ABSTRACT
ALSMADI, ZEINAB YOUSEF High Temperature Creepatigue Behavior ofAlloy 709
Austenitic Stainless Steeh SodiumCooled Fast ReactargUnder the directiorof Dr. K.L.
Murty).

Generation IV (GEN IV) nuclear reactors are an importantcgoof base load power in the
middle long term (20302050) andare designed to be safer, more reliabiere efficienand have
longer lifetimes (6680 years) than current nuclear reactdise oy possible migterm available
fast reactor isSodiumCooled Fast Reactor §FR) with an acceleration in research and
developmentalong with reduction in economic competitiveneddowever, the design and
operation of SFR exhibiting cyclic thermal stresses during-gpatand shudownsintroduce
time-dependent effds like creep during ofoad periods leddg to creepfatigue interactionin
manyof thereactor component3herefore, the stictural material of SF&Rshould have excellent
mechanical properties that can withstatid harsh operating environments Fe-25Ni-20Cr
austenitic stainless ste¢Rhlloy 709) is developed for boiler tubing ankigh-temperature
applications such a$FRs and ultra-supercritical (USC) power plantdue to its adequate
mechanical propertieJhus it is important to understand the crefgtigue interaction of Alloy
709 in order to generate enough data in a reasonable timextragolatethemto the service
conditions expected in SFRs.

To establish fatigue characteristics of Alloy 709, st@ntrolledlow-cycle fatigue (LCF)
tess were performed at strain ranges from 0.3% to 2.5% at 750 °C and &k&0ain rate (0.1
Hz). It is found thathe predicted fatigue life of Alloy 709 shows a better correlation with the
characteristic slopes method rather than the universal slopleedne

To investigate the effect of hold time bgh-temperaturereepfatigue behavior of Alloy

709, strainrcontrolled creegatigue tests werperformedwith hold times of 60, 600,,200 and



3,600 seconds introduced at the maximum tensile sitaifbo strain range at 2x3$@* strain rate
(0.1 Hz)and750 °C Thecreepfatigue life of Alloy 709 and the number of cycles to macrack
initiation are found to decrease with increasing hold time indicdéiager crack initiation and
highergrowthrates The fractographs of thdeformedsamplesat 1% strain rangeith no hold
timeindicated that fatiguis the dominant mode of deformation whertashe samples deformed
at the same strain range with different hold times, both fatigue and creepondreuted to the
overall deformatiorof the alloy.

The dfect of strain range omigh-temperaturecreepfatigue interaction ofAlloy 709 is
investigated by conducting stratontrolled creegatigue tests with tensile hold times of 0, 600,
1,800 and 3600 seconds at strain ranges varying from 0.6% to 1.2Z20atC and 2x18s* (0.1
Hz) strain rateln general, with increasing strain range at a given hold time, the number of cycles
to failure decreasauntil saturationThe fractographs of the filemed samples exhibited increased
number of cracks with increang strain range along witbr.3Ces precipitates and high dislocation
density.

Finally, the effect of temperature on crefgpigue behavior of Alloy 709 is investigated by
conducting wain-controlled creegatigue tests with tensile hold times @f 60, 600, BOO and
3,600 seconds at 1% strain range at 85@&nd 2x16 s (0.1 Hz) strain ratelt is found that the
number of cycles to failure at 6%C is higherthan that at 750C, andthe material exhibits
fluctuations in the number of cyclesfailure at650°C due to the effect of Dynamic Strain Aging
(DSA). The fractographs of the deformsamples exhibited increasddnsity of cracks and creep
cavities at higher temperatur@dong with Cr23Ces precipitates and high dislocation density.

Furthermore creepfatigue life is evaluated biinear damage summatidihDS) of cyclic and



creep damagfactionsaccording to ASME code armleepfatigueinteraction diagram of Alloy

709 is constucted at different strain ranges, temperatures and hold times.
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1. INTRODUCTION

1.1. Motivation

With increasing demand on energy these days and for the near future, thedebshaul
continuous development of lifetime and safety of the energy systems to satisfy the future needs for
erergy. Generation IM(GEN IV) nuclear reactors are designed to be safer, more reliable, more
efficient and have a longer lifetinfever 60 yearsihan current nuclear reactors that are reaching
their life expectancy. An example &EN IV nuclear reactors iSodiunmtCooled Fast Reactor
(SFR) that operates at temperatuassigh a$50 °C and uses sodium as coolant and moderator
due toits low specific heat, high thermodynamic efficiency, high melting point and heavy atoms
compared to wate(Figure 1.1)[1-3]. The structural material of SFR should have superior
mechanical properties that can withstand high temperatures, high cormsre@mments and high
radiation doses such as austenitic stainless steels with FCC structure, which are e@sstaort
andhave good creep properties due to their high nickel and chromium contents. For ekample,
25Ni-20Cr austenitic stainless stékhown as Alloy 709priginally developed by Nippon Steel
(Tokyo, Japan)contains 20% chromium and 25% nickel; it is stabilizgd nitrogen and
strengthened by niobiun®reliminary data suggests thalloy 709 isan excellent candidate as
structural materiafor SFR because itis corrosionresistant, has high strength, sodium
compmtibility, thermal stability and good creep propes{éd]. Alloy 709 (NF709) is also applicable
in ultrasupercritical (USC) power plants superheater and reheater for coal fiveters[5].
Therefore, it is of importance to understand the plastic deformation of this alloy and predict how
it will behaveunder typical SFR operating conditions. In order to achieve this goal, different
mechanical testing methods should be perforteednderstand and thus explain the damage

mechanisms of alloy 709 at similar operating conditions expected in SFR.
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Figure 1.1 A schematiof a typical SodiurCooled Fast React¢BFR) R].

Creepfatigue interaction is expected to be a contributor to the damage mode foreaetay
components such as reactor cladding, pressure vessels and gas turbines operating at high
temperatures in nexgeneration nuclear reactor-10], in which interganular creep cavitation
damage initiates due applyinghold times whether in tension or/and compression part(s) of the
fatigue cycle during startups and shutdowns. Therefore, $&mabus creefatigue interactions
cause increased crack growth rate thgmecreasing the crack initiation endurance.

The diagnosis of mechanical failure considers the associated material condition and the
mechanical characteristics prior to ogténg history. Material condition refers to the chemical
composition and mechanical properties relative to those applied for the failed component, and the
appearance and extent of microstructural and physical damage responsible for feljurElsg
American Society for Testing of Materials (ASTM) has develoggecific standard procedures
for testing damage mechanisms of materials and data requirements from creep, fatigue, and creep

fatigue interaction as discussed later.



High-temperature componeassessment from creégigue data is classified inta) defect
free component assessment procedures which are used for design puspddes defect
component assessment procedures that are used for life evaluations and inspection management.
Componenhassessments and especially defezt assessments depeon the data obtained from
creepfatigue tests, in which creep and fatigue damages occur simultaneously or consequentially
[11, 12]. Therehas been no standard procedure that shows how-faggpe tests should be
performed under appropriai@ading conditions, and thus data requirement for the determination
of failure and crack initiation endurance were not reliable and dependent on various procedures in
different test laboratories. However, thlibstacle was overcome when ASTM published & ne
standardE271409 procedure based on the Electrical Power Research Institute (EPRI) worldwide
survey results on conducting a new standard efatigue testing in which credatigue data
requirements for aoponent assessments were identifiéd].[ Evertually, the results obtained
from creepfatigue tests should provide a clear indication of the influence of cyclic loading on
creep deformation characteristics and the influence of creep deformation on dgslic p

response.

1.2. Austenitic Stainless Steels

Austenitic stainless steels are widely used in many engineering applications including
conventional and nuclear power plants because thepesionresistant, have higtemperature
strengthand ecaomic feasibility of the alloys. They are panily composed of a FEr-Ni alloys,
in which the chromium content is generally over 12 wt% to form a passive chromium oxide film
providing absence of staining, rusting and corroding in various agueous aiv®rchemical

environments and nickel is addel to improve the corrosion resistance as waslthe high



temperature strength of the materidlistenitic stainless steelsvefacecentereecubic (FCC)
crystal structurg meaninghey have aclose packed gicture compared to ferritic steels with more
open BCC lattice structuwnd thus, provida reduced diffusivity in the lattidé 3-15].

Austenite, ferrite and martensite are the primary phases found in stainless steels, which
depend on the compitisn and the thermal processinvolved in preparing the material. For
examplemartensite forms when austenite is quenched rapidlyrigatie material in a metastable
phase leading to increaghardness of the material. Austenite is stabilized by NNiCMn, and
Cu, while ferrite is stabilized with addition of Cr, Si, Mo, and Nb. The Schaeffler diagram shown
in Figure 1.2 is an empiritguide to determine what phase(s) to expect at a certain compaosition
in stainless steelas described by nickel eqaient and chromium equivalent. As shown, Alloy

709 composition falls within the austenitic phase domain on the Schaeffler diagram [14, 16]
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Figure 1.2. Schaeffler diagram showing the effect of the nickel and chromium content on the

stability of austené [16].



Conventional and advanced austenitic stainless steels are alloyed with varying combinations
of elementavhich directly irfluence the mechanical properties over a wide range of temperatures
[13, 14}

1 Chromium is a crucial alloying elementhat improves hardenability, strength, wear
resistancend the corrosion resistance in the a[tby, 18] It forms precipitates lik€rz2N,

MeC, M23Cs Which enhance highemperature creep strength and have relatively high
coarsening rates leading to thesappearance of precipitate strengthening. AldgCs
carbides have detrimental effects on corrosion resistance, toughness and .dDthiity
precipitates like sigma phase afxgphaseare also formedZ-phase precipitates are highly
stable, makinghemattractive in the advanced austenitic stainless steels for enhancing the
mechanical propertiest high temperatures

1 Nickel:is an essential element in most of the austenitic stainless steels, in which it is added
for stabilizing austenite and contributitmsolid solution strengthening. Nickel also plays
a role in increasing the corrosion resistance of the alloy.

1 Manganeseis an austenite stabilizer and added to increase the hardenability, ductility and
wear resistance of the stainless stdddnganesas a cheaper austenite stabilizer than
Nickel. Therefore, it can reduce the cost of the stainless steel [19]. It shoubdicloletimat
the composition omanganesé high-temperature stainless steels must be low because it
can decrease the creep ruptufedind corrosion resistance

1 Silicon, Phosphor, Sulphur and Boromre added to promote oxidation, increase
machinability, improve the hot workability and increase the corrosion resistance [20].
However, very small amousibf such elements could signifiaginaffect the ductility and

creep strength.



1 Molybdenumis added because it increases the f@ghperaturetrength, improves creep
resistance due to solid solution hardening, and can help in corrosion resistance as well [21].
In some stainless steelsplybdenum is replaced with tungsten because tungsten forms
precipitates that can resist creep damage [17].

1 Niobiumand Titanium areboth ferrite stabilizer elementand strong carbide and nitride
formers which can enhance the corrosion properties B2Nibbium forms a very stable
Nb(CN)precipitate thatan remove carbon from the matrix helpingdbeosion resistance
and helpdor pinning mobile dislocationd 7]. TheNb(CN)precipitates are very stable at
high temperatures so they will often beufa in 20C¥25Ni-Nb alloys after solution
treating and quenching 1L

1 Carbon and Nitrogenboth contibute to the strength of the material through the formation
of precipitates that help in precipitate strengthening of the matetialever,carbon
stabilzes the austenite phase and improves the formation of chromium carbides [24]. Also,
it can provide rgher creep strength by solid solution strengthening and precipitation
strengthening [23]t is detrimental on the corrosion resistance and it is uskfiybelow
about 0.03% to improve stress corrosion cracking resistanceN@flgenalsoassists in
strengthening the material by forming nitrides IiKBN and TiN. However, high nitrogen
contentcanlead to intergranular stress corrosion cracking inesuisc stainless steel26).

The other alloying elements, suchAdsV, Cu, W, etc. may be added in austenitic stainless

steels depending on the applicatiamsl thedesired properties.
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2. BACKGROUND AND LITERATURE REVIEW

2.1.Creep Damage

Creep is timadependent plastic deformation that occurs at constant stressrapedrature
above~0.4TmwhereTnis the melting point of the materidt often occurs at elevated temperature,
but some materials creep at room temperature such as leath(iRbjron (Fe) because for lead,
room temperature represents a higher homalsgemperature (i.eT/Tn=~0.5) than that of iron
(~0.16)[1, 2]. Creeptakes place in all types of materiafsetals, polymers and ceramics. For
metals, creep occurs at moderate stresses and temperatures, but for polymers, it occurs at relatively
low stresses and temperatur&ghile for ceramics, it occurs at higlressesrad temperaturesA

typical example of creep is in the materials used in turbine blades of a gas turbinegngine [

2.1.1.Creep Testing

In a conventional creep test, the specingelbaded to constant stress and temperalure.
main purpose gberformingthe creep test is to determine the maximum stress and temperature up
to which the material casustainfor a long time. That is, evaluag the creep resistance of the
materialandtheresultant plastic deformation (strain) is measured and plotted as a function of time.
For brittle materials, creep tesére conductednder compressiolvading where the specimens
used are right cylindensith an aspect ratio (length to diametemgang from 2 to 4Creep tests
can beperformed at a given temperatuatedifferent stresssor at different temperatures for a
given stress leveEventually all dataare collected to obtain the creep behavidrthe material

[2]. Figure 2.1showsthe eyerimental setup of ereep tester with specimen loadirdj [
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Figure 2.1 Experimental setup of a levarm creep tester [3].

2.1.2.Creep Properties

Creep curve iplotted agreep straiwversudime at a constastressand temperature as shown
in Figure 2.2 which has three stages: (i) primary stage (transient ciaephich work hardening
during plastic deformation grogressed mortéhan softeningand thus, undergoing a reduction in
strain rée with time because of rearrangement of dislocationthe specimen to maintain
equilibrium with the applied load], (i) secondarystage §teadystate creep raten which the
rate of work hardening and softening balance each atigtthe creep rateaches its minimum
and (iii) tertiary stagewhich is characterized by an accelerating creep rate where softening
behaviordominate. The third stage of tertiary creep is often considered as fracture rather than
deformation [1]. Sometimes the test specimaloes not undergo all three stage creep
deformaion. In some cases, fracture may occur in the secondary stage and therefore, the final stage

(stage III) will not be observed. Also, the duration of the three stages can be different depending
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on the magrial, the applied load and temperature [2]. In Feg2u2,the strain represented b, ,
occurs instantaneously on application of thedladich is notdue tocreepandit is subtracted

from the total strain in the creep specimen to give the straindud@io creep 4. The strais in

the three stagemregiven by PJ:
(i) Stage I:U= At*3 (2.1)

whereUis the creep strainjis the time and\ is a material constant.

(i) Stage II: U= &, +b t (2.2)
where &, is the steadystate creep rate afids a material constant.
(i) Stagell: 0= B + C exp (ot (2.3)

whereB, C ando are material constants.

Fracture
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Figure 2.2 A typical creep curve showirgjfferent stages of creep [1].

To descrile the dependence of strain raie stresat a given temperaturor t on 6 s

given as followg1, 2J:
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U= Alan (2.4)

whereA: is a constant dependent on the test temperatnda is the stress exponefithe effect
of temperature and stress on creep curve is shown ime=y3 The increase of the steadiate
creep rate with test temperatungder a given stregsigure2.3(@)) follows an Arrhenius equation

with a charactestic activation energy for cree, [1, 2]:
0= Ao @RT (2.5)

where Az is a constant dependent on the applied stressteldre the temperature and stress
variations of creep rate can be combined imte equationknown ashe power law equatiofti,
2]

U= Age @R gn (2.6)

whereAs is a material constant arlis the gas constant ©87 cal motl K1), Also, steadystate

creep rate is proportional fo_ (self-diffusion), so that the creep rate equation becomes [1]:

U= AD &= AsD (%)n 2.7)
whereAs andAs are constants dependent on the material and microstructure such as the grain size.
The Bird Mukherjeéd Dorn (BMD) equation is used to express the constitutive behavior during

creep deformation [1]:

_ ADEb ). &b % (2.8)
KT "E’ & ¢
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O K" 0., &b (2.9)
— _=A (—
pep " ) &

J-0:0F

whereA is a material constant,is the grain size, anglis known as the grain sizaxponent.
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Figure 2.3The effect of (a) temperature and (b) stress on creep curves [1].

