind of internal
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intergranular crack initiation mode &f typical creep damage, and specimeil N

can be seen ascreepdamagedominated specimen

5. Discussion
5.1 Thestressstrain behaviorof critical positions in thenotched specimens

The dressstrain analysisis focusedon thevicinity of the notch root forthree
representative notched specimewhich is shown irSection 45 (specimen N9, N-
10, N-12, Table 9 at a fixed total strain range of 1.0&ad with different hold time
(i.e.,0s, 60s and 3603). The contoursatthe XOY planeof equivalentpeak tensile
stressti, andmaximum principal strairﬁ afterahold time periodatthe 108" cycle
are first shown iriFig. 13aandFig. 13 respectivelylt can be seen thanincreag
in hold time almost has niafluenceon the magnitudes anmdaximumpositions of
t, , while both the values and maximumggtions ofq changeover hold time.As
the hold tims increag, it can be clearlypbservedhat the maximum position di}
gradually shifts fronthe notch root taaninterior region With this bornin mind, the
analsis of cyclic stressesponseand the accumulation of inelastic strain at the key
points in the threerepresentative notched specimenmdl be carried out in the
following two subsections.
5.1.1Analysisof the g/clic stress response

In order to furthernvestigate the abowmentionedphenomenonnodesl to 7

(Fig. 13 along the top line othe XOY plane Fig. 6) for the threespecimens
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(specimen N9, N-10, N-12, Table 2 are adoptedto plot the relatios between
equivalentpeak tensile stress one cycle 0, , and number of cycledN , as seen in
Figs. 14ac. Very similar tendency antchanifestationof (i, for the same node in
variousspecimens (without/with hold time pergdareshown inFigs. 14ac, which
indicate that the distribution and evolution exffuivalentpeak tensile stress the
notched specimenare independent of thdengths of hold time period This
phenomenon is consistent witquivalentpeak tensilestress contoursomparison in
Fig. 13ac. Anotherinterestingphenomenofrfor eachnotchedspecimens shownin
Figs. 14ac. Other thanthe continuouscyclic softening foruniform specimensKig.
10), the interior nodes near the notch root (i.e., nd®le4, 5, Fig. 13 show an
increased], at the firstseveralcycles. The gradient stress field resufrom the
discontinuousgeometric struct@r play an important role in thishenomenon. In
addition, wthout considering the material behavior itself, the rolé@ of e d strdss a
f i eim ehch cycle is thomogenizehe gradient stress fielthat isthe high stress
regions tend to decrease the current stress levels thbilew stress regions have an
opposite tendencyChen et al., 2014Giugliano et al., 2019Gorash and Chen,
2013. Thus, veryapproachingmagnitudes oftl, for nodes3, 4 and 5 can be
obtained at around Z0cycle. After the period oftructural cyclic stability, the
material behavior of cyclic softening plays a domirrale in these curves.
5.1.2 Gyclic accumulation of inelastic strain

Similarly, therelations betweemaximum princigl strain aftera hold time period

in eachcycle, q and number of cycles\ , atthekey nodedor the three specimens
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are respectively illustrated ifrigs. 14df, indicaing a gradual change irthe

maximumlocation of ) with the increas of hold time.For all loading conditions,

the highest values dj‘; at the beginning several cycles occur at the notch root due to
the presenceof strain concentration. However, the introduction of hold time affects
the growth rate of] per cycle,d/dN , for various nodes. For pure fatigaad
creepfatigue with very short hold tinge(specimen N9 and N-10, Table 2, the
similar magnitude of dJ/dN can be obtaineamongthe nodes from 1 to 4, and
finally the highestvalue on consistentliylocates at node, s seen ifrig. 14d and

14e. For creegfatigue with long hold time (specimen N12, Table 2, the highest
d{/dN is located at node 3Jp to the 108 cycle, the value olJ at node 3
overtakes that at node ds presented ifig. 14f.

