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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING AND THE ENVIRONMENT
ENGINEERING MATERIALS
Doctor of Engineering
SUSTAINED MACROSCOPIC DEFLECTED CRACKING IN NICKEL BASED SUPERALLOYS:
MECHANISM AND DESIGN CRITERIA
by Christian Schoettle

In this EngD thesis the phenomenon of sustained macroscopic deflected crack growth
(SMDCG) duringfatigue in Nickel based Superalloysis discussed, also referred to as ‘teardrop’
cracking in previouswork. Ina cornernotched bend (CNB) specimen afatigue crack usually
growsin a quarter-circular plane perpendicularto the stress axis, the SMDCG however exhibits
considerable deflection from this plane at the free surfaces, sothata central planarregionis
enclosed by large shear terraces (thus formingthe ‘teardrop’). Thisis difficult to characterise in
terms of component lifing (both in terms of crack path and crack growth rates), and this thesis
aims to further understanding of the underlying mechanisms and to develop assessment
methodologies forlifing of such cracks in aeroengine components. The SMDCG effect has been
observed under externally applied mode | loading in Udimet 720Li with relatively fine grain
sizes of 6-18um, which are candidate materialsforaero engine turbine discs. CNBand single
edge bend notch bend (SENB) fatigue tests have been carried out on cast and wroughtand
powder metallurgy variants of Udimet 720Li and SMDCG was observed at 300°C in air and at
300, 600 and 650°C in vacuum. A consistent measure of the onset of deflection has been
defined;thisisthe crack tip stressintensity factorrange AK at which the sustained deflection
fromthe free surface exceeds the expected shear lip area, which is estimated as the distance
of the monotonic plane stress plasticzone size from the free surface. This has been used to
characterise samples from other research programmes and aeroengine components from
rigtests, that have shown some form of deflected crack growth, to assess whetherthey exhibit
SMDCG or whetherthe apparent deflection was caused by the expected planestress region, or
otherfactors such as tunnelling due to creep effects or complex overallloading conditions.
Fracture surfaces exhibiting SMDCG have been studied viaSEMand the fractographicanalysis
shows a competition between local shear crack growth and mode | crack growth occurs in both
the macroscopically deflected and planar regions. Thisindicates thatthe macroscopic
deflectionistriggered by the stress state at the free surface. Further detailed analysis of the
deflected crack tip with focussed ion beam (FIB) serial sectioning combined with EBSD analysis
has allowed adetailed 3D reconstruction of the crack tip interaction with local microstructure.
This, togetherwith TEM foils extracted via FIBin the same region, have confirmed that the
SMDCG inthese systemsis notlinked to any local texture effects or surface microstructural
differences. Lifetime predictions forthe CNBsamples have been carried out based on Paris
law coefficients fromthe SENB tests, and showed shorter lifetimes than the actual samples
with deflected crack growth. Whilst this could be partially due to unaccounted forinitiation
effects, itcould alsoindicate that significant extrinsicshielding caused by the deflected crack
growth may actually increase fatigue lifetimes. To assess the driving force evolving during
SMDCG, an Aliconanfinite Focus profilometre has been used to map the complex 3D crack
shapes, fromwhere tilt angles could be measured to define amixed mode plane stress SENB
test, with the aim of replicating the stress state that had given rise to the locally deflected
sheargrowth and to explicitly measure crack growth behaviourinthe deflected regions.
Howeverthis was notachieved with this test set-up, as the achievable AK.;was not high
enoughtotriggerthe deflection throughout the sample. Asa resultthe 3D map was nextused
to define Finite Element model to assess the local crack tip stress state of the complex
deflected crack path. Crack driving forces that have beenidentified at the point the deflected
crack path becomes self-sustaining, could be usedinalifingmodelto predict crack pathsin
aeroengine components, together with the measured onset of deflection.
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1 Introduction

This EngD has been sponsored and supported by Rolls Royce plc. (R-R). R-Risa world-leading
providerof power systemsand services for civil and defence aerospace, marineand energy
sectors, supplying more than 500 airlines, 4,000 corporate and utility aircraftand helicopter
operators, 160 armed forces, more than 4,000 marine customers, including 70 navies, and
energy customersin more than 80 countries. Annual underlying revenues were £11.3 billionin
2011, of which more than half came from the provision of services, which includes leasing
aeroenginestoairlines,and servicingthem. Itis therefore importantto the companytoensure
good, well-characterised lifetimes of their products. Improved lifing methodologies will allow
greater confidence in allowinglonger operating lifetimes for their components, which makes
products more competitive and also reduces the cost of servicing.

Nickel based Superalloys are used for high temperature applications, such as aeroengine
turbine discs and blades, due to their high temperature strength and oxidation resistance. In
service the materials experience variations of loads and temperatures. Turbine discare safety
critical components and their failure could impairthe ability of the aircraft to operate safely. It
istherefore important to take these take safety critical components out of service before
significant defects appear. Itistherefore crucial to be able to predict fatigue crack growth
behaviourso that catastrophicfailure can be avoided.

Currentlifingapproaches at Rolls Royce plc. forturbine discs are based on macroscopically flat
mode | (tensile) crack growth, howeveran unusual crack growth mode has been observedin
the polycrystalline Nickel base Superalloy Udimet 720 (U720), which shows significant
deflection fromthis plane.

In previous work [4, 5] this ‘sustained deflected fatigue crack growth’ has also beenreferred to
as ‘Tear Drop’ Cracking (TDC), whichis derived from the specificfracture surface that can be
observedinaCorner Notch (CN) specimen undermode | loadingwhere in the centre aflat
elliptical or ‘teardrop’ shapedregionis surrounded by sharply deflected shearregions at the
surroundingfree surfaces, where mode | and mode Il (shear) are alternating givingrise toa
three dimensional deflected crack. In such a specimenacrack is usually expectedtogrowina
planar‘quartercircular’ shape perpendicularto the loading direction.

The effecthas not only been observed on lab coupons, anumber of cracks of complex
morphology have been observed on actual turbine discsin spin tests. This highly deflected
crack morphologyis difficult to explain in terms of conventional fatigue mechanics and leads to
concerns aboutthe accuracy of crack growth rate data and predictions of crack trajectoriesin
components.