During creep deformation, the higher the rupture time,|ltmgerthe life of structures in
service. Stressupture tests areonducted ugo fracture and times to fracture asellected at
different temperatures and stresses. Larddiler paraneter (LMP) is oe of thecommon

empirical relatios to describe stre$supture behavior of a material [2];
LMP =T Log (C+t) (2.10)

whereC is the LMP constant(~20), T is the temperaturen Kelvin, andt;, is the rupture timen
hours and thus, LMRas a unit oK-h. Anothercommon and importar@gmpirical relation is the

Monkmari Grant(MG) relationin whichthe time to rupture decreases wsthain ratg1]:
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U . t= constant (211)

where Q is the $eadystate creep rate. Anoth&nown parameter is the Zerigfolloman

parametegiven as followg1]:

Z=U0%" (212

Also, SherbyDorn parametecan describe stre$supture behavior of a materiahd involves

normalizaton with temperature compensated time [1]:

Peo= te @R (213

2.1.3.Creep Mechanisms
Creep fracturean be characterized balk cavitation damagassociatedvith intergranular
failure occuring at low andmedium stresses, wheredke necking failures associated with
transgranular ductile fractuoecuring at very high stresse$he intergranular failureriterionin
creepdamageconsists of: (alCavity nucleation (b) Cavity growth, (c) Interlinkage of cavities, (d)
Crack propgation and (e) Finalailure Nucleation ofcavitiesat grain boundaries can occur in
many differenwvays[4]:
1 Slip bandscollisionon grain boundargreatinga stress concentration which might nucleate
a cavity in whichedge dislocations piledp againsgrain boundaryill coalese to form
a crack nucleupt, 5, 6]
1 Nucleation of cavities at triple junctions and on grain boundaryhich wedge cracks

(W-type) format triple junctions because of the accelerated growth afoilned cavities

14



(R-type) at grain boundary and their interlinkage in the vicinity of the triple junctidns
6].
1 Nucleation of cavities at grain boundary led{fessile ledges).
1 Nucleation of cavitiegt grain boundary particles
On the other handhe growth of creep cavities caccar by the following mechanismé]{
1 Condensation of vacancies into the cavities.
1 Advancement of the tip of the cavity by the cangd sliding.

1 Combination of sliding and vacancy condensation.

Creep by dislocation climfreferred to asWeertmardislocation climb modglis a result of
the glide and climb of dislocatiomgth climb being the rateontrolling procesdDislocationglide
is hinderedby long range stresses due to dislocation interagtiomghichthe stresses are relieved
by dislocaton climb and annihilationCreep strairincreases due ttne glide of dislocatiosn In
the glidé climb model, dislocations produced by the FidR&ad source (FR) glide a distarice
till the lead dislocationomes acrossa barrier of heighh at which it ha to climb so that another

dislocation can be generated by the soascshown ifFigure 24. Thecreepstrain is given byl]:
eeoDBo,+Do,=Do,=} b L (214

where} is the dislocation desity, b is burgers vector and is the glide distance. The time of

dislocation glidéclimb eventis given by [1]:
t:tg'l'tcé. c:th/Vc (215)

wherev is the climb velocity. Tarefore strain rate is given by [1]:
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;Do _4b (2.16)
t

" hiv

C

whereve Use Ge " T with Em beingthe activation energy for vacancy migratibtatural creep
law is given by [1]:

0= AD.CB (217)

Assuming thattte dislocation density/() varies as the stress raised to powar® (
W

|
¢1
1
FR+~— L —— _
barrier

Figure 24. Schematic of dislocation glidelimb event [1].

In Weertman pilbox model dislocation loopsre generated fronirrank Read sources on
parallel slip planesn many alloys, the alloying elements migrate to the dislocatinddock them
at high temperaturesausingthe glide of dislocationto slow down In these alloysdislocation
glide and climb take place aspure metals, but sindbe glide becomes slower controlled by the
diffusivity of alloying elements compared to the climb, creep will be controlled by the dislocation

glide. Thus, creep rate becomes [1]:
U= ADg® (218)

whereDs s the solute atom diffusivity and equalsie=D L € °*F", Qsis the activation energy

for solute atom diffusion.
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At relatively high temperatures and/or low stresses, creep can take plieisignalmass
transport through the lattiée which point defects (vacancies) difierom tensile boundaries to
compressive boundaries for smgithin size sample3.his phenomenowas first considered by
Nabarro in 1948 and Herring in 195@ few yeas later,Coble proposed that grain boundaries
could also provide an alternative path for stssistediffusional mass transport. Ahown in
Figure 2.5, grain boundarieaormal to the applied stressll develop a higher concentration of
vacancies. Orthe otherhand, grain boundariegarallel to the applied stressill undergo
compressive stressegth reducel vacancy concentratioflherefore, it will caug a vacancy
concentration gradient between the two boundaries leading to a flux of vacancissgliffam
the normal grain boundaries to the parallel grain boundartes diffusion of vacanciewiill
dependon the grain size and temperature. The diffusion of vacancies from one grain boundary to
the otherleads to crystal strairthus, causingthe debrmation ofthe grains andherefore,the

deformation oimaterial[1].

Figure 25. Mass transport through the lattice as inHNmodel (a) and through grain boundaries

(Coble creep) [1].
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With decreasing grain size, Coble creg@mihates NH creep and vice verseowever,

these two mechanisms operate in parallel so that the stteis givenby [1]:

LPJ: BsW
d " 2kt

(2.19)

2
Deff

where B is canstant, W is the atomicvolum&si s t he Bol t zdisahegraissize onst a

andDest is the effective diffusion coefficient given by [1]:

‘R (2.20)

Deft = DL (1+
eff L( dDL )

whered; is the grain boundary thickne$, is the lattice diffusivity an@s is the grain boundary

diffusivity. These models assuntkat the grain boundaries are perfect sources and sinks of
vacancies and the initial dislocation densitylaf crystal is low.

When thestrain rate is proportional to the applied stréisscreep mechanisms are known as
viscous creep mechanismsargegrained polycrystalline and bulk singteystalline materials
undergoviscous creefput are insensite to the grain size in contrast td M and Coble creep
mechanismandit is known adHarperi Dorn creep(Hi D). H-D creepwhich takes place at sties
below the critical stress needed Foank Read (FR) source operatidmintermediatestresseand
relaively small grain sizesgrain boundary sliding (GBS)nechanism is observeds in
superplastic material&nother creep mechanism knowri@s-tempgerature climbwvhichbecomes
important when diffusion through dislocation pipes becomes dominbatethe cimb creep rate
is proportional to dislocation pipe diffusivity that increases with the dislocation defsiie2.1

showsthevarious creep mechams with corresponding p, andQ parameter§l].
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Table2.1.A summary of creep mechanisms with releyaartametric dependencies [1].

Mechanism oY n p
Climb of edge dislocations QL 5 0
Viscous glide (solute drag creep) Qs 3 0
Grain boundary sliding Ocs 2 2
Low-temperature climb Qc 7 0
Harper-Dorn o 1 0
Nabarro—Herring oL 1 2
Coble Ocs 1 3

a) Q. activation energy for lattice diffusion,sQactivation energy for solute diffusion,c&
activation energy for grain boundary diffusion,cQactivation energy for dislocation core
diffusion.
Finally, acreepresistah material should have the followimgoperties [1]
1 A high melting point.
1 Solid solution strengthening and dispersion strengthecamgpe used as strengthening
mechanisraat high temperatures.
1 Precipitation hardening can heseful when there is no pade coarsening, consequent
softeningor dissolutian.
1 Grain refinement igwvalid under creep conditions and the opposite is required to minimize

the grain boundary sliding effect.

2.1.4.Creep Damage Assessmén
Creep damage can be reprase in terms of featertype, size or development state:
1 Creep damage can be characterized as either cavities on grain boundaries or voids due to
particle/matrix decohesionThe particles are usually inclusions and carbides at

intragranular sites.
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1 Creep @magecan becharactered in terms of a quantity representing its extent, for
example, by a classification based on reference micrographs or a density measurement of
cavities/mm.

1 Thecharacterizatiolof damage sizeaninvolve measuring the sizef the damage feature
(e.g., @vity diameter), bubecause of the high sensitivity of damage feature diameter and
its dependent parameters on metallographic surface preparation, the measurement of

cavity/void size is not widely practicgd].

2.2.Fatigue Damage

Fatigue failures aur when the material is subjected to cyclic loading either tesisitgion
or tensiorcompression cycles, where at each given stress, there is a certain number of cycles for
failure and the fracture surface turns out tpemendicular to the appliedass. It can occur with
less plastic deformation at elevated temperatures less than meltingiphidtigo, even when the
cyclic stress is less than the yield strength, microscopic plastic deformation can oamer 2big
shows various types of fatigueading a fully reversed tensiGicompression stress cydleigure
2.6(a)) and a tensiointension cyclgFigure 26(b)). During the tensile cycle, slip occurs tme
plane ofmaximum shear stress. During t@mpression cycle, slip ocawon a nearby parallslip
plane with the slip displacement on the opposite directioing thusas the nucleation sites for
the fatigue cracksSince no fatigue failure is possiblender compressioncompression cycle

fatigue crackswill not initiate[1].
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Figure 26. Tersiori compression (aandtensioni tension (bycles[1].

2.2.1. Fatigue Testing

One of the fatigue testirtgchniquess the cantilever beam fatigue tesas shown in Figre

2.7, in which the specimen is line with a cantilever loaded at one eaddrotated at the same

time by a highspeed motoleading tathe upper surface of the specimen in tension and the lower

surface in compression. During each revolution, the surfaceslggss through a full cycle of

tension and compressi¢h, 2].

Motor Bearing Specimen

Lever

TTITTT T T Ty

7 s
:

Figure 27. A cantilever fatigue beam testing facility [1].

2.2.2.Fatigue Properties

Some of the common terms used in fatifprestress or straifi, 2J:

1 Mean stressiy) is the average dhe maximum and minimum stresses in the cycle:
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Om = nfin flﬁmax)/z (2.22)

1 Stress rangél) is the difference betwe@axandUmin:

Or = mak- Omin (2.22

1 Stress amplitudelf) is halfof the stress range:

lja = r/ﬁ (223)

1 The stress ratio (s the ratio of minimum and maximum stresses:

I min/ Ghald (2.24)

There are ways in which a cyclic stress beapplied to the material, one where the and
Umaxare equal and opposite in magnitudlit is referred to asompletely reversed stresgcle
or when Umin andlimax are asymmetricadndrelative to ero stressthatis referred to asepeated
stress cycl¢?2).

When the specimen is loaded at a given st(8ssthe number otycles to failure K) is
determined. The test can be repeated at different $¢neds and the number of cycles toldae
(Ny) is again determined at edelvel. TheS-N curve isobtainedvherethe stresss plotted against
the number of cycles tailure (Nf) indicaing that the higher the streshe smaller thé&atigue life
of the materiabnd vice versaratigue limt or endurance limit is the largest value of strtbsd
will not cause failur@egardless of theumber of cyclegl, 2]. Figure 28 shows thes-N curve for
mild steel and amaluminumalloy [1]. As shown fatigue limits range between 35% and 60% of

the tansile strengtHor steels.
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Figure 28. Si N curves for mild steel and an aluminum alloy [1].

The SN curve is classified into low cycle fatigue (LCEOntrolled by ductilityfor N < 5x10°
cycles and high cycle fatigue (HCE9ntrolledby strengthfor N > 5x10° cycles.When Fatigue
testis performed in straktontrolled modegthe total strain range is divided into elastic and plastic

regiong[1]:
( pUDe,=+ De.) /2 (2.25)
HCF is characterized by Bagsin equatiorl]:
De./2= s (2Ny)P (2.26)
LCF is characterized by CofifilManson equatiofi]:

De,/2 = e, (2Ny)° (2.27)
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whereN; is the number of cycles failure ata givenstrainamplitude Dé; / 2 is theelastic strain

amplitude s, is thefatigue strength coefficienb is thefatigue strength exponergnging from-

0.05 t0-0.12 De, /2 is the pastic strainamplitude,c ranging from-0.5 to-0.7 andL'Jf is the

fatigue ductility coefficientTherefore, Eq(25) can be represented &; 9|:
( pUDe=+ De;) /2= e; (2Ni)°+ 5 (2Ny)° (2.28)

LCF is an importanaspectin the design and operation of higgmperature systems that
exhibit temperaturggradientsfrom beingsubjected to repeated thermal streshag starups
and shutdowns.Also, athightemperatured,CF life is affected by thé&equency, strain rate, hold
position, hold duration and strain rargé.

The process of fatigue failure consists of three steps: (a) crack initiation, (b) crack
propagationand (c) final failure[l, 2]. Therefore, he fatigue life ) is the ssmmation of the

number of cycles for crack initiatiofN{) and the numbesf cyclesfor crack propagation\p) [1]:
Nf = N + Np (2.29)

A typical fatigue life plot as strairange ¢p)Jagainst number of cyclés failure (Ny) along
with thecorresponding strekstrain loops (broad in LCF and narrow in HG@§¥shown in Figure
29[1, 4,10Q]. Fatigue life at which the transition from low cycle (plastic) to high cycle (elastic)

occurs $ determinedy [1]:

2Nu=(e,E/ §)1P° (2.30)
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where &; isthetrue fracture strains; is the true fracture stredsjs Young's modulusindb and

c are materiaconstantsAs shown inFigure 2.9, the LCF (plastic)curveappearsat large strain
amplitudesthan theHCF (elastic) curve which meansthat a high ductility of the materialis
requiredfor resistance to large strain rangehjle a high tensile strength iequiredfor resistace

to low strain rangept].

Elastic

Strain amplitude (log scale)

_—— Plastic

1 2N,
Reversals to failure (log scale)

Figure 29. Typical fatigue life plot along with corresponding stiessain loops [14, 10].

In straircontrolled fatigue tests, cyclic strésfrain curve generates a hysgseloop as
shownin Figure 2.D(a), where @ Ai B is the initial loading curve and on unloading the yielding
occurs at lower stress (point C) which is known as Bauschitftgat. A shown n Figure 2.D(b),
cyclic hardeningcauses th@eak strairto decreasewhile cyclic softeningcauses itd increase

with increasing number of cycles. The stie$sain follows a powelaw relationship [14]:

o

Pl = K% ( pU) (2.31)

25



whereK as thestrength oefficientand he slopeof stressstrain curve on lodgog scale gives the
slopen’, which is known as cyclic strain hardening exportieatranges from 0.1 to 0.2 for many
metals and is given by the ratio of the parameteid. (Also, it isan indicatorof the material's
fatigue resistancpl]. It has beershown that = - 1/(1 + 5n’), so that materials with larger values

of n" havelarger LCF fatigue liveaandb = -n'/(1 + 5n"), so that lower values of havelarger LCF

fatigue liveg11].
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Figure 210. (a) Cyclic stresisstrain curvedepictinghysteresis loop. (b) Hysteresis loops during

cyclic hardening (i) and cyclic softening (ii) [1]

During astraincontrolledfatigue test, thestressrequired to reackhe strain limit gradually

increassin case ohardeninganddecreasem case ofofteningwith increasing number of cycles

as shown in Figre 2.D. The values of stress can changehe plastic strain rangep€,) and

elastic strain rangeyd€: ) depending on the testing conditioesiployed Therefore, the stress

range (p §i and theplastic and elastic siraranges are monitored.
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Figure 2.1l shows typical waveforms for straktontrolled fatigue tdig, where a
symmetrical and a continuous fatigue cycle in tension and compression with aintekt a
constant peak straiis generated duringreepfatigue interactiorwhich will be discussed later
Slow-fast and fastslow straintime waveformsare used tostudy the creepfatigue interaction
effects[4, 12]. In the slowfast cycle, the tensile strain rate is less than the comprestsaamrate

while in the fastslow cycle, the compression strain rate is thasthetensionstrain ratg4].