In order to investigate théundamentalreason for his tendency the cycle
dependenhysteresidoops for the three specimens at nodes 1 amateSprovided
thereafterwhile node 1 is at the notch root and node 3 may be at the most dangerous
interior region, aglotted inFigs. 15a-c. Obviouscyclic accumiation of inelastic
strain caronly be observedor specimen NLO and N12, asshown inFigs. 15b and
15¢c, respectively Such a phenomenonmay arise from many sourcessuch as
ratcheting mode of control, creep and other known reag@iasb, 2013 Cycle
dependenhysteresis loopwithout a hold timefor specimen NB (Fig. 15a) can be
used tovalidate thecontributionof ratcheting on the cyclic accumulation of inelastic
strain Ratcheting at a material levelis traditionally defined asthe cyclic

accumulation ofinelastic strain under a nonzero mean stresn each cycle
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(Chaboche, 2008&ang, 2008. However, as shown iRig. 15a, very small degree of
negative directional ratcheting occurs due to the driving force of tiny negative mean
stresdor specimen No (AbdekKarim, 2009. Fig. 16 showsthattiny negative mean
stresshappens foispecimen NLO and N12 with hold times of 60 s and 3600s,
demonstrahg that ratchetingalso plays very limited negative rolein the cyclic
accumulation oftensile inelastic strainfor the two creegatigue specimes. As
comparedo very clear positive directional cyclic accumulation of inelastic strain for
the specimens undereepfatigue comwlitions (Figs. 15b and 15c), the effect of
traditional ratchetingan bevirtually ignored.

For specimen MO and N12, the stresstrain behaviorduring the hold time
period at nodd and 3of the 108 cycle are compared ithe enlarged view ofig.
15d. The slope of stresstrain curve duringhe hold time period representbe
degree ofcontroling mode for each noddn detail, node 3 in the interior region
appears to beoreof a stress controlled modé&ig. 5 than node Hoesat the notch
root, tendng to produceless stress relaxation rate as well as nodm@ousinelastic
strain accumulation(Smith and Shirahatti, 2015Vang et al., 2018b From the
viewpoint of a discontinuousgeometric structure, itan also becharacterizedy
elastic followup factor z, as shown inFig. 5 It is due to the fact thathé
inhomogeneousstress fieldsaround the notch rdoproducesthe misfit of
creep/relaxation duringold time period (Ainsworth, 2003. In addition to this, the
length of hold time is anothéactor dictatingcyclic inelastic strairmccumulationlf

the hold time is10 greater tha60 s, like specimen{40in this work themagnitude
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of equivalentinelastic strain rangegl] , duringthe hold time periodat node 3 is
smaller than that at node This additionalinelastic strain ahode 3 iseasierto
recover in the reversed plastic period, leading lionited value ofd(J/dN . In this
case, the initial value df} at the first cyclan factdetermine that the position dhe
most serious cycliaccumulation of inelastic strain is located at nodasishown in
Fig. 14e However,whenthe hold time isincreasedo 3600 s, like specimen-i2,
the higher value of at node Jplays a decisive rolen a more significaninelagic
strain accumulation Thereafter the highest value otiJ/dN at node3 in Fig. 14f
can be well explained'he abovementioned evolution process of the inelastic strain
accumulatiorfor differentnodesin different specimens under varohold timeis a
strong evidence fo the creepcyclic plasticity and creepfatigue interaction

phenomenon.