Traditional fatigue crack propagation assessments are based on assumptions of macroscopic
mode | failure and R-R use crack growth rates that are determined from fatigue testingon CN
samples. These may have been affected by deflection, but are assumed to be rates for planar
cracks. Thereisa risk that the crack growth behaviourforthese deflected cracks could be
different, and cracks exhibiting such behaviourin components could grow at unexpected rates,
but more importantly adeflected crack could grow out of the expected plane into a different
(increasing) stress field and cause potentially unexpected catastrophicfailure.
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Itistherefore necessary tounderstand the occurrence of this phenomenon and to develop
criteriaallowing the assessment of likelihood of teardrop cracking and its effect on component
fatigue life.

Past work [4, 5] has established certain dependencies between the degree of ‘teardrop
formation’ and the material and loading parameters, e.g. grain size, test temperature and
environment, specimen geometry etc., but no clear mechanism has been unambiguously
determined.

Hence the aim of this projectisto develop an understanding of the mechanism of ‘teardrop’
cracking and deliverassessment methodologies that can be incorporatedinto the component
designand lifing process.

1.1 Aims of this work

The aim of this work is to identify the mechanism that causes this sustained deflectionand to
deliverassessment methodologies that can be incorporated intothe componentdesignand
lifing process. Subsidiary aims can be furtherdefined as:

e Review of available fractures (test-pieces and components from Rolls Royce and from
previous researchers)

e Produce a working definition of macroscopically sustained mixed mode cracking to
enable the categorisation of fractures, that can be used for different specimen types
(e.g.CNand SENin tension-tension and bend loading).

e From the above propose microstructures and test conditions susceptible to teardrop
cracking.

e Define anexperimental programme to confirm the above considering the different
temperatures and environments established in previous work as well as using different
specimen typesto compare the effect of constraint conditions.

e Postulate mechanism (Mechanism map)

e Experimental programme (mechanicaltestingand deformation mode study) to
confirm mechanism.

o Determine overall crack growth rates fromtests and local crack growth rates of
deflected regions and effect on macroscopiccrack growth rates. Thiscan be used as
aninputfora lifingmodelto predict crack growth for differentregimes.

e Analyticmodelling of growth of deflected cracks: Crack Shape Mapping and strategic
Finite Element Analysis (FEA)of mixed mode crackin 2D and 3D, to be able to predict
crack path

e Model validation using service experience



2 Literature Review

2.1 Nickel based Superalloys

Superalloys are metallicmaterials based oniron, nickel or cobalt developed for applications at
high temperature and applied stress. They usually show agood long-term strength atelevated
temperature, fatigue resistance, creep resistance and resistance to high temperature corrosion
and erosion. Theirapplications are usually in the hot sections of gas powerturbinesin aircraft
and inland-based power generation facilities.

2.1.1 Composition

Nickel-base superalloys have an austeniticface-centred cubic (FCC) phase, commonly known
as the gamma (y) phase, which does not change its structure up to the melting point. The main
strengthening precipitate (particularly at high temperatures) is the ordered fccnickel -rich
Nis(Ti,Al) precipitate, generally referred to as gamma-prime (y') precipitate, which is usually
coherentwith the y matrix. Depending on the alloying elements present, various other
precipitates mayalso be formedinthe alloy. [6]

In orderto formthe y' phase, Aluminium (Al) and Titanium (Ti) typically up toabout 8 wt % (in
total) are presentinthealloy. They' volume fractionis directly related to the amount of Al
and Ti thatthe alloy contains. [7] Niobium (Nb) and Tantalum (Ta) can substitute Al informing
v' and may increase the solution temperature of y' permitting strengthening effects to persist
to highertemperatures. High additions (greaterthan 4 wt %) of Nb can lead to the
precipitation of another hardening phase,gammadouble prime, y”, NizNb, which can be seen
insome Nisuperalloys, such asInconel 718. [8]

Chromium (Cr) is one of the main alloying elementsin nickel-base superalloys in the range of
10-20 wt % and isadded to the alloy to increase resistance to corrosion and oxidation due to
formation of an adherentand non-porous, and hence protective Cr,0; oxide layer. [8]
HoweverhigherCrlevels canleadtolowervolume fractions of ', as Cr preferentially forms
the y phase with Ni, which reduces the amount of Ni available to form the y' phase. Too high
chromium contentsin nickel-base superalloys have been associated with anincreased
propensity toformation of the deleterious sigma (o) phase.

Cobalt (Co)isadded to nickel-base superalloys to reduce the solubility of Aland Tiin the y
matrix, hence favouring formation of the y' phase and maintaining the strength of the alloy at
hightemperatures. The presence of cobaltalso reduces creep deformation by lowering
stackingfaultenergy (SFE) between partial dislocations, thus reducing dislocation cross-slip
and climb. The presence of 15 wt % cobalt has beenindicated to generate aminimum SFE
which promotes planarslip and potentially improves fatigue crack propagation (FCP)
resistance.[9]

At highertemperatures, diffusion and dislocation cross-slip are importantin determining
material strength. Slowly diffusing elements such as Molybdenum (Mo) and Tungsten (W) are
useful as solid-solution additions and can help reduce creep deformation. Mo, W and
Tantalum (Ta) also dissolve to some extentinthe y' phase and affect the y' solvus temperature,
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¥" volume fraction and the matrix/precipitate lattice mismatch. In addition, these elements
alsoform complex carbides with each otherand with otherelements, such as chromium and
iron. [6]

Addition of Tahas beenshowntoincrease the tensile strength but segregates to formvery
stable tantalum carbide (MC carbide). The Ta concentration can be controlled to allow the MC
carbide to breakdown and promote formation of grain boundary carbides[9]. Addition of Ta
has also been associated with enhanced oxidation resistance and contribution to y'

strengthening (increased hardness of the y' phase).[10]

Addition of Band C was found toreduce creep rates. Addition of these elementsis believed to
significantly reduce dislocation mobility by pinning of the dislocations. Thisimpedance to
dislocation motion gives rise to high activation energy forcreep. [11]