CONTINUOUS ST RAIII CYCLING

p (a)
AEq = TOTAL STRAIN RANGE
TENSION STRAIN HOLD
DVDV.T bﬁ; 5{;&
COMPRESSION STRAIN HOLD (c)
€ o o
TENSION AND COMPRESSION STRAIN HOLD (4)
UI \/J ' br E
SLOW-FAST CYCLING {e)
€ o o
A A%
FAST-SLOW CYCLING )
€ o )
-Tn
AVAV’T ¥ T- €

Figure 2.1. Typical waveforms for straksontrolled fatigue testingd[ 12].

Figure 2.2 shows a schematic diie hysteresis looglong withsomeimportant parameters
associated witthe LCF testing[4, 12]:
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f S, isthe stress amplitude BS /2
T @ EJ is the elastic strain range.
1 (pLOJ is the plastic strain range.

1 De is the total strain range Be. + De;.

1 oods the stress range.

M Eis the elastic modulus.

1 De. /2 is the elastic strain amplitle =Ds / 2E .

1 De, /2 is the plastic strain amplitude.

AO

Figure 212. Parameters associated with hysteresis |dpp7].

The percentage of life consumed in one cyclic loading depends on the magnitude of stress in

subsequentcycleShe | i near cumul ative damage rul e, kK n
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fatigue life of the materialan be estimated by adding up the lifefian consumedh each loading
cycle. IfN; is the number of cycles to failure it cyclic loading and is the number of cycles

experienced by the structutben [1]:

232
g g (2.32
Ni
However, Mi raé whersnotcheslae presantthe materiabr whenthe mean

stress and temperature are high enough or cyclic frequency isuldwthatcreep deformation
dominates over fatigugamagdg1].
One of the empirical equationsed to determinghe crak growth rate per cyclela/dN with

the range of the stress intensity fadtior2]:

da _ o (2.33
aN A ("pK)

where A and m (known as Paris exponent2-4) depend on the material, environment and

frequency and pKis the range of stress intensity factorsp@y/pa ). Therefore,critical crack

length is given in terms of the plane strain critical fracture toughKesq1]:

_ K2 (2.34)
Y?0% G

ay

Also, the number of fatigue cyclebld using Paris law ideterminedy [1, 2]:

1 “ da (239

N. =
" AY"(Ds)" ﬁ’za?am’z

The time to failuretf) is given in terms othecycling frequency {) [1]:
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N, (2.36)

A logilog plot of da/dN versusgpKis shown in Figure 23in which a threshold stress
intensity factor, a regime of subcritical crack growth and a fast fracture regime are depicted.
Region Il is known as Paris regiowherecrack underges stablepropagabn until it reaches a
critical crack length &) at the beginning of Region Il during which unstable craajagation
occursuntil final failure In case of corrosion and radiation, the variatiodaftiNwith gp Kwould
decrease th#hreshold stress intensity range and thigcat crack length at fracturevhich thenis

indicatedin terms ofKisccinstead oKic [1].

da _ 5 (AK)mo
dN

dv

Fatigue crack growth rate, da (log scale)

Region | Region Il Region IlI
Nonpropagating Linear relationship Unstable
fatigue between p crack
cracks log AK and log % growth
«

|
|
|
I

Stress intensity factor range, AK (log scale)
Figure 2.B. The crack growth rate as a function of the stress intensity factor fHnge
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2.2.3.Crack Growth
During Fatiguedeformation crack nucleation usually talseplace at free surface and crack
growth occurs in three stages, as showkigure 2.4 [1, 4 ,13]:
 Stage |: After initiation of a crack(10um), the crack propagates slowly along
crystallographic planes of high shear stressesoaedted at approximaie45° with the
stress axi$l, 4].
9 Stage II: Crackgrowthrate increasesapidly with a change irthe propagation direction
that it is perpendidar to the stresaxis[1, 4].

1 Stage lll: Thecritical cracklength is reachednd thefinal failure startg1, 4].

The fractional area of fracture surfaagsociated with each of the thed®ovestagesiepends
onthe applied strain leveAt low strain levet, stage | dominatethe fracture surface whié high

strain levels, stage tlominatesHoweve, stage Illdominatesonly for very high strain level tests

[4].

STAGE STAGE STAGE
1 n 11}

A

Figure 2.8. Schematic of fatigue crack pro@dgn across a specimen sectaepictingthree
stages of fatigue failurel[ 13].
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The fracture surfacean be characterized in two wa [2]: beach marks/clamshell mark
observednacroscopially as shown in Figre 2.5(a), and striation®bservednicroscopially as
shownin Figure 2.5(b) [1]. Usually thesanarksappear in the regiowherecrack propaga&id.

However,these markings are hobservedluring the last stage of fatigue faily.

(a) (o) B2l
Pl

Origin of
fracture

Figure 2.5. (a) A schematic fatigue fracture surface showing clamshell markings. (b) An SEM

image showing the striations in a fatigued 304L austenitic stainless steel [1].

There have bee models proposed to explain crack growdhbring fatigue deformation
classified into two categorie¢i) Crack growth based on relative shear proaass$(ii) Crack
growth based on slip procegs.

(i) Shear Decohesion ModelApplying alow tensile stressleads to formation of
localized flow bandsvithin +45° of thecrack plae as shown in Fige 2.5(b). As
tensile crackpropagation occursa new crack surface is formed tshear
decohesiomsdepictedn Figure 2.5(c), while for largercrackopenings, new élw

bands can be formg#igure 2.5(f)). Reducingthe stresscauses aeversal of the
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flow processedyutthe geometrical changes at the crack tip are not fully reversible

Thereforea striation is formed as shown in Gig 2.5(e) [4].

- FLOW
BANDS
(a) (b)
MAXIMUM SMALL TENSILE
COMPRESSION STRESS
/uew CRACK
S, 4
SHEAR DECOHESION \
(c) (d)
MAXIMUM TENSILE SMALL
STRAIN COMPRESSIVE
STRESS

—
(e)
MAXIMUM
COMPRESSIVE MAXIMUM TENSILE
STRAIN STRAIN

Figure 2.B5. Shar decohesion mechanism for stage Il fatigue crack growt#]9,

(i) Plastic Blunting Model: It is assumed in this model thidie crack tip is sharp at
the start of loading cycléigure 2.T7(a)). Whenthe tensilestressis applied, the
small double nath & the crack tip concentrates the slip along the planes orientated
at 45° to thecrackplane as displayed in kige 2.7(b). As the craclopens upo
its maximum extension (Rige 2.%(c)), it grows longer by plastic shearing and at
the same time itsgibecomes bluntedJnder stressompression, the slip direction
in the end zones is revers@egure 2.17(d)). The crack faces are crushed and the

new crack surfacdormed inthe plane of the crackFigure 2.77(e)) which
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undergoeduckling to form a reshpenal crack tip Thenit is ready togrow and

be blunted in the next stress cyclig [

(b) (e)

Y / Y

2 , N

(c) (f)

Figure 2.7. Plastic bluntingnechanisnior stage Il fatigue cracgrowth[14].

2.2.4.Fatigue Life

Fatigue life can be affected differently by several factemiguestrengths affected slightly
by the frequency of cyclic loadin@n the other handatigue lifeis not affected by the waf@m
of stress cyclgl]. The environments one of he factors that strongly affexfatigue life For
example, lhe fatigue lifein vacuum could babout10 timesmore than that in aifAlso, dress
concentrators such as keywagrshancecrack initiationand thusdecrease the fatigue lifé@he
thickness of the test specimand sirface smoothness or roughne$fectthe fatigue propies

thinnersamplesandpolished surfacedecrease the crack growth rated thusenhancehefatigue

life [1, 2].
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Escalation of fatiguelamagehowever can be attributedo cyclic creep,microstructural

inhomogeneities such as in welded joiatsl thepresence of residual strggs.

2.2.5. Fatigue Damage Assessment

As shown in Figure 28during stage | of craclgrowth fatigue cracks propagate a depth
of 1i 2 grain diameteralong persistent slip bands before entestage Il, in which cacksgrow
in a transgranulanodeperpendicular to the maximum streggplied On the surfacemany short
fatigue cracks are forndeDepending orithe appliedstrain amplitude, one or more short cr@}k

will dominateandgrowto a long crackhat isrespasible forfinal failure [7].

Microstructurally Stage |

short crack _c_ra_cl_< gr_oytb_ v
Physically \
short crack

Stage |

crack growth

<

Overload Stage I
cracking crack growth

Figure 2.B. Schematic representation of fatigue crack developnTgnt |
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2.3. Creep-Fatigue Interaction
2.3.1. Creep-Fatigue Damage Properties

Alloys that arefound to becreep resistant are also found to be fatigue resistantetrer,
when a material has the best creep strength does not mean thataietifie best fatigue strength.
Therefore, it is important té t udy t he mat er bahlcéesp andefdtigubyn s e un
performingmechanical testingghere both creeand fdigueloadingconditionsare appliedin the
absence of hold time and/or at relatively high strainsraie high temperaturesnaterial
deformation isattributed tofatigue as shown irFigure 219(a). However,with increasing hold
time and/or decreasingrain rateat high temperatures, the creep damage donsir{&igure
2.19(b)). At intermediate hold times afw strain ratesfransgranulafatigue cracking interacts
with intergranulacreepcavitaton consequentially or simultaneouslgading toaccelerted crack
propagation and reduced crack initiation endurascghown irFigures 2.19(c), 2.19(d) and2.20
[7].

According to ASTM standar8271413 [15],the purpose of conductirggeepfatigue tests
is to determine the materiploperty data forhte (a) assessmeant input data for the damage
condition analysis of engineering structures operating at high temperéteég verification of
constitutive damage model effectivene§&y material characterization, ¢d) verification and
developmenbdbf new rules for construction and life assessment of fieghperature components

subjecedto cyclicloadingwith steadystateoperationconditiors.
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(c) Creep-fatigue interaction (d) Creep-fatigue interaction

(creep damage consequential) (creep damage simultaneous)
Figure 219. Creepfatigue crackingnechanismga) fatigue dominated; (b) creep dominated; (c)
creepfat i gue i nteraction (due to fAconseqgfatiguet i al o

interaction (due to fisi mul flaneouso creep dama
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Figure 2.20. Influence of hold time on the cyclic/hold cretgtigue endurance oRP4CrMoV steel
at550°C where crack development is identified as being pure creep (C) pure fatigue (F) er creep

fatigue (CF) 7).
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Data that can beetermined from creefatigue tests in either stress or strain control at
elevated temperatures invoi\@) cyclic dressstrain hysteresis loopgb) stress relaxation (cyclic
creep) (c) cyclic hardening and cyclic softening response or (d) cycles to crack formation. Figure
2.21 shows examples of streswain hysteresis diagrams with hold time (st@ntroland foce-
contol) andwithout hold time On the other hand, Figure 2.2hows examples of credatigue
test specimen configurations in whicimiform gage section test specimisnadopted Figure
2.22@). In Figure 2.2(b), the houfglass test specimentsualy used for high strain range tests
due tothe risk of bucklingof parallel gage section test specimgLh|.

There are some standard definitions related to efa@yue testing method according to the
ASTM standard15]:

1 Cycle N, in fatigue tesing, isa sequence of force (strain) that is repeated under constant
amplitude loading (straining)

1 Hysteresigiagram,is the stresstrain pathperonecycle.

f Hold-time, (, is the amount ofime in the cycle where the controlled teatiable (force,
strain, displacenm) is heldconstant with timeThey areusuallyplaced atensile and/or
compressivgeak stress or strain.

f Total cycle period(y, is the time for compléon of one cycle.

f Initial modulus of elasticity, & [FL?], is the modulusf elasticity determined during the
loadingpartof thefirst cycle.

f  Modulus of elasicity at cycle N, (&, [FL?], is the average of the modulus of elasticity
determined duringhe elastic tensioand compressioportiors of the hysteresis diagram
for theN cycle.

f Stress rangep (i [FL2], is the difference between the maximum and minimum stresses.
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Figure 2.3 shows the cycle shapes that may be used for -detigpie testing;(a) low
frequency triangular waveforms with low ramp ra{g$ sawtooth waveforms in which theamp
rate of the tensile transient is significantly differehain that of the compressiprand (c)

Cyclic/hold waveforms in which hold times of the control variable are applied [15].

Relaxed
Stress Range

Figure 2.24. Examples of stresstrain hysteresis diagrams without dhdime (a), with hold time

(strain control)b) andwith holdtime (force control)c) [15].
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Figure2.22. Test specimen configurationsy].

2.3.2.Creep-Fatigue Damage Mechanisms
The creegatigue interaction failure can be descrilbedwo ways [4, 16]

1 Influence of cyclic loading on cavitation damage

1 Influence of avitation on cyclic crack initiation and propagation.

Creepfatigue damagecan behiddenby extensive oxidatignwherecrack path detailare
shownin such a way that the actual damagechamism isnat visible anymoreand valuable
evidence can best by its removalHowever, ceepfatigue damage developmetdgpends on the

material conditionbeing influenced byemperature, strain range, strange rate, hold tomesp
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ductility, creep s&ngth and creep strengthexy mechanism whether by precipiation

strengthening or by solid solution strengther]irlg

+ +
\/ t \/ t
(a) Low frequency triangular wave form (b) Saw-tooth triangular wave form
|
+ +
, A
Ve V-
B Ty

(c) Cycle with hold time at control (d) Cycle with hold time at intermedia position
parameter peak in tension of control parameter
’ / \ ' /\
Vot \/ t
(e) Cycle with hold times at cantrol (f) Cycle with varying rates of the
parameters peaks in tensicn and compression control parameter

Figure 223. Example of Creeffratigue Cycle Shapetq].

Creepfatiguedamagecan be eithedominated byavitationdamag, or by crackdamageln
the case of cavitation damagEigure 2.2), applying cyclic loading enhancesither crack
initiation or propagationAs shown, he area undestresstime curveis smaller for cyclic loading
than it is for monotonic loadingherefoe, the cavitation damage is greaj4y.

Onthe other hand xperimentalobservations showhat incase ofpure fatiguedamageone

or two cracks are initiated, whereas in cré&jigue damage many grain boundsgrcracks are
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initiated, and thdargest among them propagates as tharo@ckleadingto failure Therefore,
there are three mechanisms of crésgue interactioras shown in Figre 2.5 [4, 19:

i Cavitation damage enhanced by cyclic loading

1 Crack initiation enhanced by cavitation damag

1 Crack propagation enhanced by cavitatiamage.

{W-CAVI'I’ATION DAMAGE

swess | .

\ -

STRAIN TENSION HOLD
TIME

{a)
STRESS
STRA, SLOW-FAST
0 S

TiM

(b) €

Figure 2.2.. The integrated streggne area ishownsmaller for cyclic loading (b), than it is for

monotonic loading (athus,the damage is greater for cyclic loadidg 19.
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may lead to deviation from the linear damage rde.§].

2.3.3. Factors Affecting Creep-Fatigue Life
2.3.3.1.Effect of Hold Time

Hold time has an effect on fatigue life that degiean thestrainrate, microstructurgosition
anddurationof hold during acycle. In case of austenitic stainless steels, it has sleawnthat at
relatively hightemperatures, fatigude decreasewhen a holdtimeis appliedin the cyclg4, 17].
Also, he imposition of holdimesin the tensiorpart of the cycle has been shown to beore
detrimentakhan those imposead the compressiopartof thecycle as shown in Figure Z29].

In the wok done bylGCAR Kalpakkam and KFA, Julicbn Alloy 617 at 1173 K in simulated
reactor heliunf4, 18, 19|, observationshowed thahold times at the tensile peak strain led to a

significantdecreas life in comparison witlihehold time duringcompressive peak straifilso,
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symmetricalhold timesin bothtension and compressided toreduction factorshatwere very
close to thepure fatiguedata.However, duringcontinuous cyclingr pure fatigudests at all the
strain ratesfinal failure involvedtransgranulacrackswith no creep or oxidation daage. In the
oneminutetension hold time tegin the other handaracks initiated transgranularly wherdasy
propagatd by a mixed mode of transgranular and intergranular cr&¢ken hold time was
greater thai O minutes,intergranulacracksinitiatedandmixed modegropagatioroccurredHold
times in the compression part of the cy@sulted indimple fracture similato a tensile fracture
accompanied by necking

The reduction in fatigue lifeluring tensile holdtimesis due to the interactio between

surfaceinitiated fatigue crackand interior creep cavitation damatgseloped agrain boundaes

[4, 18, 19].