5.2 Life predictionfor notched specimens

After determinng the stresstrain behaviorof various notched specimenthe
creepfatigue interactiordiagram is used foa further damage analysi$hree main
aspects are included hereMost importantly,the creepfatigue interactiordiagram
on the basis of the proposed damage modelseipful in descriting the cycle
dependent damage evolutions andleterminng the crackinitiation life afterwards
Secondlythe interaction diagraman well present the competitive relation between
creep and fatigue under various loading conditions sinee composed of fatigue

fraction and creep fraction inself (Skelton and Gandy, 2014 Finally, the
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metallographicmbservations of locatiedependent crack initiation sités Section 46
are compared tdhe correspondingsimulation results, depending eariousloading
conditions

Figure I7apresents the cye-dependentatigueand creep damagevolutionsin the

i
creepfatigue interaction diagranwherethe accumulated fatigue damage d$') and
i=1

i
the accumulateccreep damage of dc(') are respectively expressed s and D, .
i=1

Linesin different symbolsdenote thdrajectores for cyclic damage evolutions under
various creegatigue loading conditionsOnce thetrajectory for cyclic damage
evolution intersestwith the gray line representinggh.DS rule, the crack initiation
life can be determinedA general tendency irrig. 17avisually shows that with
increasinghold times and decreasing strain leselcreep damage becomes more
dominantthan othersBased on thisbservationtwo types of crep-fatigue specimens,
namely the fatiguelamagedominated specimens andcreepdamagedominated
specimengan be welldistinguishedThe crack initiation life prediction results for all
the notched specimens subjected to fatigue and -datigpe loading coditions are
shown in Fig. 17b. The predicted crack initiation results agreell with the
experimental ones. All the data poihieswithin an error band af 1.5. With the aid of
creepfatigue interaction diagram, it can be clearly seen thattiéjecbry closerto
the vertical ais, creep damageill play a moredominat role in theprocess of crack

initiation.
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5.3 Simulatd resultof locationdependent crack initiation sike

The competitive relation between creep and fatigueingatb the location
dependent crack initiation sgehas been found in Section54.The relations of
fatigue/creep damage per cycle and normalized life for spediviEh and specimen
N-12 at the notch root anthe mostdangerousnterior nodeare presented iRig. 18.
Fatiguedamagedominates the crack initiation procesgth a shorthold timeof 60 s
for specimen N1O (Fig. 18a), while creep damage takes ovkroughoutthe whole
process with a londhold time of 3600 sfor specimen NL2 (Fig. 18b). The
correspondinglamage cotours on the XOzlane(Fig. 6) show that the mamum
accumulated fatigue damage is located at the notch ireqinode 1while the max
accumulated creep damage occurs at the integmion of node 3This tendency is
consistent with thenetallographicobservatios of EBSD maps around the notch root
region seefig. 12

Combinedwith the stresstrain behaviomand the features dhe currentdamage
models the simulation tendency ifg. 18 can be explaineds follows Firstly, from
the viewpoint offatigue damage based ¢ime CPM method, the critical plaret the
notch rootis always perpendicular to the free surfadeere the stresstraintensors
are not necessary toansform from global to local coordinate systegnusingthe
rotation matrixes(Chu, 199%. For the notched specimenmns this work, it is also
perpendicular to the loading directiomhich meanshatthe crack initiation behavior
at the notch rootis mainly controlled by the Z-directional stress/strainSocie and

Marquis, 2000. After that, onsidering the stressistribution gradient around the
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notch root,the maximum fatigue damage factor basedtbe left side of Eq. (18)
reachs its extreme value on the free surfacéhefnotch root.As a comsequencethe
maxmum accumulated fatigue damadakes place at the notch root anthe early
crackunderfatiguedamagedominated conditions alwaysitiateson the freesurface
of notch root