2.1.1.1 Strengthening Precipitates

Nis(Al,Ti) precipitates,i.e. the y' phase, gives the main form of strengtheningin nickel-base
superalloys. The y' phase has an ordered FCC crystal structure whichis coherent withthe FCCy
matrix. The y' phase can have a range of composition depending especially onthe Aland Ti
contentsinthe alloy. The y' phaseis also a ‘reasonably ductile’ phase, this is useful since it will
not cause embrittlement when formed along grain boundariesin the alloy. The strength of '
increases with temperature due to Kears-Wilsdorf locking, thermally activated locking of
dislocations within the y'.[12, 13]

Primaryy' precipitates, which are incoherent with the ymatrix, asthey are not dissolved
during a sub-solvus solution treatment, are present at grain boundaries and theirsize and
volume fraction are controlled during the solution treatment stage in powder metal lurgy (PM)
alloys. The heattreatments of Nickel superalloys and the effect on the precipitates are
discussedin more detail in Section 2.1.3. Within the grains, there are finersecondary and
tertiary y' precipitates which are coherent with the y matrix. The main difference between
secondary andtertiary y' precipitatesisinthe size and shape, where secondary y'are larger
and usually cuboidal in shape (dueto larger lattice mismatch), and tertiary y'are finerand
spherical inshape. [14]

2.1.1.2 Carbides

Primary carbides are usually in the form MC, where Mis Ti, Nb, Ta, Hf, Th or Zr. MC carbides
have a B1 (NaCl) crystal structure. They are generally very stable and form during solidification
of the material. Primary carbides are difficult to dissolve in the solid phase and they play an
important part inrestricting grain growth during the solution treatment stage. Lower carbides
which can be dissolved by solution treatmentin the range 1050°C to 1200°C have the general
formula MgC or M,5Cs where M stands for the metallicconstituent.

During heattreatmentor service, primary carbides may react with the y matrix to form lower
carbides. Lower carbides are formed from primary carbides according to the following
equations:



MC +y > MC + 7' Equation 2-1
MC +7 — My3Cs + 7' Equation 2-2

Carbidesincommercial alloys can form both at grain boundaries and within grains. In nickel -

base superalloys, the effects of coherent y' precipitates within the grains generally dominate

overthe effectof any carbidesin these regions, so onlyintergranular carbides are considered
important to the mechanical properties.

Carbides are generally harderand more brittle than the alloy matrix, hence their distribution
alongthe grain boundariesisimportant. When the carbide is present as a continuous film
alongthe grain boundariesittendsto delineate grain boundaries, giving a continuous fracture
path andis therefore detrimental to the alloy. During creep deformation, a continuous film of
carbide also restricts grain boundary sliding, leading to stress build-up and early fracture. On
the otherhand if there are no grain boundary carbides present, excessive grain boundary
slidingand growth of voids along grain boundaries occur during high temperature
deformation. An optimum amount and distribution of carbide is therefore necessary to limit
grain boundary movement forbest high temperature performance. [8]

Although blocky MC and M;C carbides may be formed in nickel alloys, the beneficial effect of
carbon has been attributed primarily to the fine intergranular M,;Cg carbides which are formed
during heattreatmentgivingimproved high temperature strength by inhibiting grain boundary
sliding. The increase in strength is however offset by aconcomitant reductionin fracture
ductility. [15]

2.1.1.3 Other Phases

Ni;Nb, generally designated as the y" phase, isa less frequently occurring hardening phase.
They" phase has an ordered body-centred-tetragonal crystal structure and is coherent with
the y matrix. Itusually forms as discsin the y matrix.[8]

The 0 phaseisthe stable orthorhombicform of Ni;Nb. It can be found in some nickel-base
superalloys at grain boundaries, at primary carbides orinside grains during ageing treatments
or afterprolonged thermal exposure. It gives additional strengtheningwhen presentin
optimum condition.[16]

Otherintermetallicphases, such as the Laves phase and Sigma (o) phase, which are
topologically-closed-packed (TCP), can also form within the complex alloy systems of nickel-
base superalloys. Precipitation of the ¢ phase has beenfoundto be deleterious to the strength
and ductility of the alloy, as well as giving poorer creep and fatigue resistance. The formation
of these intermetallicphasesis generally avoided for two reasons. Firstly these intermetallic
phasesthemselvesare brittleand hard, hence liable to fracture. When formed as needles,
large platelets or continuousintergranularfilm, these phases facilitate propagation of cracks
through the matrix. The hard o phase, especiallyin aplate-like or needle morphology at grain
boundaries, also offerideal sites for crackinitiation. Secondly the formation of these phasesis
not desired as they remove useful strengthening elements from the matrix; theyarerichin
refractory elements such as Cr, Co, Mo and W. Precipitation of these phases willresultin

solute depletionin the surrounding y matrix leading to localised compositional weakening. The
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alloy can be more susceptible to environmental attack if formation of the protective Cr,0;
scaleisinhibited through chromium depletion.

Numerous other phases are also presentin nickel-base superalloys; these include nitrides,
borides, sulphides and phosphides. [8]

2.1.2 Processing route

Turbine discs may be produced by one of two manufacturing processes, i.e. either by a cast
and wrought (C&W) route or through powder metallurgy (PM) techniques. In the cast and
wrought process, meltingis usually carried outin vacuum, to avoid contamination, followed by
pouringinto moulds and various final forging processes. However, increased difficulties in
forgeability due toincreasesinalloy high temperature strength, as well as problems associated
with shrinkage and grain size control have beenreported [12, 13]. Powder metallurgy (PM)
techniques were used to overcome some of these problems during man ufacture caused by
usingthe cast and wrought technique. Highly alloyed atomised powder particles can be
compacted and sintered usually through hot extrusion or hot isostatic pressing allowing
formation of these high strength alloys with minimal segregation [12, 13]. Although powder
metallurgy fabricated alloys are usually associated with improved properties, they are usually
expensive to manufacture. [8]

2.1.3 Heat Treatments

To create an optimal microstructure for the material to provide good high temperature
properties, typically asolution heat treatment followed by one or more ageingtreatments are
applied.