10" — —— .
- 304 Steel 923K, air
g = 10 min hold time J
Y é=sx10"s
(L}
3 c Zero hold time
- -2
E 10 - —
3
e L — € y
74]
- DAQBA® Indicates position on
¢ hysterisis loop for
b=y 10 min hold
—aa-3

m l L 1 [ L 1

10 10° 10° 10!

CYCLES 7O FAILURE (Ny)

Figure 2.3. Influence of holdime (10 mirutes)on fatigue lifeof type 304 stainless steel at 923

K [4, 17
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Duringthetensile holdime, damagdoehavioris characteried bythe tensile stress relaxation
as a function of time indicalg the buildup of tensile inelastic straiwhich leads toR-type
cavitaton damagen the material R-type creep cavities form by clustering of vacancies at the
junction between grain boundariaad second phase patrticles underapplied tensilestress
Also, these cavitiesan grow by diffusional transport of vacancies ordejormation of grain
matrix material 4, 20].

Furthermoreijt has been shown thatcreasing the duration of libperiods results in many
grain boundary cracks in the surfaegionsof the material Also, the formation of oxidation at
the surfae during longer hold times cdeadto chromium depleted zones in which the carbide
precipitatesill be dissolved. Thedss of grain boundary carbidiereforecaussgrain boundary
sliding enalihg the formation of wedge crack4, 18, 19].

During compression holds, interior creep cavitiesenot observed in the case of Alloy 617

[4, 18, 19] butfatigue life decreases with hold time because compression hold produces geometric

instabiliies and consequently tensile necking failuBailk damages unlikely to occur during
compressive holdsecase the process of initiation agdowth of intetior creepcavities require
both shear and normal tensile stresses across the grain bouhdAty [

For symmetrical holdimes during creefatiguetests cavitationdamage has beambserved
close tothe fracture surfaceith no wedge cracksanlike the observation in tensile hold tests.
Therefore, symmetrical holds exhibited better fatigue resistance than compadgitiolds as
the deformation isat increasing during the cycld,[18, 19]. In thework done byMajumdar and
Maiya [4, 22] on 304austeniticstainless steel, symmetrical holds produced only transgranular

failure unlike the above observatidmg| GCAR Kalpakkam and KFA, Julicf4, 18, 19].
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It has been suggested that, witeeepcavities are formed during the tensile hbide, they
will undergo sintering during the following compression hdld23]. However, they nucleate and
grow by irreversible shear deformation when no congioeshold § applied [4, &, 19]. Hales
investigated creefatigue damagen 316 stainless steadt 873 K f, 24] with tensile hold time
up to 1000 minuts along with a strain amplitude of +0.25%s observedthe total length of
damaged grain boundaripser unit aea increased linearly with the number of cycllso, the
rate of growth per cycle increased with hold tifiee accumulation of creep strain from a stress

relaxation model is givehy [4, 24]:

0: SmaxE- S - é{(smax) i [+AE(n'1)(t' 1)m$r.nzx ]1/1—n} (237)

where,EisYoungos $mQ &the siress at the begingiof relaxation process arg, is

the stress after hold time,The constantd, mandn are given by the creep equatieh 24]:
e =As"t" (2.38)

whereA, mandn were obtained fnm creep testszigure 2. showsa plot of creep strain predicted
by thestressrelaxationon 316 stainless steel at 873 Kaaducted byHales[4, 24], in which
creep strain increasavith hold time.

It should be mentioned that a creep straie dtless than 10s? is necessary for causing
grain boundary damage. Furthermore, only a fraction of relaxation st@gepfatigue tests with
tensile holdtimescontributes to creep damage. Thigction canbe determinedby a transition
strain raé above which matrix deformation dominates and contributes to fatigue damage and
below which grain boundary damage accumul&ading to creep damagéhese fractions can

be obtained by partitioning aftypical cyclic hold hysteresis loop as shown iruFegR.3B [4, ).
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Figure 2.Z. The accumulation of creep strain calculated from a stress relaxation model as a

function (a) number of cycles and (b) tindéX tn) in 316 SS at 873 K4 4.

Although it has been shown that the effect of tensdil time is more detrimental #n
compression hold, many nickkasel alloys exhibit a more detrimental compressive strain hold
than the tensilene[4, 26]. Compressive holtimes contribute to thelevelopment of high levels
of tensile mean stressduring asymmetric cyclingn whichtheyhave been suggested to enhance
fatigue crack growthy increasinghe growthrateof round cavitiesHowever,undertensile hold,
compressivaneanstresgs causéhe cavitieso grow into elongated flat crackSince the work
required to fracture a grain boundary is greater when the boundary contains round cavities, it was

argued that compressive holds shouldhgemostetrimental/4, 27].

47



Matrix damage

Figure 2.8. Partitioning of typical cyclic hold hysteresaop (De,, = pure fatigue inelastic strain
range; De,= plastic strain component at hiife; Dé. = true creep strain component at HiH;

é.,,= strain ratedepicting thechange in the dominant mode of damage between matrix and triple

point wedge type cracking4, ).

2.3.3.2.Environmental Effect
Theenvironmentaéffect on thereepfatigueendurance can be studied by conducting ereep
fatigue tests at diérent conditbns likein air or vacuum. Fopure fatigue and creeftigue tests

performed orB04 stainless steel at 593, dataexhibitedlarge differencein cyclic life between

pure fatiguedata (é= 4 x 10° st) generated in air and higlasuum (1.3 pPa). However, these
differences decrease as the hiricke increass[4, 28].

Continuous cycling test in air and vacuusasulted intransgranular dilure while intergranular
failure when applying hold time3herefore, the degradation in cyclite due to intergranular

damage results from creep damage rather than from environmental interajtions [

48



2.3.3.3.Effect of Grain Size and Strain Range

Grain size dependence of fatigue life is more significant utet conditions that result in
intergranular failure For example fatigue lives of various stainless steels decreased with
increasing grain sizat high temperaturedue to the formation of wedge cracks and cavities at the
grain boundaries ithemateral [4, 29)].

Creepfatiguefailureoccursatrelatively high strain ranges and ductilities, while crizgprre
occus at low strain rangesand ductilities At low strain rangesthe surface crachnitiation
becomes very slowomparedto the initiation of internal creep damage andushthe failure
becomes creep domimia However, fatigue failure becomes dominaa¢toth high strainranges
and rapid cyclingonditionsbecausé¢here is not enough tienfor the occurrencef creep damage

[4, 30].

2.3.3.4.Effect of Creep Ductility

The etent of creedatigue interaction is strongly dependent on creep ducéitghown in
Figure 229 and Figure 2.3, when creep ductility is high, creep voids form at inclusidus to
particlematrix decohesionand creep dominated cracking tends to kansgranularTherefore,
creepfatigue failure is due to damage summation.the other hand, ven creep ductility isow,
creepvoids form at grain boundarieand creep dominated cracking tends toibtergranular.

Thereforethe extent of creefatigue irteraction can be hig[7].
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Figure 229. Influenceof creep ductility on the cyclic/hold creéatigue endurance oRACrMoV

steel at 550C [7].

2.3.3.5.Effect of Unequal Strain Rate
Applying unequal strain rates in crefgtiguetestshas major advantages sua${4]:

1 Ease of testingncludingasingle contrbmode

1 Results can be directly interpreted than constant stress or relaxation tests

1 Greater proportion of timdependent strain range to total strain range is avaifable

damage in each cyl
Creepfatigue testing using unequatrain rateswas conducte@n Alloy 800H iron-based

austeniticstainless steelt 850°C [4, 31]. As shown in Table .2, abalanced fastag testresults
in agreater endurancevhile the shortest lifevas obtainedluring unbalancedlow-fast test. The
fastslowand slowslow tests haveatrimentaleffect oncreepfatiguelife but not asevere as that

of the slowfasttest. Furthermore, microstructurgharacterizatiomevealediransgranular failure

50



in fastfast testsintergranularfailure in slowslow tests, tensilaecking failure in fasslow tests
and purely intergranular failure in slefast testsAs a resultthefinal failure mechanism antthus
endurancewas strongly affected by wadferm shape.In the slowslow tests tensile and
compressive strain rates are equaaning thaany bulk damage produc@udtension may equal
the damage recovered in compressiod thudittle or no bulk damage accumulatianobserved
On the other handastslow testsare equally damagng as slowslow tests because of shape

instability resulting frondeformationassociated with tensile mean stress

(a) HIGH CREEP DUCTILITY (b) LOW CREEP DUCTILITY

Creep dominated (transgranular) Creep dominated (intergranular)

4
N

\ /

.\f\
) )

\ /N \ /
\__/ \__/ \__/ \__/
(creep damage consequential)
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S04\, Sosf\
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Figure 2.8.1l nf l uence of creep ductility]l. on creep
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Table 2.2Influence of unequal ramp rates emdurance of alloy 800H at 850°€, B1].

Strain rate (s7') Number of cycles
for crack
Wave shape Tension Compression initiation
Fast-Fast 4x 1073 4x10? 1930
Fast-Slow 4 x 1073 4x10°°% 988
Slow—Slow 4 x 103 4x10°° 884
Slow—Fast 4 x 10-3 4 x 1073 340

Applying a slow tensile strain rate intwontinuouscycling enabled creep cavitatiatamage
to accumulate at grain boundary particlBslk intergranular damage tooKkage due tocreep
damage producedudng slow strairrate partwhichwas notsintered by subsequent compressive
straining.Also, theenvironmental effectsn cavitatiomear the surface are severe and the diffusion
of environmentakpecieshinderthe colapse of cavityeading to mtergramilar crack initiation.
However, @avironmental damage woulte smaller in fasslow tests than in slowlow and slow
fast testg44]. It is worthmentioning that in case of existing oxidatiaom slow-fast tests, creep and
oxidation contribute together to thegradatiorof fatiguelife [4].

Sliding mechanisnis necessary fathe formation ofwedge crackingand snce sliding is a
shear proces,takes placén bothtension and compssion. In slowfasttests theunsymmetrical
strainrateproduces rare sliding in tension than in compressishich leaves an offset sliding in
each cycle as shown in Figure 2.®n the other handniequalstrain rates testsliding is
symmetricaland Ittle damage is obtained in each cycle #ngscrack propagatesansgranularly.
[4, 16.

Raj has proposed fatigumaps depicting different damageechanisms in strain rate
temperature regimBor an austenitic stainless stesl shown irFigure2.3 [4, 16]. Asis clear

fatigue damage can occur at any straie,raut itis likely to bea major contribution to final
fracture in the high strairate regime, wherthe applied strain rateQ, is greater than transition
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stran rate U, , for the occurrence ofvedge craking. However, vihen Q < {,, an interaction

between cavitation damage and fatigerack damagecan occuy leading to creefatigue

interacton.

Cycle Shape

5 g

| Net slid
. offset/c

SLIDING

LOG ( STRAIN RATE)

Figure 2.3. A schematic figure describing how a ské&st cycle can introduce a net sliding offset

in each cycleprodudng of W-type cavity damaged| 16.

Transition strain rater, for wedge crackingseparting the homogeneous deformation at

high strain rates from the inhomogemus deformation at low strain ratesgiven by §, 19:

YW aD, (2.39)

where QV= tensile strain ratéy = effective tensile yield stress of the mateiiia grain sizeWw=

atomic volume,p = particle sizef, = area fraction of the particles on the bounda®p, =
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boundary widthmultiplied bythe diffusivity andT = temperatureOn the other handhe transition

strain rate 0 , for the occurrence d®-cavities is given by4, 14:

lj: 027&0’[} (2.40)
KT /
where &= 1nt e@ is theboundarl eetweep eorstramed.and unconstrained cavity

growth.

s

%% CONSTRAINED
{ R-DAMAGE
CAVITATION |
FAT.CR.INIT.

Figure 2.2. A fatigue damage map for austenitic stainless $4edl6].
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2.3.4.Mechanical Analysis of CreepFatigue Damage
2.3.4.1.Crack Initiation Endurance

The generic flow diagram shown Figure 2.3 is used to assess the risk of créajigue
crack initiation in hightemperature defedtee components. In all credgtigue assessments,
determination of the state of stress atrdin at critical locations in the component is an important
step. Thusjt is important toknow the thermal transients and external foreggerienced byhe
structure during service operation, and representations of creep and fatigue deformatitiegroper
of the materials in terms of model constitutive equatiofiterAletermination othe state of stress
and strain at critical locationthe fatigue and creep damage fractions accumulated per cycle at the
component critical location can be determined therefore, it is possible to determine the creep
fatigue cracknitiation endurance?], 3)].

Creep and fatigue damage fractions are calculated based on how the creep damage is
calculated, either due to safjuilibrating loading (secondary), ..y strainfraction or time
fraction methods. Timéraction method calculates creep damagetdugirectly-applied loading

(primary) as a function of creep rupture tireg( {1 ds shown in Eq2(41) [7]:

De = aFN e 1 Q_I_ 3 FN et?., dt 4 (241)
c= €7y U »entio u
i Jf ]@tR(uP) d i % Jéo R(us) ¥

in which the above two terms account for creep damage accumulated due to primary and secondary
loading, and the creep rupture timeg(s,) and t;(ss) are determined from creep rupture
strengh data for a given matet. N; is the cycle number fqgth cycle typetn is the hold time and

S,, S5 arethe stresses due to primary (directpplied) and secondary (selduilibrating)

loading On the otler hand, creep damage in terms of stfeastion methods given by[7]:
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g e g . f 6 2 (2.42)
=aiN,é&—— u+a|NZen7
1 éte(0) g it & & (&) G

where Z; is the elastic followup factor for thgth cycle typeN; is the cycle numbeor jth cycle
type, th is the hold timetr is the time to creep rupturé,; is thestress due to primary (directly

applied) loading & is creep strain rate ang is creep rupturetsain (ductility) determined from

creep rupture tests.
Fatigue damage fraction is determined from a model data of smooth speacidhenv-Cycle

Fatigue (LCF) crack initiation endurance is gin®n 7]:

5 ae Nj (243
f: e—
i gNi (am)

where N,; is the cycle number fgth cycle typeNiis the number of cycles to crack initiation and

De is the total strain range.

Finally, creep and fatigue damage fractions are summed and compared to a reference of creep
fatigue damage summation diagram as showrigare 2.3. In the ASME Code, creefatigue
life is evaluated by a linear summation of fractions of fatigue and creep dambagereegdatigue

criterion is given by [3]:

én (244
CRAIP LR
j eNd k T

wheren andNg are the number of cycles of typand the allowable number of cycles of the same
cycle type, respectively; argptandTqy are the actual time at stress lek@ind the allowable time

at that stress level, respectively; is the allowable corbined damage fraction. This can be
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materials according tihe ASME Division §33].

Figure 2.38. Generic

DESCRIPTION OF CYCLIC AND
CREEP DEFORMATION PROPERTIES
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APPLIED TO FEATURE SPECIMEN/
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procedureT, 3].

represented graphically by the crdafigue interaction diagrashown in Figure 2.34 fatifferent

flow diagram representingreepfatigue crack initiation assessment
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304 and 316 stainless steels,
Intersection (0.3,0.3)

2% Cr-1Mo steel and Ni-Fe-Cr Alloy
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d
Figure 2.3l. Creepfatigue interaction diagram for ASME Subsection NH materials. The

coordinates of the intersections, |, of thdibear curves are shown in the leged]]

2.3.4.2.Crack Growth
Crack propagation due to creétigueinteractionmay occur within théoundaries oplastic
zone when the crack is small (i.e.;2 mm) or beyond the limits of the size of the plastic zone,

when the crack is long as shown in g 2.5 [7].

initial defect initial defect

plastic zone plastic zone
(a) (b)

Figure2.35. Schematic representation of (a) shandck growth within a cyclic plastic zone; and

(b) long crack growth beyond the bounglaf a cyclic plastic zoner].
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In case of longcrack propagation, credptigue crack growth is represented bydag and

creep crack growth rate characterisassfollowing[7]:
(da/dNXxr = (da/dNY + (da/dN} (2.45)

(da/dNyx= A ( T),. (@PK t (2.46)

(daldN): = Fp(e,)(CF. dt / g 247

wherem Kqis the range ddtress intensity factomandoare exponentsy is the hold timeD(&;)
is aconstant andj is the frequencyThe functionA ( T ,n), agcounts for any influence of prior
creep and oxidation damage at the crack tip, which cantbendred experimentally. The creep

rate dependent parameteZ, , providesa geometryindependent function for correlating creep

crack growth rates for long crackader steadytate creep conditions and ahead of the crack tip

[7].
In case of shoftrack propagation, credptigue crack growth rate can be expressed as a

function of total strain range [7]:
da/ dN g#¥haBBDc)> (2.48)

whereQ is the crack size exponent which equsals a is the crack lengthy is the strain range
exponentB @ constant anBc is the total creep damage fracti®ior advanced martensitic steels,
the total creep damage fractiddy, can be replaced by acerostructural condition parameter)(

in which itis a function of the suQrain sizg7].
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2.3.4.3.PostTest Examination

Posttest examination of theest specimens is necessary to obtain an effective quantitative
interpretaton of thefinal damagewhich requires knowledge of the microstructural and damage
conditions of the materials under controlled loading comattiFor example, the classification of
fatigue damage appearance in term&@afan (p K and temperaturallows b indicate the loading
conditions responsible for final failure.