Secondly, here are averal reasonfr the presence othe maxmum accumulated
creep damagat a somewhainterior region In Fig. 19, the elastic followup factor
and theMDF are plottedagainstthe normalizeddistanceto notch root along the top
line (Fig. 6) for specimen NL2 at thevery last cycle before crack itiation. The
attachedlackto-white backgrounds the contour for creep damage at the last cycle.
Themaximumvalue ofd; near the notch root region is located at node 3, experiencing
the highest value oZ andthe lowest value oMDF. The elastic followup factor,
which reflectsthe degree of mode of controFig. 5), hasa great impact on creep
damage Firstly, the continuouscyclic accumulation of inelastic deformati@n the
interior node fode 3, Fig. 14f) inevitably leads to a tendency for cracktiation
(Carroll et al., 2018 Secondlyif hold timeperiod iscloserto stresscontrolled mode,
the hysteesis area during hold period representing driving force creep damage
(Fig. 5 will becomelargersince thaelaxationrate is relatively slowl.ast but nothe
least gress triaxialityrepresentinghe effect of multiaxial stress stasas remarkabf
higher at the interior region for notched specim@erbera et al., 20)/resulting in
alower magnitude oMDF, according tdq. (27). In view of this the interior region

canexhibitareductionin creep ductility andn failure strain energy densitp agreat
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extent(Wen et al., 2016

Another feature ofthe history-dependentlamageevolutionis that theshifting of
the most dangerous position with increagimumberof cycles can be tracked. Take
specimen NL2 with a longhold time of 3600 &s anexample,t can be clearly seen
in Fig. 20that theposition ofmaximumaccumulated total damagB, +D_, is located
at the notch root surface withithe initial 20 cyclesHowever, this positiorshifts
from thefree surface teheinterior regionafter the 22 cycledue to the doming role
of creep damage under this loading conditibiy.(180). Comparedto steady stress
strain analysis in the clantassessments awi@sign codegAinsworth, 2003 ASME,
2009 RCGMRx, 2012 , this historydependentdamage evolutiotechniqueis of
great significance to meet the requirement of irregular loading waveforms,
overloading conditions as well as tremaining lifetime assessmeantpractie. Two
main aspects basemh thispaperwill be investigatedn our further work.On is that
the accelerated algorithrmust be implemented into the current numerical procedure
due toa high computational expense for each study c@ke. other is thaalthough
the finallocationdependent crack initiation siseunder various loading conditions can
be wellidentified the shifting ofthe most dangerous position before crack initiation
for a specified specimewarrantsa follow-up studyvia the insitu creepfatigue

testing technique.

6. Conclusions

Straincontrolled cyclic testsvere carried outon uniform and notched specimens
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for

the nicketbased GH4169 superalloy at 65C. The poposed numerical

procedureinvolving modified unified viscoplastic constitutive model and damage

modesk is presented fothe creepfatigue analysis under multixial stress staseThe

main results and findingrelistedas follows:

(1)

(2)

3)

(4)

A newunified viscoplastic constitutive modigivolving a modified Chaboch@
nonlinear kinematic hardening rule aaisotropic hardening rulés developed
to describe the cyclic softening and stress relaxation behaiherpredicted
cyclic softening curves, stress relaxation cunasl hysteresis stresstrain
loopsin theuniaxial specimenare in good agreemewith thoseof experiments.
A critical planebased fatigue damage parametgrressentedor fatigue damage
A strain energy density exhaustion model considering ao#lastic followup
factor anda multi-axial ductility factor is proposed for creep damagéth the
validation of notched specimertbe proposednodebk showa reasonablerack
initiation prediction results within an error bandio1.5.

The stresstrain behavioraround the notch rootegion shows a mixed
controlled mode undaglobal straincontrolledcreepfatigue loading conditions.
In contract topure fatigue tests withouhold time periods, obviouscyclic
accumulation of inelastic strain caused by ithfttomogeneoustress fields can
beobtainedfor creepfatigue tests with long hold times

Locationdependent crack initiation s#eare revealed using he proposed
numerical procedure which is in consisteny with the corresponding

metallographicobservationsvia the electron backscatter diffracticlechnique
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Crack initiates from the surface of notobr feachfatiguedamagedominated
notched specimen, whileiiitiatesfrom the subsurface fagachcreepdamage
dominated notched specimen. The degree of cdngoimode and stress

triaxiality are responsible for thighenomenon
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