Solution treatment of superalloy discs is usually done between 1040 and 1230°C, below they'
solvus temperature (temperature at which y'is completely dissolved in y matrix). Some y'
precipitates (primary) are therefore retained to control the grain size. The higherthe solution
treatmenttemperature the more y' will dissolve and the lower the volume fraction of primary
v' which will cause largergrains. Also there will be more y'forming elementsin the solution
which will cause more secondary and tertiary y' (which usually causes anincrease in hardness).
[17]

Secondary andtertiary y' precipitates are formed uniformly throughout the y matrix during
cooling from solution temperature, which can be described in the following way. Early on
during cooling, nucleation of secondary y' precipitates occurs in the supersaturated y matrix.
As temperature decreases further, growth of secondary y' precipitates occurs with partitioning
of solutesinto surrounding matrix. Eventually, diffusion rates of the solutes decreaseand the
y' precipitates cannotgrow fastenough to keep supersaturation of the matrix low. Eventually,
at a critical undercooling, the driving force is sufficient to allow nucleation of tertiary y'
precipitatestooccur. [17, 18]

Nucleation and growth kinetics of y' precipitates strongly depend on the cooling rate from
solution temperature, hence this cooling rate can be manipulated to change the frequency of
nucleation as well as the distribution of precipitates in the matrix. During cooling from solution
temperature, the size and volumefraction of secondary y' precipitates formed were noted to
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decrease with higher cooling rates [18], while the size of tertiary y' precipitates formed appear
to be relatively insensitive to the cooling rate [17]. Higher cooling rates resultin more
undercooling and subsequently more supersaturation build-up, leading to larger numbers of
small secondary y' nuclei with small interparticle spacing [18, 19]. Since growth of '
precipitates is essentially a diffusion-controlled process, growth of secondary y' precipitatesis
suppressed during fast cooling due to rapid temperaturedrop and limited time for diffusion,
i.e. highercoolingratesresultinlarger numbers of small secondary y' precipitates with small
interparticle spacing, and vice versaforslower cooling rates. The volume fraction of secondary
Y' precipitates decreases with increasing cooling rates as fast cooling suppresses growth of
secondaryy' precipitates. When nucleation of tertiary y' precipitatesis expected, the
temperatureis likely to be relatively lowto allow intensive solute diffusion, and growth of
tertiaryy' precipitatesis restricted[18]. The size of tertiary y' precipitatesis therefore relatively
insensitivetothe cooling rate.

Ageingtreatments are carried out below the y'solvus temperature to allow precipitation and
growth of the y' hardening phase. Higher cooling rates from solution temperature exhibit more
ageingstrengtheningthan alower cooling rate, as faster cooling resultsin lowervolume
fraction of secondary y' precipitates and retains a higheramount of y'-forming elementsin
solution for precipitation of tertiary y' during ageing [18]. It was noted that ageing treatment
does not cause secondary y' precipitates to grow significantly, and the main microstructural
activity duringageingis the continuous growth of the very fine tertiary y' precipitates
nucleated during cooling from solution temperature[17, 18]. The full equilibrium volume
fraction of y' isformedvery earlyin the ageing treatmentand any subsequent change in the v'
precipitates during ageing treatment orduring service involves only precipitate coarsening
[14].

For many turbine discalloys, double ageing treatments are usually carried out to give aduplex
y' distribution to provide acombination of high strength and good creep resistance [20, 21]. A
duplexy'distribution has been indicated to arise during cooling from solution temperature
anyway for U720Li [17, 18]. High ageingtemperatures produce high creep extensions before
fracture, and lower ageing temperatures reduce creep rate, combining the two, i.e. atwo
stage ageingtreatment, gives better creep characteristics than are obtained by a simple
precipitation treatment.

Table 1 showsthe different heattreatments and the corresponding grain size for different
microstructures of U720 and U720Li, as usedinthisand previous work.



Previous Loo-Morrey Brooks [22] Pang[23]
worker [4]
Material U720 U720 U720 CG U720Li U720Li-LG
(Coarse (large grain)
Grain)
Grain Size ~11lpum 10+5pum 48+29um 6.4um 15.4pm
(range 2.1- (range 4.8-
13.1) 41.3)
Solution 4h 1080°C 4h 1105°C 4h 1170°C 4h 1105°C 4h 1135°C
heat
treatment oil quench oilquench air cool oilquench air cool
4h 1080°C
air cool
Ageingheat | 24h 650°C 24h 650°C 24h 650°C 24h 650°C 24h 650°C
treatment
air cool air cool air cool air cool air cool
16h 760°C 16h 760°C 16h 760°C 16h 760°C 16h 760°C
air cool air cool air cool air cool air cool

Table 1: Heat treatments of U720 and U720Li for different microstructures




2.1.4 Deformation behaviour

2.1.4.1 Dislocation -y’ interaction

During deformation in nickel-base superalloys, there are three processesin which dislocations
can interact with precipitates: precipitate cutting, Orowan looping/bowing between
precipitates, orby glide and climb around precipitates [24]. The first two processes are
relatively athermal. Dislocation glide and climb around precipitatesis dependent on diffusion,
and is hence thermally activated and will generally dominate over athermal mechanisms at
hightemperatures and relatively low applied stresses.

In the precipitate shearing process, build-up of dislocation density within planar deformation
bands (known as slip bands) occurs initially. In the process, the dislocation density becomes
high enough that the effective stressis sufficient fora dislocation to penetratea precipitate
(e.g. coherenty' precipitates). Due to the ordered structure of the ' precipitate, adislocation
cuttingthroughit formsa high energy antiphase boundary (APB). To minimise thisenergy a
second dislocation will follow (Dislocation pairing). The final precipitate offsetis two Burgers
vectors and the reduced cross-section of the precipitate inthe slip plane makesit easier for
the nextdislocation pairto go through the precipitate ata lowerstresslevel, leading to
softeningin apreferential slip direction and hence concentration of slipin that particularslip
direction and therefore planarslip.[25]

When dislocations bypass precipitates by Orowan bowing mechanism, dislocation loops are
leftaroundthe precipitates. Formation of loops around precipitatesincreases the internal
resistance tosucceedingdislocationsinthe same slip plane owingto a decreaseinthe
effective spacing between precipitates [26]. This forces dislocations to move out to adjacent
planesinthe same slip system when the strain amplitude is small orto cross-slip onto other
systems whenthe strain amplitudeislarge, with both processes leading to a more
homogeneous distribution of dislocations in the matrix, and anincre ased rate of work
hardening [27].