At high temperaturesthe presence of oxidation can camouflage immorfaatures for
damage justification. Howeveoxide thickness measurements provide a useful indication of the

time of exposure and thus, the basis for oxide dating [7]:

x2= kot (249)

wherekp is a function of material, temperature and surface condition that represent the oxide

growth law constant is the oxide thickness ands the time.

2.3.5. Creep-Fatigue Damage Assessment

Creepfatigue damage diagrams facilitate the prediction @felobound higitemperature
cyclic endurance of a matera shown in Figre 2.3%. As showngcreepfatigueinteractionoccurs
if sufficient creep relaxation strain is acculated to createntergranular cavitationAlso,
accumulatedcreep strain initiation requires a minimum number of cycles)d the failure is
transgranulabelow this numberThis region is shown asl" in Figure 2.3 wherethe extent of
"ab" depends on rarostructure, hold time and temperatudewever, & strainranges belowhe
value given by d", failureis dominated by creep damaged theendurance is given bylfo. The

creepfatigue interaction regime is described by the fietadinded by Bcdé', of which the line
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"bed' is a lower limit. Furthermore,fithe hold time is redced fromt, to t2, a new creep failure

line "c'd" must be constructed, 34].

a
-~
a
-

Creep failure lines for twa hold times
>t

T uonDIyIul
dadal)

TOTAL STRAIN RANGE

LOG (NUMBER OF CYCLES)

Figure 2.8. Creepfatigue damage diagrashowing regions of different failure modes for type

316stainless steg#, 34].

The main suggestediteriafor design under conditions of cregiigue interaction are3p]:
1 Linear damage accumulation rule in which it isused to determine the total combined

damage of creep and fatig[8b]:

=& n I=m&t . (2.50)
=N i+ 1O D
j=1¢"Vd Izlg:_t:

wheren = number of fatigue cycles applied at loading condition
Na = number of design allowable cycles at loading condition
t = time under the applied creep load condition

tg= allowable time at load conditidn
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D = total allowable creefatigue damage. Ofteld = 1, but sometimeB < 1.0

1 Modification of fatigue relationships, by introducing afrequency ternthat depends on

time at high-temperaturedtiguedeformationthrough B5]:

VKt = VK (NAV) = Nk (2.51)

wheret is the time to failurek is a constant that depends on temperaturéNafitis known

asthefrequency modified fatigue life.

i Strain-range partitioning, which is based on thdea that anyeversed inelastic strain

cycle can be broken down into fai@rms completely reversed adticity or fatigue De,,,

, tensile fatigue reversed by compressive creepe,, tensile creep reversed by

p?

compressive fatigug De,.; and completely reversed creef)e,.. Two types of

deformation are considerg€gigure 237); time-dependent creegeformation(c) and time
independentplastic deformation (p). The first subscript letter refers to the type of

deformation in the tensile part of the cycle, while the secorarefersto the type of

deformationin the compression part of the cycle. In any hystetesjs only one of De,.

and De,, will exist depending on whethareepor fatigueis the larger component as

shown in Figire 238. Also, the difference between the two plastic flow components must

equal the difference between the creep componentsAi:, DB = BA - CD. This
difference is eithebe,. or D&, . In addition, the sum dll the strain rangeermsequals
the total inelastic strain range, i.8¢ =De, + De,, + De,.. At a given value oDe , the

components can be written as fractioBs] |
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De,, De,. De De (252
Fop= —— pc = Fec= —+
De De De De

Therefore the predicted life for the combined creep and fatdmmagesNpred iS given by

theinteraction damage rulglg]:

1 Fo  F  F. .F (253)

pp pc +_C 4 cp

= + }
Npred Npp Npc Ncc Ny

The assessment of crefgtigue damagesi applicable fomaterialsin which intergranular
creep damagmay be quantified. Measurements are performed away from the main crack in order
to estimate the homogeneous damage due to creep withouttiotergith the maincrack. Creep
fatigue damage may then be quantified as a function of cracked grain boundary fraction and surface

crack densityT].

Plastic
Creep
E 1 €
Ae,,
Plastic Plastic
(a) (b)
a
Plastic °
' Creep
E 1 E
Ae,,
Creep Creep
© (d)

Figure 237. The four types of partitioned strarange cycles3p].

Creepfatigue damage irolves the development of transgranular fatigue cracking from the

surface and intergranular creep damage fromssuface to the point where the intensity of grain
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boundary damage is sufficient to deflect crack propagation ontodhelgpundaries-igure2.39
shows an example of the development of cifie¢igue damage in 1%CrMoV rotor steel at 365
Multiple short fatigue crack development occurs at the surface, while creep damage evolves from

the center of the specimen. When fitiggue crack meets ttegeep damage, interaction occurs [7].

Stress

]

Plastic flow
e

Strain

—

Creep Plastic flow

Figure 238. A typical creepfatigue strain hysteresis cyclgs|.
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Figure 239. Creepfatigue crack development in &CrMoV rotor steel at 565C [7].
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3. EXPERIMENTAL SETUP

3.1. Material

The materiainvestigatedn this workis Fe-25Ni-20Cr advanced austenitic stainless steel
(known asAlloy 709) manufactured by.0. Carlson heat 588#4 (GOC ID: 5877&4-B1) and
received in the form ad rectangulaplate with dimensionsf about 735mm (length) x189mm
(width) x 30.48mm (thickness)As-received Alloy 709 is shown iigure 31. The G.O. Carlson
plate had amrgoroxygendecarburizabn (AOD) melt conditionThe chemical composition of
the alloy is given in Tabl8.1 The history of the material started from iagot of the Alloy 709
thatwas fabricatedy hotrolling and then solutiolannealing at 11008C for 75 minutes (4,500

secong) followed bysubsequentvaterquenching.

Figure 3.1.The hotrolled plate of Alloy 709.
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Parallelgage test specimens (kg 3.3 were machinedrom the asreceived plate with 3
mm diameter gage section and hm length alonghe rolling direction for lowcycle fatigue

(LCF) and creegatiguetests.

Table3.1.Chemical composition (wt%) of Alloy 709.

Element Wt %
Fe 52.0288
Ni 25
Cr 19.9
Mo 1.46
Mn 0.88
Si 0.28
Nb 0.23
N 0.14
C 0.063
Ti 0.01

0.0B
0.0022
0.001

8 = X
= 2 10
12
n LA SECTION A
:?\ %A SCALE 3:1

THREADED 8MM

Figure3.2 Alloy 709 sample geometry.

0 8.004
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3.2.Method

Low-cycle fatigug(LCF) testshave been carried out on the Alloy 709attl strainranges
varying betweer®.3%2.5% andcreepfatigue tests at total strain ranges varylregween 0.6%
1.2%with tensilehold times of 060, 600, 18,00 an8,600 seconds atstrain rate of 2x18 s
(0.1 Hz)andtemperatures varying between 680750°C.

The tests were carried out using an elediynamic creegatigue machine (Moel 810LE3)
from TestResources, Indhe strain was measured and controlled using a Linear Variable
Differential Transducer (LVDT)wi t h an accuracy of 2 em displ
attached to a higtemperature extensometer mounted on the-gggton of the samplesThe
LV DT was connected to a PC through alMcontrol box and a data acquisition b@x. enalte
high-temperature testing, threezoneresistiveheatingfurnace from Applied Testing Systems
was used during the tests, and the temperat@® controlled using a pe thermocouple
attached to the gage section of the sample and maintained withthdt#ihg the testdVhen the
desired temperature is reached before starting the test, each sample is soatéehgpehature
for 30 minutesd ensure homogeneous distribution of the temperature over the entire gage length.
Following the completion of eh test, the sample is rapidly cooled to room temperature by turning
the furnace off and using an air fan to preserve the deformation mictasttddie experimental
setupfor both LCF and creefatigue testss shown in Figre 3.3 in which thdoad andextension
were recorded using LCF software connected to the testing machine through MTL programming

via a PC.
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Figure 3.3. The Experimentadtsup for LCF and creefatigue tests.

3.3. Microstructure Characterization
3.3.1. Optical Microscopy

Posttest mcrostructural examinatioaf the free surfacesf Alloy 709 wasperformed using
HIROX opticalmicroscope (Model C72180151) to study the crdcand grain morphologiess
shown in Figure 3.4Thefree surfaces wergectionedo about 2 mm thicknesten mechanically
polished using 60A.200 SiC papers followed byi® € m -based diamond suspéeos.
Subsequently, 50 nm colloidal silica solution was utilized followed by ultrasonic cleaning in

acetone. Finally, the sampleereair dried before placigthemonthe microscopsample holder.
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Figure 3.4HIROX microscope (Model C72140151).

3.3.2. Scaming Electron Microscopy

Microstructural examination of thasreceived and deformesamplesof Alloy 709 was
performedusingscanningelectron micrgcopy(SEM) to study thegrain andcrack morphologs
before and aftecreepfatigue interactionSEM fractography was carried out in FEI Quanta 3D
FEG and SEM Verios 460lat Advanced Instrumentation Facility (AlIF) at NC State University
(Figure 3.5). Théractured samples wesectioned to about 2 mm thickness alednedm acetone
before being placed inside the SEM sample holder, whédree surface§- 2 mm thick)were
mechanically polished using 60200 SiC papers followed by ® & m -based dimond
suspension. Subsequently, 50 nm colloidal silica solution wézedtifollowed by ultrasonic
cleaning in acetone. Finally, the sangpiereair dried before placinthemon the microscope

sample holder.

73



Figure 3.5FEI Quanta 3D FEGEM (a)and SBM Verios 460L(b).

3.3.3. Transmission Electron Microscopy

Transmission electron microscopy (TEM) characterization of the@sved and deformed
samples of Alloy 709 was useddtudythe microstructure in terms of phase transformation, defect
strucure and phase and chemical anedysf precipitatesprior to and aftecreepfatiguedamage
using JEOL 2000FX TEM at Advanced Instrumentation Faci(dyF) at NC State University
operated at an accelerating voltage of 20Qkigure 3.6(a)). AlsoF Elal ©s F2 n@hE TEM
Irradiation Microstructure Examination Laboratory (IMCL) at Materials and Fuels Complex
(MFC) at Idaho National Laboratory (INMas usedFigure 3.6(b))

The preparation of TEM thin specimens of Alloy 78@rted from cuttip sampleswith
thickness of about 0.9 1.2 mmthen slowly polising themusing 320 grit and 400 grit silicon

carbide (SiC) papers down to 500 em followed
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€ mAfterthat t he sections were pol i smnendOxtlebapping o ~ 7
film of 30 1 1 micron gradesThen the TEM specimensvere electrepolished usingwin-jet
electrapolishing technique which uses an electrolgtelO vol% perchloric acid and 90 vol%

methanol solution at -35°C at a voltage of 30 V and a current of about ~ 30 fioding onto

the sgcimen to produce an electrtmansparent region within the discBinally, the TEM

specimens were air dried beforargeplaced insidéhe TEM grid.

Figure 3.6JEOL 2000FX TEMa)andF EI Tal os (Fi2)0.0 X TEM
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4. EFFECT OF HOLD TIME ON HIGH TEMPERATU RE CREEP-FATIGUE
BEHAVIOR OF F e-25Ni-20Cr (WT.%) AUSTENITIC STAINLESS STEEL (ALLOY

709).

Abstract

To understand high temperature créajigue interaction of the Alloy 709, stragontrolled
low-cycle fatigue (LCF) tests were performed at straimges varying from 0.3% to 1.2% with
fully reversible cycle of triangular waveform at 750 °C. In addition, different hold times of 60,
600, 1800 and $00 seconds were introduced at the maximum tensile strain to investigate the
effect of creep damage dne fatiguelife at strain range of 1%t 750 °C. Te creepfatigue life
and the number of cycles to maan@ck initiation and failure are found to decrease with increasing
hold time indicatinchighercrackinitiation andgrowthrates Creepfatigue lifeis evaluated by a
linear summation ofractions of cyclic and creep damages according to ASME code. The
fractographs of the samples deformed at 1% strain range indicated that fatigue might have been
the dominant mode of deformation whereas, for the sandafessmed at the same strain range
with different hold times, both fatigue and creep have contributed to the overall deformation and

fracture of the alloy.

4.1. Introduction
With increasing demand on energy these days and for the near future,hinalict e a

continuous improvement infétime and safety of the energy systems to satisfy the future needs.

1 This chapter is publisheid Journal of Material Science arfehgineering: Av o | . 7Y1 (201«
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Generation IV nuclear reactors are being designed to be safer, more reliable and more efficient
with a longer lifetime than the fleet of current nuclear reactors that are reaching feneir li
expectancyAn example of Genetian IV nuclear reactors is Sodivonoled Fast Reactor (SFR)

that is being developed to operate at temperatures as high & 860 uses sodium as coolant

and moderator due to its high melting point, low specific teglh thermodynamic efficiency and

heavy atoms compared to water. The structural material of SFR should have superior mechanical
properties that can withstand high temperatures, high corrosive environments and high radiation
doses. Preliminary data suggettat a newly developee25Ni-20Cr austenitic stainless steel
stabilized by nitrogen and strengthened by niobium (known as Alloy 709) is an excellent candidate
as structural material for SFR because it is corresggistant, has high strength, therntabdlity,

sodium compatibility andood creep properties [1Alloy 709 has been developed based on the

NF709in ultra-supercritical (USC) power planés superheater and reheater for coal fired boilers

2].

Creepfatigue interaction is expectedlie a contributor to the damage mode for many reactor
components such as reactor cladding, gas turbines and pressure vessels operating at high
temperatures in nexgeneration nuclear reactorsTR In the past decas, many efforts have been
made to studyhe effect of hold time, strain range, strain rate and temperature on théatigep
life of austenitic stainless steels such as 304 and 316 stainlessndtetisare selected for the
primary components in liqdi metalcooled fast reactors. Howeverpst of these studies were
performed at temperature range of 8D °C with different strain ranges and strain rates which
were found to exhibit decreasing in the number of cycles to failure and increasing indtte tim
failurewith applying tensile holtimesduring continuous cyclinf#, 8]. Nevertheless, the service

temperature for structural componentS&Rscanoperate at temperatures as high as’&@50ther
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components can be exposed to higher service tetnpesaand thus, exhibit shorter lifetimmguch
as boiler tubes. Therefore, it is important to investigate and understand thétigaepinteraction
of an advanced austenitic stainless steel such as Alloy 709 at higher temperature$Cato750
generateenough amount of data in a reasonabheetiand then extrapolate it to the service
conditions expected in SFR& previous publications [1], a general comparison between Alloy
709 and 316H stainless steel showed that Alloy 709 has outstanding propeetiestar
austenitic stainless steels endreepfatigue tests.

In thischaptey the creegatigue interaction of the Alloy 709 is investigated by conducting a
series of straitontrolled lowcycle fatigue (LCF) tests and crefgiigue tests with dld times of
60, 600, 1800 and F00 seonds at 750 °C followed by microstructural evaluatidie results
are reported and discussed in terms of cfaggue life predictions using the linear summation

rule and the effect of credptigueinteractionon the crack properties and morphologies.