2.1.4.2 Planarity of slip

Nickel-base superalloys tend to show planarorheterogeneousslip, i.e. dislocation motionis
concentratedin well-defined planarbands. It occurs inthe {111} plane at low temperatures.
Thisis due to theirlow stacking faultenergy (SFE) and the formation of APBs on shearing of
orderedy' precipitates [28, 29]. Low SFE promotes dissociation of screw dislocationsinto
partial dislocations separated by alow energy stacking fault. The mixed screw and edge
character of the partial dislocations means that they are not able to cross-slip. The pairing of
dislocations favoured by minimising the APB caused on shearing of ordered y' precipitates and
the low SFE makes cross-slip difficultand encourages planar deformation in nickel-base
superalloys.

At temperatures above 760°Cslip can now occur on the {100} planes. This permits the long

trailing partial dislocations to cross slip to this plane which causes extremely efficient tangling
that makes dislocations immobile. This phenomenon is known as Kears Wilsdorf lockingand is
responsible forthe high temperature strength of Nickel-based Superalloys. It occurs only due
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to the ordered structure of the y' precipitate which allows the formation of APB. Hence itis
dependent onthe y' volume fraction. If the temperature is furtherincreased slip on the {100}
planes becomes easier, which reduces the effect of Kears-Wilsdorf locking. [12, 13]

The homogeneity of slip in the material can be characterised by the density of the slip bands or
the average spacing of the slip bands [27]. Wider spaced but more intense slip bands indicate
more heterogeneous slip behaviour. Higher density of less intense slip bands implies amore
homogeneous slip. Homogeneity of slip is promoted by high temperatures and high loading
frequencies. Increased heterogeneity of slipis also promoted in vacuum as there is less gas
absorption and oxide formation, hence givingrise to more reversibleslip.[4]

2.1.4.3 Effect of slip behaviour on mechanical properties

Strainlocalisation or heterogeneous slip does not have an effectonyield strength but
generally hasadeleterious effect on the toughness [30-32]. The influence of slip characteristics
on fatigue and creep-fatigue behaviourvariesin different fatigue regimes. In the fatigue crack
initiation and short crack growth regime, the effects of slip behaviour are of majorimportance.
Where environmental interactions are important during crack growth, the effects of slip
behaviouron crack growth are extremely complex.

In general, the impingement of intense slip bands associated with heterogeneous deformation
may act as stress concentrators across grain boundaries, leading to premature intergranular
failure [33], or premature transgranularfailurein coarserslip bands [30]. Dislocations pileup
at grain boundaries atisolated points, and the large associated tensions across the grain
boundaries openintergranularcracks that propagate withoutabsorbing much energy [33]. A
more homogeneous deformation would reduce the localised stress concentration and
minimise the chances of intergranular cracking due to relaxation of the stress generated
betweenagrainboundaryandan impingingslip band [34]. Impingement of slip bands can also
cause decohesion of the matrix/carbide interface, leading to intergranular cracking [27].

In fatigue crack growth experiments, strain localisation in slip bands may also enhance
extrinsicshielding mechanisms, such as roughness-induced closure, crack branching and crack
deflection [30]. Inaddition, heterogeneous slip increases the reversibility of slip, which reduces
the extent of fatigue damage, thereby increasing the intrinsicfatigue crack growth resistance
[30].
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2.1.4.4 Dynamic Strain Aging (DSA)

DSA also known as Portevin-Le Chatelier effect resultsin aserrated stress-strain curve during
plasticdeformation [35]. Itiscommonin Nickel based superalloys atintermediate
temperaturesand was observed in U720 at temperatures above 300°C, but was mostintense
at temperatures between 500 and 600 °C. [22] The exact cause for DSA is still under debate,
but there are a number of possible explanationsinthe literature.

Most commonly itisassumed that DSA occurs when solute interstitialatoms are able to
diffuse fasterthan dislocations travel through the lattice and are hence able to catch up with
them and repeatedly pinthem. The stress must increase to tear the dislocations away from the
pinning atoms, and subsequently the dislocations can move ata lower stress (until asolute
atom catches up again). This occurs many times, which causes serrationsinthe stress-strain
curve. [36] Anotherpossible explanationfor DSAin nickel based superalloysisthatacarbon
atmosphere is created around the dislocation line. Carbon atoms can diffuse alongthatline to
the y' precipitates on which dislocations are arrested [37]. Howeverit was also claimed that at
650°C interstitial solute atoms such as carbon are too mobile to create a sufficientdragforce
on the dislocations [38].

DSA has not only beenseenin nickel based Superalloys, butalsoforexample insteels, where
there are no y' particles. This suggests that the presence of y' may not be required for DSA to
occur. [39] Othertheories state that DSA could be related to interstitial soluteatoms. Itis
stated that carbon only causes drag at te mperatures below 300°C [40], however drag effects
were seen between 450 and 700°C due to chromiumin an iron-nickel-chromium alloy with less
than 10 ppm carbon. [41]

A relationship between DSA and an increase in work hardeningis widely accepted. While DSA
is pinning the mobile dislocations, newdislocations are created to maintain the plastic
deformationrate. The density of dislocationsis thusincreased, which causes work hardening
[36]. The disappearance of DSA with increased temperature and strain has been relatedtoa
precipitation mechanism, forexample the precipitation of carbides that reduces the amount of
interstitial carbon availableto cause DSA. [37]
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2.2 Fatigue

Fatigue of materials refers tofailure of material due to repeated load cycling or fluctuating
stresses. Underthese circumstances, itis possiblethat failure occurs at maximum stress levels
much lowerthanthe tensile oryield strength for staticloading. In engineering applications,
this form of failure constitutes a majority of all the failuresin structural and mechanical
systems, final failure sometimes occurring very suddenly and without warning due to gradual
growth of an unobserved crack to a critical length[42]. Itisimportant to be able to quantify
fatigue, and various approaches to safe-life prediction have been developed overthe years.

The overall fatigue life of acomponentis characterised by three distinct regimes, i.e. the crack
initiation period, followed by subsequent short and long crack growth, and finally followed by
final fracture afterthe flaw has reached a critical size. Cracks will initiate at the most
favourable sites, usually at points of high stress concentrations, i.e. at defects or
discontinuities in the components, and in smooth components, microcracks caninitiate atthe
surface, e.g. at persistentslip bands. Thisis followed by rapid growth in the early stages of the
short crack underlocal stress/strain conditions which caused the initiation, until some type of
microstructural barrieris encountered [43]. The short crack growth may then undergo
acceleration and/ordeceleration due to various intrinsicand extrinsic factors. As the crack
lengthincreases, the crack will propagate more steadily as the crack tip process zone also
increases and starts to sample a larger volume of material, i.e. the crack grows under
conditions nearertothe material’s average properties. At this point, crack growth behaviour
will approximatetowhatis known as the long crack growth or more averaged behaviour. The
relative time spentin each regime depends onvarious factors, such as the material, initial
defectsize, loading conditions and environment.

2.2.1 Linear Elastic Fracture Mechanics

Various fracture mechanics approaches have been developed overthe years to characterise
fatigue crack growth with loading conditions, the most widely used being the Linear Elastic
Fracture Mechanics (LEFM) approach.

2.2.1.1 Macroscopic modes of fracture

The crack surface displacementsin the three macroscopic modes of fracture are schematically
showninFigure 2-1.

Mode | inthe tensile/opening mode, in which the crack opens normal to the crack plane, mode
Ilisthe shearingorin plane slidingmode, where the crack faces shearina direction normal to

the crack front,and mode Il is the tearing or twisting mode where the crack faces are sheared
parallel to the crack front. [44]
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Figure 2-1: Macroscopic modes of fracture (a) mode I (opening) (b) mode Il (shearing) (c) mode Il
(twisting) [44]

2.2.1.2 The Griffith Energy Balance Relationship

Accordingto Griffith [45,46], a crack can form or an existing crack can grow if the surface
energy W created through the extension of acrack is equal to the potential energy /7 (due to
displacementandincludingthe stored elasticenergy)

Hence the critical condition forfracture s, if the total energy is constant or decreased:

dWTotaI _ d_H + dWs =0

dA dA dA

Equation 2-3

where Aisthe surface area of the crack.
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2a

Figure 2-2: Sharp crack length 2a in a thin elastic plate, with a nominal applied stress o [47]

For a sharp through thickness crack of length 2ain an infinitely wide plate witharemote
tensile stress o, as shownin Figure 2-2, Griffith showed that

2,2
no‘a’B
IM=1II, T E Equation 2-4

11, isthe potential energy of an uncracked plate, Bthickness of the plate, and E is the Young’s
modulus. Since the formation of the crack requires two surfaces,

W, =4aBy; Equation 2-5

where ysisthe surface energy of the material. Thus

2
_d_H _To a Equation 2-6
dA E
and
dWg
=2 Equation 2-7
dA Vs

Equating Equation 2-6 and Equation 2-7 gives the fracture stress
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1
c. = % ? Equation 2-8
' 7a

Thisis valid for sharp cracks in brittle materials.

2.2.1.3 The Strain Energy Release Rate

Irwin [48] proposed an energy approach similarto Griffith’s, more convenientforsolving
engineering problems. The crack driving force or energy release rate Gisthe energy available
for oneincrement of crack extension:

dI1
G=—-— Equation 2-9
dA
G istherate of change in potential energy with crack area A. For a wide plate in plane stress

with a crack of the length 2a (Figure 2-2), G can be derived from Equation 2-6:

G= Equation 2-10

Crack extension occurs if Greachesa critical value G¢(the fracture toughness of the material)

W

G, =—>=2w, Equation 2-11
dA

where

Wi =75 Equation 2-12

for anideal brittle material and
W, =75 +75 Equation 2-13
for an elastic plasticmaterial, where yp is the plasticwork per unit of surface area created.

2.2.1.4 The Stress Intensity Factor

Irwin quantified the neartip stressfield forlinear elasticcracks in terms of the stressintensity
factor, usingthe analytical methods of Westergaard. Inthis approach, local stresses ahead
and nearthe crack tip are correlated to the far-field applied stress and the flaw length.

Considerasharp, through thickness crack of length 2a in a thin elastic plate of anisotropic
homogenoussolid (see Figure 2-2). Forthe plane problem (i.e. mode | and ), the local near
crack tip stressesformode | at co-ordinates (r, 6) are given, to afirstapproximation, by [44]:
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aY?[ _of, . 6. 30)] _
O, =0| — Ccos—|1-sin—sin— Equation 2-14
2r) |2 27 2 )]
aY[ o . 6. 30) ,
o, =0 — cos—| 1+sin—sin— Equation 2-15
v er) |2 27 2)]
1/2
Oy=0 a sin gcosgcos% Equation 2-16
2r) | 2727 2

Note that the stressestend to infinity as rtends to zero. Inreality this does not occur due to
plasticyielding.

Similar calculation can be done formode Il and I1I.

The term stressintensity factor, denoted K, was introduced to describe the elasticstress field
nearthe crack tip. The general form of equation relating Kto the load and flaw size is given by:

a
K:O'f\/E f(V_Vj Equation 2-17

where oyis the far-field applied stress, ais the flaw size and f(a/W) is the compliance function
to accommodate different component geometry and shape, where Wrefersto the width of
the specimen. Kisvery useful asitdescribesthe local crack tip stress state (and strains). If two
cracks of different size and shape have similarvalues of K, intheory the stress fields around
the two flaws are identical. The use of Kis convenientasit can be calculated from specimen
and crack dimensions and external loading conditions.