4.2. Experimental Details
4.2.1. Material

The investigated material Be-25Ni-20Cr austenitic stainless steel (Alloy 709) in the form
of a plate that had undergohet-rolling followed by solutiorannealing heatreatment at 1100C
and the chemical coposition of the alloy is given in Tée 4.1. Parallelgage test specimens
(Figure 41(a)) were machined from the-esceived plate with 3 mm diameter gage section and 10

mm length oriented along rolling direction for lawcle fatigue and creefatigue tess.

Table4.1. Chemicalcomposition (wt%) of Alloy 709

Element C Mn Si P S Cr Ni Mo N Ti Nb B Fe
Wit% 0.07 0.91 0.44 <0.014 <0.000 19.93 2498 1.51 0.148 0.04 0.26 0.0045 Bal.
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4.2.2.Method

The lowcycle fatigue and creefatigue tests were performagsing an electralynamic
creepfatigue machine (Model 810LE3) from TestResources, Inau(Eigl(b)). The strain was
measured and controlled using a Linear Variable Differential Traesdqu¥DT) attached to a
high-temperature extensometer mounted on ghp-section of the test specimen. For high
temperature testing, a furnace from Applied Testing Systems was used during the tests, and the
temperature was controlled using dyfethermocouple attached to the gage section of the sample
and monitored withi £2 °C during the tests. The experimentaligeis shown in Figre 41(b).
Microstructural examination was performed using optical microscopy, scanning electron
microscopy (SEM) ld transmission electron microscopy (TEM). The fractured samples were
cleared in acetone before performing microstructural characterization and optical microscopy was
made using HIROX microscope (Model C729@151). SEM fractography was carried out in FEI
Quanta 3D FEG. The TEM samples were prepared usingjévielectrepolishing in 10 vol%
perchloric acid and 90 vol% methanol solution at35 °C at a voltage of 20 V. The TEM
examination was done using JEOL 2000FX.

Straincontrolled fatigue teés were conducted at 0.3% to 1.2% strain ranges and-fatgpe
tests wee performed with hold times of 60, 6008020 and 300 seconds at 1% stain range at 750
°C and 2x16G s? strain rate (0.1 Hz). As shown in Eig 42(a), a triangular waveform psoduced
when no hold time is introduced while a trapezoidal waveformadymed with imposed hold
times (Figire 42(b)). Also shown in Figre 42 are the corresponding variations of the stress and

hysteresis loops during loading cycles.
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Figure 4.1. Tk specimen geometry (a) and the experimentalsé€b).
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Figure 4.2 Schrematic of loading cycle of the stragontrolled creegatigue test depicting strdin

time, stresstime and streg§strain curves without hold time (a) and with hold time imposed at the

peak tensile strain (b).
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4.3.Resultsand Discussion
4.3.1.Low-Cycle FatigueTests

Straincontrolled fatigue tests for the Alloy 709 were performed at 750 °C and32x410
strain rate (0.1 Hz) with strain ranging from 0.3% to 1.2%. Tyigsleresis loops corresponding
to the second cycle at 0.5% and 1% strain rangesrsimoFigure 43 exhibiting similar shapes at
different strain range3.he number of cycles to failure of Alloy 70%, at each tested strain range,

De, is listed in Tabletl.2 in which the number of cycles to failutecreasgwith increasing strain

range. Figre 44(a) shows the strain amplitud@e/ 2, vs. number of reversalgNy, on a loglog
scale with the lowcycle fatigue (LCF) and highycle fatigue (HCF) portions clearly delineated
along with fatigue life l)) at which the transition from LCF to HCF occurs. LCF is characterized

by Coffini Manson equation [3]:
De,/2 = A (2Ny)° 4.3

where De, is the plastic strain rangeyanging from-0.5 to-0.7 andA is a material constant that

is proportional to the tensile ductilitdn the other hand, HCF is characterized by Basquin equation

[3]:
Dée./2 =B (2Ny)P (4.2

where De. is the elastic strain rangle,ranging from-0.05 to-0.12 andB is a material constant

that is proportional to the ultimate tensile strength. LCF is controlled by ductility and HCF is
controlled by strength. Therefore, the LCF (plastic) curve appears at higher strain amplitudes than

the LCF (elastic) curve. This meatisat good resistance to high strain amplitudes requires high
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material ductility during LCF, while resistance to low strain amplitudes requires high tensile

strength during HCF [9]The fatigue data correlated with the folliony equation:

De _ 0.5968(2Ni)0-1234+ 8 2558(2Ny)-0-5232 4.3

where De/ 2 is the strain amplitudeFigure 44(b) shows the experimental life vs. the predicted

life obtained using Eq4.3) on a loglog scale where a linear correlation is observed between the

experimental and predicted values.

400 T T " T N
Strain Range (%) Al|oy

o 0.5
~ 1.0

200 | e=2x10% s

| T=750°C
Cycle Number =2

Stress (MPa)
(@)

-200

-400 — . : : :
-0. -0.2 0.0 0.2 0.4 0.6
Strain (%)

Figure 4.3.Hysteresis loops of the LCF tests of the Alloy 7190.5% and 1% strain ranges

showing the second cycle.
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Figure 4.4. Straimmplitude,De/ 2, vs. number of reversalg@N, in log-log scale showing both

LCF and HCF parts (a) and experimental life vs. predicted life of Alloy 7@@runCF and HCF

(b).

Table4.2 The fatigue life of Alloy 709 at 758C at different straimanges.

Strain Range 0.3 0.4 0.5 0.6 0.8 1.0 1.2
(%)
Number of 109395 17417 3745 2495 892 526 453
Cycles to
Failure, N,

4.3.2.Creep-Fatigue Tests
4.3.2.1.Creep-Fatigue Properties

The second cycle of credatigue hysteresis loops for the Alloy 709 at eiffint hold times
at 1% strain range are shown in Figure 4.5. The width of the hysteresis loops is found to increase
with hold time indicating the rise of the inelastic strain [B]is found that the increase in the
inelastic strain was due to transforioatfrom elastic strain during stress relaxation. Therefore,

this behavior suggests the occurrence of creep damage at imgéragures [5, 10, 11Creep
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damage here means that the material will soften due to recovery processes during the hold time
under straincontrolled creegatigue tests. Also, this rise in the inelastic strain during strain
controlled hold time, correspda to the fact that stresses do not relax completely as will be
discussed later [5]. To understand the softening behavior ofitlyedairing cyclic deformation at

1% strain range, peak stresses during tension and compression parts of the loading oycles we
plotted as a function of number of cycles on a log satatbfferent hold times (Figure 4.6(a)). In
continuous cyclic loading ihout imposing hold time, the alloy exhibits rapid rate of cyclic
softening while cyclic hardening is observed when hol@siare incorporated. Moreover, the rate

of cyclic hardening becomes more obvious with increasing hold time. The change of the cycli
behavior is related to the microstructure and can be due to: (i) disledalonation, (ii)
dislocation precipitate andiii) dislocatiori solute atom interactions [12]. These observations are
comparable with the credptigue test results obtained Byrter,et. al.,[13] on Alloy 709at550

°C and650°C, at 0 and 1,800 secondshold timesand 103 s strainrate. Time variations of the
maximum tensile stresses is shown in Figure 4.6(b) on a log scale at each investigated hold time
that indicate smalhitial increase followed by distinct decrease at longer hold times.cfeep

fatigue life of the athy was found to decrease with increasing hold time (Figure 4.6(c)) until it
reached saturation where number of cycles to failure is essentially indepehdlee hold time

[5]. Similar saturation behavior has been reported by Dewa, et. al., [6paeahaer [14] in Alloy

617 where the evolution of carbide precipitation at high temperatures was suggested to be
responsible for this saturation. In the All@®9, Alomari et al. have found different types of
carbide and nitride precipitates during creep deédion at 75(°C [15] and thus the saturation

noted here might be due to the strength of carbide precipitation.
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Figure 4.5. Second cycleysteresis lops for the creeffatigue tests of the Alloy 709 at 1% strain

range and different hold times.

4.3.2.2.Stress Réaxation Behavior

Stress relaxation occurs during the tensile hold time as shown in Figure 4.7 for typical mid
life stress relaxation responsgrves of the Alloy 709 for different hold times. The decrease in the
tensile stress during hotime is related to the recovery process [6], and all the stress relaxation
curves are quite similar with the stress decreasing rapidly at the beginning ébhigwaeelatively
stable state of stress relaxation. However, the minimum stress during relaisafmund to
decrease significantly with increasing hold time and the stress at the end of the hold time continued
to decrease with increasing hold duratih Puring stress relaxation, creep damage occurs which
is indicated by the stress reduction. Bress relaxation curve during hold time can be fitted to a

powerlaw equation [5] as shown in Figure 4.7:
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0 Bo(t+t,) (4.4

wherebo, to andb; are fitting parameterm which their values for each hold time are shown in
Table4.3. The fittedcurves are plotted as solid lines in Figure 4.7. Theretbesgcreep rate can

be calculated from stress relaxation curves using the Maxwell mofiéloags [6, 16, 17]:
S, =Eé (4.9

where S, is the measured relaxed streBss the elastic modulus anél is the creep rates,

values were found to be 204.5, 147.4, 119.9 and 27.4 MPa for hold times of 60,8600arid
3,600 seconds, respectivelijhe creep rate during stress relaxation was found to be in the range
of 4.2 x 1% 5 x 10* s for hold times of 60 and 600 secswhereas it was found to be in the
range 2.8 x 187 5.9 x 10% s for hold times of 800 and 300 seconds. The creep rate depends
on the stress following Norton's power law with stress expomgriiefween 5.010.5 which is

comparable to the valugbtained for this alloyr{= 7) [15].

Table 4.3Values of fitting parameters of powkaw equation

Hold Time

(second) Cycle Number bo to by
60 270 226.009 4.746 -0.054
600 207 203.422 5.008 -0.058
1,800 135 256.162 2.068 -0.125
3,600 105 400.276 5.590 -0.416
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Figure 46. Maximum and minimum stresses vs. number of cycles to failure at different hold times
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time (c) (all at 1% strain range).
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4.3.2.3.Linear Damage Summation

According to the ASME Code, Section lll, Subsection NH, cife¢igue life is determined

by a linear summatn of cyclic and creep daage fractions. The linear damage summation rule is
used because it is applicable over a wide variety of conditions with the availability of application
data, and also to recognize which damage developed more rapidly untilfrad¢tercreepatigue
criterion is given by [5, 6, 18]:

. en . eDt A (4.6)

aée,~ tae O D

i éNy k gﬁ
wheren andNg are the number of cycles of typand the allowable number of cycles of type

respectively; andotindTq arethe actual time at stress lekadnd the allowable time at same stress
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level, respectivelyD is the allowable combined damage fraction which is usually assumed to be
eqgual to one. The first term accounts for fatigue daniagé terms of number afycles and the
second term accounts for creep dam@gein terms of timeraction. Fatigue damage fraction is
defined in terms of the ratio of the cycles to failure under ¢faggue conditionn,to the number

of cycles to failure under continuous tipig loading, Ng, at the same conditions applied in the
creepi fatigue test. On the other hand, creep damage fraction is calculated usifgatitios
method based on a linear correlation between the rupture tijienjperatureT), and applied

stress ) usng LarsonMiller Parameter (LMP) as employed by Wright, et. al., [5]:
LMP=T(log(t)+C) (4.7)

whereC is the LarsorMiller constant (~20)t is rupture time in hours. A linear equation in semi

log scale describes the creep data using LMP:
LMP=as+ailo g ( 0) 4.8

where a, and a; are the fitting parameters which are found to be 38357.14-a4P.86,

respectively. Therefore, credamage can be calculated as follow [5]:

c_  B" 1 bm 14m (4.9
Di —m((th t) " () )

wheret, is the stess relaxation hold time in secondsindmare fitting parameters in the Larson

Miller parameter as a function of stress which are found to be 1.125xid-6.98, respectively.
The creep damage in E(1.6) is calculated at the halife cycle and themmultiplied by the
corresponding creefatigue life. Figure 48 shows the creefatigue interaction diagram for the

Alloy 709 where creep damage is plotted as a function of the fatigue damage at different hold
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times;the ideal failure criterion of linearathage summation is also showks shown, both the

fatigue and creep damages decrease with increasing the hold time, where data points are shown to
lie above and below the ideal failure criterion. Decreasing the creep damage can be attributed to
decreasinghe relaxed stress during ests relaxation with hold time, in which it was fitted to a
power law equation as shown earlier according to the approach followed by Wright, et. al., [5].
Generally, the creépatigue damage envelope represents the average trfethe interaction
betweerthe creep and fatigue damages depending on the material and microstructure [5]. In this
study of the Alloy 709, however, more data is needed to help us establish a better understanding
of the creegfatiguebehavior of the Alloy709 with increasing hold tie) and, therefore, determine

the creegatigue damage envelope.
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Figure 48. Creepfatigue interaction diagram using linear damage summation; the red dashed line

shows the ideal failure criterion.
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4.3.2.4.Effect of Creep-Fatigue onCrack Properties

According to ASTM standard E274¥8 [19], the number of cycles to crack formation are
determined by the number of cycles when a specific crack size is formed baégdaospecific
percentage drop ithe peak tensile stresstivirespect to the level during the tg#f) a specific
percentage drop in the tensile modulus of elasticity to the compressive modulus of elasticity of the
hysteresis loops(c) a specific percentage drop in the peak tensilesstwith respect to the
conpressive stress, ¢d) a specific increment in crack size as measured by an electrical potential
drop monitoring crack propagation. Therefore, to determine the point of {o@@ioinitiation and
failure following the approachpalied by Totemeiert. al., [20], theabsolutevalueof theratio of
maximumtensile stressto compressivestressis plotted as a function of cycle number(Figure
4.9(a)); macrocrack initiation is defined as the point at which the stressratio deviatesfrom
linearity (indicatedby blackcircles)while failure is definedby a20%dropin stresgatio from the
point of deviation(indicatedby black squares)Determinirg the creepfatiguelife from this ratio
distinguishedbetweerchangesn peakstresseslueto cyclic hardeningor softeningandthosedue
to crackinitiation andpropagatior[5, 13, 20]. Figure 4.9(b) showsthe effect of hold time on the
numbersof cyclesto crackinitiation andfailure wherewe notethatthenumberof cyclesdecrease
with increasinghold time. Also, with increasinghe hold time, the differencebetweemumberof
cyclesto crackinitiation andfailure decreasemdicatinghighercrackinitiation andgrowthrates

for longerhold times.
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Figure 4.9Peak tensile and compressive stress ratio for eisg@gpie tests of the Alloy 709 at 1%
strain range and different hold timgg andthe effect of hold time on number of cycles to crack

initiation and failure (b).

Both the number of cycles to failumg;, and time to fracture;, can be used tdescribe the
creepfatigue lifetimes. The time to fracturg, can be calculated by using the strain rategr

ramping frequencyf, as following [7]:

N 4.1
=Nt (4.10
f
wheref is given by,
(= é (4.1)
~ 2.De
so that,
tszf(Z'Per +t) 4.12
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wheret, is the hold time andDé; is the total strain rang&he effect of hold time in ongycle on
the time to failure in Alloy 709 under creégtigue is shown in Figre 410(a) on a logog scale
where we note increased failure time with increasing hold time; the({@mDe; /& + t,) in
Eq. (4.12) is defined as one cycle tima, Figure 410(b) shows the relationship between time to

failure, t; , and one cycle timeg;, on a loglog scalejn which tre same trend as in kige 410(a)

iS noted.
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Figure 410. Effect of hold timetn, on the time to failurey, (a) and one cycle time;, (b) under

creepfatigue.

4.3.2.5.Crack Morphology

Creepfatigue deformation is a combination of creep defatran and fatigue deformation at
high temperatures. Generally, the créajigue interaction is described as a mixed mode crack
growth of pure fatigue and creep cavities developing independeritig gnain boundaries [6, 16,
17, 21]. In order to investage the damage mechanisms responsible for the final fracture of Alloy

709 subjected to credptigue tests, detailed observations were carried out of specimen free
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surfaces and fracture surfaceswgdboth optical and scanning/transmission electronic ooy
(SEMITEM).

For optical microscopy, the free surfaces of Alloy 709 after cfetgue tests were
characterized at different magnifications dfidure 4.11 shows these fractograpdisen at the
transverse cross section perpendicular to tlessaxist 1% strain range and different hold times
Highly branched and almost closed cracks propagate in the spedumeg low hold time (600
second)where oxygen is shown to penetrate aloregéhcracks as revealed by a thin oxide layer
at the crackip. However the cracks observed during longer hold tim@&@8 second) are widely
opened and almost straight filled with oxide (Figure 4.11(b,c)) than those observed at shorter hold
times (Figured.11(a)).The straight morphology of the cracks in Figargél(b,c) suggests a faster
propagation than that of the branched cracks observed at shorter hold timdhakidation
process is tim&lependent in which the penetration depth of oxidation kel higher with
increasing hold timeTherefore, the presee of cracks filled with oxide might exhibit a faster
propagation (slip irreversibility [23], adjustment of the crack tip deformation behavior [24], etc)

or a sl ower pr opadjthetciacki23])(t ot al O6o6heal i ngbb
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Figure 411. Fractograph®f the free surface of Alloy 709 after credgtigue tests at 1% strain

range at hold times of 600 secar{d) and 300 seconsl(b,c). (Stress axis perpendicular to the

page).

In general, two types of crack phenomena are observed during a tesidih creepfatigue
teststhat decrease the number of cycles to failure than those observed-fydiewatigue (LCF):
earlier crack formation and faster crack growth [Rfure 412(a) shows an SEM image ofas
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received material taken in backscedte eletron imaging mode where microstructural features
such as granboundaries and annealing twins are observed. Also, grain morphology is irregular
and some of the grains seen i nurgdhiXb)andFgreogr aph
4.12(c) showtwo brightfield TEM images of aseceived material taken from two different
regions of the TEM sample in talmeam condition, in which very low density of dislocations is
observed withirthe matrix and a pilaup of dislocations at the grairmbndary alongvith micro-

sized precipitates. Different types of precipitates including Nb rich and Cr rich particles have been
reported in the Alloy 709 [15, 25]. The fractographs of the fracture surface of Alloy 709 after low
cycle fatigue (LCF) test at% strain rangausing the SEM are shown in kig 413. Crack
nucleation sites are observed as shown in the high magnification fractograph corresponding to
region 1lin Figure 413(b). On the other hand, the high magnification fractograph of region 2
(Figure 4.13(c)) showdatigue striations due to crack propagation. Finally, the dimple features of
the fractograph of region 3 in kige 413(d) are usually observed during the last stages of pure

fatigue tests and representing the overload region.

Figure 412 SEM micrograh of the ageceived Alloy 709 taken in backscattered electron mode
(@) and brighfield TEM micrographs at zone axis [112] with dislocations and Nb(C,N)

precipitates [25] (b) and (c).
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Figure 413. Fractographs of the fracture surface of Alloy 709 dfteF test at 1% strain range

depicting different microscopic features representative of differenemofifailure.

Also, the fracture surfaces of Alloy 709 after créatigue tests were characterized using the
SEM at different magnifications; ure 4.14 and Figure 4.15 include fractographs at 1% strain
range and different hold times of 60 afd@00 seconds, respectively. As shown in these
micrographs, striations start to disappear with increasing hold time indicating that the dominant

damage moel is comprised of both creep and fatigue darmagéke the case of LCF where the
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density of striatias was higher due to dominant fatigue damage. Also, density of creep cavities is
shown to increase with hold time as well, wharge round creep cavities the grain boundaries

are noted (some are indicated by dotted red circles in Figure 4.14(b)camd Ei15(b,c))The
fractographs show ductile failure with higher crack density as hold time increases typieak
intergranular cracks (some are iratied by white arrows in Figure 4.14(b) and Figure 4.15(b,c))
and transgranular cracks (some are iatdid by red arrows in Figure 4.14(b,c)) are obserésl

clear that cracking mode changes from mixed mode (intergranular and transgranular) to
intergrarular mode along with dimple features with increasing hold time where intergranular
cracks become modominant than the transgranular ones.

As mentioned by Hechi26], during high temperature creégtigue interaction, multiple
processes occur bir simultaneously or in parallel: microstructural evolution and environmental
interactions at high temperatures, fatigue damage and softening effect due to cyclic loading,
acamulation of creep damage during tensile hold duratibongeneral, crack nuces due to
forward or reverse plastic flow of a slip band. In pure cyclic deformation, dislocations pile up and
form persistent slip bands dueth@movement of material algrslip planes and thus, transgranular
crack initiation and propagation is obsedv In creep deformation, on the other hand, extensive
creep cavitation occurs during deformation (specially in tertiary creep region) leading to
intergranular crack initiatiomnd propagation with dimple features. In this study, the fracture
morphology sbwed crack nucleation sites, striations, ductile failure under shear stress and dimple
features suggesting the influence of creep and fatigue interadthars, the simultanesu
interaction between intergranular creep cavities and transgranular fatiggks arereases the

crack growth rate and decreases the crack initiation endurance.
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Figure 414.Fractographsf the fracture surface of Alloy 709 after crefatigue tests at 1% strain

range and hold time of 60 secend

Figure 415.Fractographsf the fracture surface of Alloy 709 after crefgtigue tests at 1% strain

range and hold time of800 seconsl

4.4.Conclusions

To understand high temperature créafigue interaction of the Alloy 70% candidate
structural material for nexgeneratio SodiumCooled Fast Reactd6FR) straircontrolled low
cycle fatigue (LCF) tests were performed at strain ranges rafmgimg0.3% to 1.2% with fully
reversible cycle of triangular waveform at 750 °C in air. In addition, different hold times of 60,

600, 1,800 and 300 seconds were introduced at the maximum tensile strain to investigate the
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effect of the creep damage on fadguelife at a strain range of 1% at 750 °C. The concluding
remarks are:

1 During creepfatigue teststhe width of the hysteresisops is found to increase with hold
time suggesting the rise of inelastic strain with hold timeécating the occurrena# creep
damage at high temperatures.

1 The creegatigue life of the alloy decreases with increasing hold time until it saturates at
longer hold time.

1 With increasinghold time, the numberof cyclesto macraecrack initiation and failure
decreasendicating highercrackinitiation andgrowthrates.

1 The optical microscope revealbddyhly branched and almost closed crack growth in the
specimenduring low hold time (600 secogdwhile almost straight, filled with oxide and
widely opened cracks were obsendeding longer hold time (800 secons).

1 The fractographs of the fracture surface of Alloy 709 afterdguate fatigue (LCF) test at
1% strain range using the SEM, showed crack nucleation sttestionsdue to crack
propagation andimple features repsenting the region of overload fracture. On the other
hand, the fracture surfaces of Alloy 709 after crdafigue testsshowed mucHower
density ofstriations with increasing hold time indicating that the dominant damage mode
is related to both creep afatigue damages. In addition, the density of creep cavities and
cracks is shown to increase with hold time, whgpecal intergranlar and transgranular
cracks are observed.

1 Creepfatigue life is evaluated by a linear summation of fractions of cycle aeep
damages according to ASME code. However, more studies are needed to confirm the

creepfatigue damage envelope for this alktydifferent strain ranges and hold times.
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5. EFFECT OF STRAIIN RANGE ON HIGH TEMPERATUURE CREEP-FATIGUE
BEHAVIOR OF F e-25Ni-20Cr (WT.%) AUSTENITIC STAINLESS STEEL (ALLOY

709y

Abstract

Sincethe preliminary data suggest tla25Ni-20Cr austenitic stainlesseel(Alloy 709) is
an excellent candidate as structural materiahigh-temperéure applications such &odium
Cooled Fast Reacto(SFRs) andUltra-Supercritical (USC) power plantihe effect of strain range
on creegfatigue interaction of the Alloy09 is investigated by conducting straiontrolled creep
fatigue tests with teng hold times of 0, 600,,800 and 300 seconds at strain ranges varying
from 0.6% to 1.2% at a temperature of 750 °C and $d%0(0.1 Hz) strain rateTo establish
fatigue characteristics of Alloy 70Qrain-controlled fatigue tests were performedihin rang@s
from 0.3% to 2.5% at 750 °C and 2x16? strain rate (0.1 Hz)lt is found that the predicted
fatigue life of Alloy 709 shows a better correlation with ¢haracteristic slopes predictive method
rather than the universal slopes methadyeneral, with increasing strain range at a given hold
time, the number of cycles to failure decresasdtil saturation. Creefatigue interaction diagram
of Alloy 709 at dfferent strain ranges and hold timespigsentedaccording toinear damage
summaion (LDS). Finally, the fractographs of the deformsdmples exhibited increased number

of cracks with strain range along withesCs precipitates and high dislocation density.

2 This chaper is submitted fopublicationin Journal of Materias at High Temperatures

104



5.1. Introduction

Fe25Ni-20Cr austenitic stainless stg@lloy 709) is derived from NF709 (F20Cr25Ni-
1.5Mo-Nb,B,N), which is a commercial heatand corrosionresistant austenitic stainless steel
developed by Nippon Steel Corporation in Japan for boiler tubing applicgtiprsloy 709 is
an excellenhigh-performancecandidate as structural material fogh-tempeature applications
such asSadium-Cooled Fast Reacto(SFRs) and Ultra-SupercriticalUSC) power plantslue to
its adequate mechanical propert®gh as creep, and corrosion resistancedhattolerate the
operating conditions in thelant[2, 3]. Howe\er, the design andperation of higtemperature
nuclear reactors exhibiting cyclic thermal stresses duringugtarand shutlownsintroduce time
dependent effects like creep duringload periods at high temperatures. This phenomenon known
as creegatigue introduces adtional damage. Nexgeneration nuclear reactors such as
Generation IV nuclear reactaasedesigned to operate as graphntederated, heliurcooled and
thermal neutron spectrum reactors for the purpose of producing electricity andédryeribhout
produdng greenhouse gases, and they are also designed to have better effjrateythad0%
compared to the current nuclear reactors that exhibit an efficieradyoot30% [4-6]. Therefore
creepfatigueinteractionis an important dama&gmode in next genation nuclear reactors such as
SFRas a result of power transients in maegctor components like gas turbines, reactor clagding
pressure vesselsore supports, primary and secondary piping, and possibly intermediate and
compact heaexchanges[1, 7-12]. Creepfatigue behavior of Nickébased alloyssuch as617,
Hastelloy X and 230, & been studied at different conditionshafid times, strain ranges, strain
rates and temperaturesicethese gh-temperature metallic alloys arelscted as the primary
candidate materials for tHetermediate Heat ExchangdtHXs) and other components likéot

Gas Ducs (HGDs) operating at temperature range of 8@D0°C in theVery High Temperature
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Reactos (VHTRS) [4, 10, 12, 13]. Also, creepfatigue life has been investigated austenitic
stainless steels such as 304 and 316 which are selected for the primary components in liquid metal
cooled fast reactors at a temperature range of6550C and different stain rangewhich were
found to exlbit decreasing number of cycles to failure at higher temperaamedigher strain
rangeq 10, 1416]. As SFR is beingleveloped to operate at temperatures as high a&5%0her
components like boile tubes exhibit higher operating temperatures ancdrwdr lifetimes.
Therefore, detailed investigatiom$ creepfatigue interaction need tbe carried out at higher
temperatures texaminethe mechanical behavior dfd structural materials of SFRs susidoy
709, to understand and thus explain the ef@f stain rangehold time andemperatureon its
creepfatigue life at expected operating conditioip [

This work is part ofnongoing study of the effect of hold tim@] [andstrain range orreep
fatigue damage daheAlloy 709. In this parttheeffect of strain range arreepfatigue interaction
of the Alloy 709 is investigated by conducting straontrolled creegatigue tests witttensile
hold times of0, 600, 1800 and 300 seconds atrain ranges varying from 0.6% to 1.2%/&0
°C. Also, dgrain-controlled fatigue tests were performed at straineafigm 0.3% to 2.5% at 750
°C and 2x1G s strain rate (0.1 Hz)The results are reported and the fractographs of floended

samples are presented and discussed.

5.2. Experimental Details
5.2.1. Material

Alloy 709 contains 20% chromium and 25% nickad the chemical composition of the
alloy isincluded in Table 5.[7]. Figure5.1(a) shows the asceived hotolled plate of Alloy 709
from which test specimens (Rige 5.1(b)) were mackmed with 3 mm diameter gage section and

12 mm gage length oriented along rolling direction.
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Table 5.1 Chemical composition (wt%) of [y 709 [7].

Element C Mn Si P S Cr Ni Mo N Ti Nb B Fe
Wit% 0.07 0.91 0.44 <0.014 <0.000 19.93 24.98 151 0.148 0.04 0.26 0.0045 Bal.

(b)

| SECTION

AT

81.747

Figure 5.1. The hetolled plate of Alloy 709 (a) and the specimen geometry (b).

5.2.2. Experimental Method

Creepfatigue tests on Alloy 709 were performed using an elabframic creegatigue
machine from TestResources, Inc. equipp#éd a hightemperature furnace from Applied Testing
Systems (ATS) in which the temperature was monitored ustggekthermocouples attached to
the gage section of the sample and connected to d@dngberature readout unit. Higemperature
extensometeequipped wit a Linear Variable Differential Transducer (LVDT) was used to
measure and record strain data [7]. Microstructural characterization was performed using optical
microscopy (HIROX microscope, Model C7228151), scanning electron microscopy (8E
using FEIQuanta 3D FEG and SEM Verios. In addition, transmission electron microscopy (TEM)
was carried out using JEOL 2000FX aadEl Tal os F200X at | daho Nat
The experimental setup along with details on sample preparation forostnictural
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characterization have been reported earlier [7]. Staimrolled creegatigue tests were
conducted at 0.6% to 1.2% strain ranges with tensile hold time$6001800 and 300 seconds
at 750 °C andat a strain rate of 2x10s! (0.1 H2. Also, stran-controlled fatigue tests were
performed at strain ranges from 0.3% to 2.5% at 750 °C and®x46train rate (0.1 Hz) to

characterize the fatigue behavior of Alloy 709.

5.3.Results and Discussion
5.3.1.Low-Cycle Fatigue Properties

Figure 5.2 shows the strain rang®eé, vs. number of cycles to failurdl, in a loglog scale
under both lowcycle fatigue (LCF) and highycle fatigue (HCF) regions from which the
parameters associated with Basquin (HCF) and Ctfinson (LCF) equations are determined.
The fatigue life data of the alloy are analyzed in teoisoth predictive methods of characteristic
and universal slopd&7-20]. Thefatigue life of the alloy calculated using the characteristic slopes
correlated welwith the experimental fatigue data with=b0.15 and & -0.90 (Figire 52) so that

thestrain range is related to the number of cycles to failure as in the following equation:

De = 1.73(Nf) 15+ 157.55(Ny) 09 (5.0

On the other handhe uniwersal slopegquationis given by

De =0.50(Ny)?-12+ 45.00(N¢)©-60
(5.2
As notedin Figure5.2, the predicted fatigue life of Alloy 709 shows a better correlation with the

characteristic slopes method.
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Figure5.2. Stain range,Dée, vs. number of cycles to failuré;, in log-log scale showing both

experimental data along with the predictions using characteristic and universal slopes.

5.3.2. Creep-Fatigue Life of Alloy 709

Creepfatigue inteaction occurs at relatively high strain ranges while creep fallomgnates
at low strain ranges [21, 22]. kige5.3 shows the applied strain range with respect to the number
of cycles to failureNs, at different hold times indicating that the numbercypéles to failure
decreasewith increasing strain range at a givieold time. At 0.8% strain range, it is found that
the number of cycles to failure at 3,600 seconds hold time is slightly higher than that at 1,800
seconds hold time but still lower thamat at 600 seconds hold time. Also, number of cycles to
failure beomes relatively independent of the strain range at increased strain range and/or hold
time. Such saturation behavior at high strain ranges and hold times have been observed in earlier
study[7]. The saturation behavior is important for design considematsamce hold times that

follow it do not contribute to further damage. This observation was also noted in high chromium
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steels [12]nicketbased superalloy$nconel 718 and GH4169) [23hd 304 stainless steel [9]. It

is known that the reduction in fatig life during tensile hold times is due to the interaction between
surfaceinitiated fatigue cracks and interior creep cavitation damage developed at grain boundaries
[21, 24, 25]. Theref@, increasing the strain range results in reduction of dedigue life due to

the increase in corresponding stress amplitude, during which the critical crack length for failure

decreases [26].
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Figure5.3. The strain range vs. number of cycles titufa at different hold times at 75C.