2.2.1.5 Kand G equivalence

Energyrelease rate Gisa global parameter, while the stress intensity factorKis a local
parameter. Forlinearelasticmaterials Kand G are uniquely related. Combining Equation 2-10
and Equation 2-17, both forbehaviourfora through crack inan infinite plate, leads to the
following relationship between Gand K, (for mode | loading) for plane stress:

G=—— Equation 2-18

( E j Equation 2-19
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When all three modes of fracture are present, the energy release rate is given as:

K +K,?
E

G Equation 2-20

for plane stressand

:(K|2+K||2)+KIIIZ
E E
1-v? 1+v

G Equation 2-21

for plane strain.

2.2.2 Fatigue

Instead of the stress range Ag;, the stressintensity factor range AK has been adopted widely to
characterise fatigue crack growth as it describes the range of crack tip stress field. Plots of the
crack growthrate per cycle, da/dN vs. AK (on a logarithmicscale) generally show asigmoidal
relationship divided into three distinct regimes, as shownin Figure 2-3.

Regime B Failure at

(Paris Regime) Kmax near

KIC
o
©
a
oo
Ks]
> Regime A Regime C
S
S
RS}

Threshold
AK (logscale)

Figure 2-3: Typical da/dNvs. AK curwe [47]
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Regime A describesthe low AKregion where non-continuum behaviouris observed. Below the
threshold stress intensityfactor range AKy, crack growthis considered arrested [44]. Alarge
influence of microstructure, environment and mean stress on crack growth is generally
observedinthisregion. Regime Bdenotesthe region of stable crack growth which can
generally be described by the Paris Equation:

E:CAK"‘ Equation 2-22
dN

where Cand m are material constants, which are generally less microstructurally sensitive.

Regime Cisthe region of high AKwhere the crack growth accelerates rapidly to final failure
and staticfailure modesincreasingly come into play.

The AK parameterhoweverisan elasticassumption, and when asignificantamount of plastic
deformationistaking place, alternative parameters such as the J-integral are more appropriate
to characterise fatigue crack growth. When plasticdeformationis occurring at the crack tip,
the use of AK isstill valid provided there is sufficient material around the plasticzone whichiis
behaving elastically to provide true constraint. Other factors, such as microstructural effects,
crack deflectionand crack closure can also alterthe effective value of local AKrelative tothe
global AK calculated from the crack geometry and loading. These effects are discussed further
insubsequent sections of the literature review.

There are also some uncertainties in extending linear elastic concepts to high temperature
crack growth where plasticflow nearthe crack tip could be more extensive [49]. In addition,
there could also be superimposed non-linear effects at these high temperatures such as time-
dependent creep effects and environmental effects, which could alter the characteristics of
the crack tip.

2.2.3 Crack Closure

The term crack closure describes load transferin the wake of a growing crack, due to contact
between the crack faces. Crack closure could arise due to surface roughness, oxide debris or
plasticwake due to prior plasticity ahead of the crack tip. Very often more than one of these
mechanismsisinoperation during the event of crack closure. All these mechanisms can cause
contact of the crack surfaces at a stressintensity greaterthan the applied minimum stress
intensity, hence the crack tip experiences an effective AKthatis less than the applied AK, i.e.a
lower crack tip driving force, causingareduced da/dN. [44]

2.2.4 Crack tip plastic zones

Within the vicinity ahead of the crack tip, there isa zone in which the local crack tip stresses
will exceed the yield strength of the material, in this region the material yields and local plastic
processesare expected to operate. This process zone is likely to be importantin controlling
crack tip failure mechanisms.

In monotonicloading, foramaximum stress intensityfactor K,,,,the size of this plasticzone
can be generally described by
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O

2

K .

r-p,monotonic = a{ — J Equation 2-23
y

Where o,isthe yield stressand a.is a constant factorthat depends on the approximations
usedinallowingforthislocal plasticity within a K-dominated stress field.

Howeverin cyclicloading, the material at the crack tip, which has alreadyyielded intensile
loading, onunloading must both unload from the tensileyield state and re-yield in
compression. Thusthe reversed plasticzone size (PZS) ahead of afatigue crack depends on AK

and the effectiveyield stressis 2o, (assuming no Bauschinger effects on unloading) and soiis
considerably smallerthan the monotonicPZS. It can be described as:

2

AK .

r-p,cyclic = a[z_] Equation 2-24
Gy

For plane strain conditions the added physical constraint of the surrounding material resultsin
anincrease inthe local stress values required to cause yielding of the material, which causes
the plane strain PZSto be smallerthanthe plane stress PZS. [50]

A number of approximations are detailed below, which give avariety of values fora:
The Rice model has been developed from Griffith’s energy balance relationship. [51]

For the plane stressregion:
1
27

In the plane strainregion, the added physical constraint of the surrounding materialresultsin

o Equation 2-25

anincreaseinthe local stress values required to cause yielding of the material. The extend of
plasticity at the crack tipis therefore smaller, and can be described by:

1

“6r

The Irwin approximation estimates the plasticzone inaductile solid by considering the crack

o Equation 2-26

tip zone ahead of a crack within which the von Mises equivalent stress exceeds the tensile flow
stress. [52]

For the plane stressregion:
o=— Equation 2-27
T

For the plane strainregion

Equation 2-28

The Dugdale approximation considers the shape of the plasticzone size. The model based on
the assumption thatyielding takes place in anarrow strip ahead of the crack, and is
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particularly appropriate for use during faceted Stage | crack growth (slip band crack growth)
for materials which exhibit highly planarslip. [53]

For the plane stress region:

o= g Equation 2-29

For the plane strainregion

T

== Equation 2-30
24

o

2.2.5 Initiation and Short Crack Behaviour

Fatigue crack initiation and short crack growth are importantas a majority of turbine disc
fatigue life isspentinthese fatigue regimes during service [54-57]. High component stresses
resultina relatively small extent of fatigue crack propagation priorto fast fracture, limitinga
large proportion of the usable fatigue life to the short crack growth regime [58, 59]. The
influence of microstructure and environment on fatigue crackinitiation and short crack growth
has been shownto play a dominantrole, especially on cracks which are of a size comparable to
the scale of characteristic microstructural features [57, 60]. Different authors have different
definitions of the length which corresponds toashort crack, butin general this corresponds to
the length at which non-continuum mechanics are operating. The definition of short cracks,
accordingto Suresh [44], is as follows:

a) microstructurally short crack: where the crack size is comparable to the scale of a

characteristic microstructural dimension such as the grain size for monolithic materials.

b) mechanically short crack: small fatigue cracks in smooth specimens wherethe near-tip
plasticity is comparable tothe crack size, or cracks which are engulfed by the plasticstrain

field of anotch.

c) physicallyshortcrack: where the flaws are significantly largerthan the characteristic
microstructural dimension and the scale of local plasticity, but are merely physically small

with length typically smallerthan a millimetre ortwo.

d) chemicallyshortcracks, which are nominally amenable to linear elasticfracture mechanics
analyses, but exhibit apparent anomalies in propagation rates when below a certain crack
size as a consequence of the dependence of local crack tip environmentalinteractions on

crack size.