5.3.3. Hysteresis Loop Behavior

Thehalf-cycle hysteresis loops for the crefgtigue tests of the Alloy 709 at different strain
ranges and hold times of 600 second$ 3600 seconds are shown in &ig 5.4, ad the width of
the hysteresis loop increases with increasing strain range at both hold times exhibiting more

inelastic strainThis observation is also noted in Figure 5.4(c) and Figure 5.4(d) as the area under
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the curve of the hal€ycle hysteresis loomcreasing with increasing strain rangmwever, the
extent of the widthincrease decreas®ith increagd strain range aboth hold times. Figure 5.5
shows the haltycle peak stress amplitud®s/2, increasng whenstrain rangds increasedt
different hold times indicating a higher degree of cyclic hardeniAdso, a linear relationship

between the plastic strain rand#g, , and the number of cycles to failure at a given hold time and

strain rate of 2x18s? is shown in Figure B in a loglog scale where this linearity follows the

Coffin-Manson relation given by {9, 27]:

D
% = A2N; )° (5.3

whereA is the fatigueductility coefficient andt is thefatigueductility exponent, respectivelAs
shown in Figure B, the fatigue ductility coefficient increases with htilde while the fatigue
ductility exponent decreases. Coffitanson perfectly predicts the lifetimeslofv-cycle fatigue
(LCF) at high strainrangesunlike at lower valuesbecauset low strainranges, the plasticstrain
is very low. Thusmostof the grainsareplasticallydeformed(probablynot all of them) andalsq
the crackgrowthis slow enoughto allow healingof the cracksdue perhapgo the growth of the

oxidelayer[28].
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Figure 5.4. Half-cycle hysteresis loops for the creégtigue tests at 758C and different strain
ranges and hold times of 600 seconds (a) and 3,600 seconds (b). Area under the curve vs. strain

range at same hold times at haytcle (c) and (d).
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5.3.4.Cyclic Stress Response

The cyclic stess response of the Alloy 709 is shown inuFeh.7 at 600 seconds (Fige
5.7(a)) and 1800 seconds (Fige 5.7(b)) hold times at 750°C in semilog scale. As showrthe
profilesof creepfatigue peakensilestressesvith respect tdailure cycles weresimilar regardless
of theapplied strain ranges, in which the cyclic stress respextsbits a region in whicthere is
a plateau in stressxtendng to thefailure point(defined by90% drop in peak tensile stress [7]).
At 600 secondbold time, he ped tensile stresses at strain raaffom 0.6%- 1% are almost the
same except at 1.2% strain range, where the material exhibigher peak stressd a lower
degree of cyclic hardemg followed by a rapid rate of cyclic softeningtil the stress dropsT at
the end of the test due to initiation and propagation of cracks880 seconds on the other hand
(Figure 5.7b)), the material hardens up rapidly at all strain ranges folldwealmost a steady
state rate of cyclic hardening and then finallyapid rate of cyclic softening. Cyclic hardening
occurs due to the generation and interactions of dislocations whereas cyclic softening occurs due

to the dynamic recovery of the dislocat substructure, 29, 30.
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Figure5.7. Cyclic stress responggth respect to the number of cycles in séog scale at different

strain ranges and hold times of 600 seconds (a) and 1,800 seconds (b).

5.3.5. Determination of Crack Initiation

The point of macrerack initiation was determined following the appioaapplied by
Totemeierget. al. [4] andAlsmadi, et al. [7] in which the macrocrackinitiation is definedasthe
point at which the absolutevalue of the ratio of maximumtensle stressto compressivestress
deviatedrom linearity. Figure5.8 showsthe numberof cyclesto crackinitiation at strainranges
varyingfrom 0.6%to 1.2%andholdtimesof 600,1,800and3,600secondsln generalthenumber
of cyclesto crackinitiation decreasgwith increasingstrainrangeat a givenholdtime. Regarding
theinitiation dataat 0.8% strainrange,the numberof cyclesto crackinitiation at 1,800seconds
hold time is slightly higher than that at 0.6%. Crack initiation at 0.6% strain rangeoccurred
approximatelyat 72% of total life at 600 seconchold time and54% of total life at 1,800seconds
holdtime. At 0.8%strainrangeontheotherhand,crackinitiation occurredapproximatelyat 60%
76% of total life at all hold times.On the otherhand,crackinitiation occurredapproximatelyat

65% 75% of total life atall hold timesat 1% strainrange.At 1.2% strainrange,crackinitiation
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occurredapproximatelyat 55%-62% of total life at all hold times. This is consistentwith the
initiation trendscommonlyobservedor cycling loading namelycrackinitiation occursnearthe
endof life for high-cycle fatigue (HCF) at low strainranges,while crackinitiation occursearly
for low-cycle fatigue (LCF) at high strain rangeswherethe fatiguelife is dominatedby crack

propagatiorj4, 31].
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Figure5.8. The effect of sain range on the number of cycles to crack initiation at different hold

times.

5.3.6. The Effect of Strain Range on Time to Fracture

The effect of strain rangd)e, on time to fracturef, - t_, is shown in fgure5.9in alog-

log scale, wherd, is time to fracture with no hold time. Both fracture timesdetermined as

mentioned by Alsmadi et al7] and Wang et al.12]. It can be seen that time to fracture under

creepfatigue decrases with increasing strain range at a given hold time in a linear correlation.
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Time to fracture at 0.6% strain range and 686onds hold time is very close to the one at the
same strain range angB@00 seconds hold timAs observed in the previous studly the effect of

hold time on time to fracture in Alloy 709][ time to fracture increases with hold time whereas
number ofcycles to failure decreasg Both trends are correeind no contradiction existsince
introducing a holdimeinto the strain cgle increassthe cycle time by a factor that is greater than
that corresponding to the reductiontie number of cycles t@ilure Therefore the introduction

of the tensile holdime will lead to the decrement of number of cycles to failure and thierment

of time to fracturd9, 32]. This phenomenon was also observed in other steels like 304 and 316

stainless steels and-®fto steel [9, 33, 34].
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Figure 59. The effect of strain rangBg, on thetime to fracturef, - t,, at different hold times

and a strain rate of 2x£&™.
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5.3.7. Stress Relaxation Behavior

During tensile hold time in straicontrolled creegatigue tests, the material exhibits stress
relaxation in which creep damage occurs, inéideby stress reduction. Fkig 5.10shows the
half-cycle dress relaxatioof Alloy 709 at different strain ranges and hold times, in which the
stress relaxes at the same rate regardless of the strain range applied at each[ipltHbmever,
the shae of the relaxation curvie strongly dependent on strain raragealso oberved in 304
stainless steel at high temperatures [9]. At 0.8% strain range, the stress drops significantly at 600
and 1,800 seconds hold times and exhibits the minimum redudt®6@0 seconds hold time.
Almost all curves are found to exhibit serratidlising stress relaxation. As mentioned3arkar
et al. [35], diring a particularserration,an increase in the stress corresponds to the locking of
dislocations in the solute @monment.As reported earliedifferent types of precipitates including
Nb rich and Cr rich particles have besrservedn the Alloy 709 [, 36, 37]. Therefore, lhe time
for stress increase corresponds to the waiting time of dislocations at the obstiatles also
proportional to the dislocation density at the obstacleeMthese dislocations are released from
the obstacle via thermal activation, the stress drops proportionally to the strength of the obstacle
or the number of solute atoms locking thislocatiors. During tensilehold time, the creep
mechanisnpreventshe rearrangement of the dislocation sgtioalescethe subgraindecrease
the dislocation density and fosprecipitaes Thus chromium carbidesanevolve at the creep

temperaturgange leading to an adverse effect of softening behavior [11, 29]

5.3.8. Creep-Fatigue Interaction Diagram
Creepfatigue life is determined by a linedamagesummation(LDS) of cyclic and creep

damagsdractionsindependently according to ASME [7]:

118



-
D
)

' n ' ~
aj + ak O D (5.4)

7
Py

D
2|
()

d

wheren andNg are the number of cycles of typand the allowable number of cycles of type
respectivelyandgpandTq are the actual time at stress lek@nd the allowable time #te same
stress level, respectiveland D is the allowable combinedamage fraction which is usually
assumed to be equal to diie 10, 11, 38]. Thereforeafigue damage fraction éetermined based
on the ratio of thecycles to failure under creefatigue conditionn, to the number of cycles to
failure under continuous cycling loadingq, at the same conditions applied in the créajigue
test Creepdamage fraction is calculated using tingction method based on a linear correlation
between the pture time {), temperatureT), and applied stres8)(using LarsorMiller Parameter

(LMP) and stress relaxation curwdich isfitted to a powedaw equation
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Figure 510. Haltcycle dress relaxation with time at different strain ranges laoldtimes.

Creep damage ithusdetermined from the following formukandthe detailed derivationf

whichis found in Alsmadi, et al.7] and Wright, et. al.10]:

Dy

b,"

= m((th )" (1) _qm) :

(5.9

wheret, is thehold time in second#), mare fitting parameters in théMP as a function of stress,

wheread,, b: andt, are fitting parameters in powaw equation fitted to stress relaxation curves
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at different strain ranges and hold teEigure5.10). The creep dmage is calculated at the Ralf
life cycle and then multiplied by the corresponding criztigue life [7, 10]. Creepfatigue
interaction diagram of Alloy 709 at different strain ranges and hold times is depictedure Fig
5.11 along with the ideal failureriterion according to LDS. Interaction diagraame given to limit
the combinatiorof creep and fatigudamages below unity in the current design cdossause
failure is usuallyobserved at a damage smation less than unity [23]. As shown, rather than
following the ideal failure criterion, all data points lie below or above the line with damage values
at 1800 seconds and 3,600 seconds hold times close or beld=theurve. Data points lying
below the line represent a strong créafigue interactionwhile the ones lying above it may
represent the opposite trend [21, 39]. Also, high values of creep damaicgte that cavitation
damage is enhanced by cyclic loading. Low values of fatigue damage indicate that crack initiation
is enhanced by cavitatiamamage while high values indicate that crack propagation is enhanced
by cavitation damage [21, 39\s shavn in Figure 5.11, at a given hold time, creep damage
decreases with increasing strain range while fatigue damage increases. It was foied/tet t
of D is in the rang®f 0.6 to 1.0 for types 304 stainless s¢g6l 40], whichis comparableo what
is observed in Alloy 709 witld ranging from @ to 12. However, LDSwas not sufficient to
determine the creefatigue life of Alloy 617 becausehe creepfatigue damage dataointslie
above the draft code case limethe bilinear damage envelope determined by ASME [11].

It was reported thathe LDS method generates nonconservative results for loading case of
continuous cyclingvhile conservatre results for loading casd# compressin-hold-only creep
fatigue testsAlthough LDS is used because it is applicable over a wide variety of conditions with

the availability of application data, it still has some limitatid®js [
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1 The assumption of loagath independence to each thie fatigue and creep damage

processes.

1 The strain rate dependence of creep damage accumulation is not incorporated in this

approach.

1 LDS assumes a tensile hold damage similar to the compressive hold damdge, wh
compression Hds are found to have a Heg effect in austenitic steg]41].

9 This method cannot be used for waveforms without tensile hold times.

More datareneeded to help establish the créafiguebilineardamage envelopa Alloy 709

at different strainanges, hold times and temperatures
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Figure 5.11. Creepfatigue interaction diagram of Alloy 709 at 730; the black line shows the

ideal failure criterion according to linear damage summation.
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5.3.9. Crack Morphology
The free surfaces of Alloy BOsubjected to creefatigue tests at different strain ranges and

hold times were characterized using optical microsdéjyure 5.12) where these fractographs
weretaken at the transverse cross segtierpendicular to the stress axis. As shown at 0.68#nst
range and ,B00 seconds hold time (kRige5.12(a)), transgranular mode of cracks are dominant on
the surface while at higher strain ranges such as 1.2% at 600 seconds hold tmes (E2¢o)),
mixed mode of cracks is observed whigemsgranular fague cracking isiotednear the edge of
the free surface followed by intergranular creep cavitaB6h Crack nucleates due to forward or
reverse plastic flow of slip basdh which persistent slip bals are formed due tihe movement
of material alonglg planes and thus, transgranular crack initiation and propagation is observed.
When applying hold time, creep cavitation occurs leading to intergranular crack initiation and
propagation Therefore, simultaneous interaction between intergranular creeptieavand
transgranular fatigue cracks increases the crack growth rate and decreases the crack initiation
endurancel-urthermore, very finearbide stringerare observed at both strain ranges with highe
density at 0.6% strain range as shown in Figur2(g)1

Creepfatigue damage in air is observed to be influenced by the oxidizing environment, in
which cracks initiated at oxidized regions vekhibit a faster propagation afalure. The degree

of oxidation is higher at 0.6% strain range than 2%dstrain range.
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Figure5.12. Fractographs of the free surface of Alloy 709 after cffaéigue tests at 0.6% strain
range and hold time of 1,800 seconds (a) and at 1.2% strain range and hold time of 600 seconds

(b). (Stressaxis perpendicular to thgage).

5.3.10.Microstructural Evolution

As reported by Rodriguez et §R1, 22], at low strainranges, the surface crack initiation
becomes very slow compared to the initiation of internal creep damage and thus the failure
becomes creep dominatefit high strain range®n the other handfatigue failure becomes
dominant atrapid cycling conditionsdxause there is not enough time for the occurrence of creep
damageSEM images ofheasreceived Alloy 709 are presented in Alsmadi, et@l.Figure 5.8
and Figure 5.14 show an SEM images of the fracture surfaces of Alloy 709 undefaticpep
testsat strain ranges of 0.8% and 1% at 1,800 seconds hold time, respectively. As shown at 0.8%
strain range (Figure 5.13(a)), three observed secondary cragpegpte and finally coalesce in
addition to the main crack that leads to failure while at 1% steamige (Figure 5.14(a)), more
secondary cracks are observed along with the main crack which overall increase the crack density

at the fracture surfacélso, creep damagdominates at low strain range of 0.8% with creep
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cavities developed on the grain bdany (indicated by red circles) and a smaller number of cracks
(Figure 5.13(b)). On the other hand, with increasing the strain range to 1% (Figure 5thé(b)),
number of cracks increast a mixed mode of intergranular cracks (indicated by yellow arrows)
and interior grain boundary cracking (indicated by blue arrows). Interior grain boundary cracks
have little impact on the initiation and propagation ofrshatergranular surface cracks [13].
Striations are not observed at any of the strain ranges bheréodhe long hold time of 1,800
seconds. Also, at 0.8% strain range (Figure 5.14), the fracture surfeeaused withrough
dimples due to the hard ilusions in the material that do not deform at the same rate as the matrix,
thus leading to the forntian and interlinkage of voids where each dimple represents a void.

It is suggested that, when creep cavities are formed during tensile hold timeyiliheot
undergo sintering since no compression hold is apgiestiead, they will nucleate andogv by
irreversible shear deformation and thus cause intergranular fallyreéy, 32, 42]. Furthermore
intergranular crack initiation can occur due te thiffusion of environmental species that hinder
the collapse of cavities on the surfa@d][ Under tensile hold time, compressive mean stresses
cause the cavities on the grain boundaries to grow into elongated flat c2acksS][ Crack
nucleation and qppagationof Alloy 709 was discussed in detail Alsmadi, et al. T]. The
transition from crek nucleation to crack propagation has been reported as the trafisition
governing microcracks by cyclic plastic strain to governing crack propagation kyréac
mechanics [4, 45]. It is worth mentioning that the rate controlling step for crémgue failure
can be eithefa) the propagation of a sheokidized cracks (fatigue component)) the growth
and linkage of separated interior grain boundariesftcomponent) ¢c) a complex combination

of both (a) and (b) [A].
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Figure5.13. SEMfractograph®f the fracture surface after crefgtigue test at 0.8% strain range

and hold time of 1,800 seconds.
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Figure 5.14. SEMfractographof the fractwe surface after credtigue test at 1% strain range

and hold time of 1,800 seconds [7].

5.3.11.Dislocation Structure and Precipitation Behavior
Bright -field STEM images of the agceived Alloy 709 and under cre&giigue at 0.8% ah

1% strain rages at 600 seconds hold time are presented urd-tg15 Figure 5.16 and Figire
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