The first definition represents alimitation as to the relevance of continuum mechanics, while
the second representsalimitation on current LEFM descriptions of the crack driving force.

20



2.2.5.1 Crack initiation in Nickel base Superalloys

Naturally initiated cracks will form at the least resistant pointinthe microstructure, i.e. at pre-
existing defectsorinslip bandsin favourably oriented groups of grains. The number of cycles
requiredtoinitiate acrack will decrease as the amplitude of the cyclicload is raised, while the
number of appearing cracks will increase with the amplitude of the cyclicload. [55, 61]

A variety of crack initiation mechanisms is possible in nickel-base superalloys. The mechanisms
of crack initiationin nickel-base superalloys will depend strongly on various factorsincluding
microstructure, environmentand temperature. Atroomtemperature, fatigue cracksinitiate
predominately fromsslip bands, thisis promoted by heterogeneous slip [21, 62], but also from
twin boundaries [56], grain boundaries[61], at carbides[62, 63], due to cracking of
inclusions/precipitates [21] or at defects [63]. At elevated temperatures, crack initiation has
been observedto occurfrom slip bands [62], grain boundaries [20], twin boundaries [59],or at
inclusions [63] orat defects [64].

2.2.5.2 Short Crack growth

Short crack growth is the regime of crack growth bridging the crack initiation process and the
long crack growth process. Non-continuum mechanics are at work during short crack growth,
hence the application of LEFM to characterise small crack growth may be inappropriate.

The general characteristics of short crack growth include:

i)  Short cracks exhibitanomalously high, irregular growth rates when comparedto larger

cracks at the same AK [57, 62].

ii)  Short cracks can also grow below the AK,, found forlong cracks.[43]

iii) Considerablefluctuations and scatterare seeninshort crack growth data.[43]

The application of the conventionalmethod of life prediction, i.e. usingintegration of the
da/dN vs. AK relationship with aninitial flaw sizeand acritical flaw size may lead to non-
conservative estimates of componentlife, if the characteristics of short crack growth are not
takenintoaccount [65].

The anomalous short crack growth behaviouris attributed to the invalidity of using AK to
characterise short crack growth due to the non-continuum behaviour of the cracks, due to
local microstructural effects and to the absence of crack closure [54, 61]. Accelerated chemical
attack due to relative ease of access to the short crack tips hasalso been cited to cause
anomalous short crack growth behaviour [61]. The AK is unable to correctly describe the
magnitude of crack tip stress-strain field forthe case of short cracks. The crack tip driving force
for short crack growthis noted to be significantly higherthan that described by AK and LEFM
predictions [65].

Short crack or stage | crack propagation generally occurs by single shearinthe direction of the
primary slip system and when the crack and its surrounding plasticzone are lessthan a few

graindiametersinlength[44]. A combination of this and the concentration of deformationinto
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intense slip bandsleads to short cracks growingina highly crystallographicmanner, often
parallel tothe {111} planes [61]. This single slip mechanism resultsin azig-zag crack path and
predominantly faceted fracture surface at low temperature.

The fluctuations and scatter observed in short crack growth data are associated with
interactions between the crack tip and microstructural features [61]. When the crack tip
encountersamicrostructural barrier, such as a grain boundary, inclusion, precipitate ortwin
boundary, the crack path mightbe altered, deceleration of the crack growth may occur, and
may even lead to total arrest of the crack [59]. Furthermore the crack may also be deflected
when overcoming this microstructural barrier. Each individual crack might show a different
behavioursinceitis affected by different local microstructures [43].

The high values of applied stress at which short crack studies are normally performed also
resultin extensive overall plasticity levels and hence growth at an effectively high value of R
[29]. The lack of crack closure has also been associated with the anomalous high mean growth
rates of small cracks [29]. At short crack lengths where the ‘wake’ behind the crack tipis
limited, asmall closure contributionis experienced [7]. Also, the greater plasticstrain
experienced at the tip of the short crack (as the crack isin plane stress state) resultsin greater
crack openingdisplacements atthe same nominal AK compared to a through-thicknesslong
crack (whichisinplane strain state), resultinginthe loss of closure [29].

2.2.5.3 Convergence with long crack behaviour

As the shortcrack increasesin size and more grains are encountered, deformation within the
plasticzone is constrained by the need to maintain compatibility between randomly oriented
grains, and the small crack growth rates will be expected to gradually merge with long crack
growth data [66]. Convergence of shortand long crack behaviouris generally assumed to occur
whenthe short crack beginsto sample the material asa continuum [62], i.e. when the
constraints are sufficientto compel the microcrack to grow like alarge crack, i.e. at a slower,
‘average’ rate. The general indication of convergence of shortand long crack behaviouristhe
transition from stage | structure-sensitive crack growth (faceted) to stage Il structure-
insensitive crack growth (striated). Many studies have noted convergence of shortand long
crack data whenthe crack length has spanned as many as eightto ten microstructural
elements [60]. Otherresearchers have noted convergence of shortand long crack data when
the crack tip plasticzone size exceeds the grain size of the materials [7]. These two are
essentially similar conditions as the crack tip plasticzone size often exceeds the grain size
when the crack has grown across approximately 8-10grains [67] at the stresslevels typically
usedinthese studies.

2.2.5.4 Effect of temperature

With increasing temperature, the time required for crack initiation may be reduced or
increased depending onthe mechanismsin operation. As slip becomes more homogenous
with highertemperature, crackingalongslip bands may be suppressed. If the temperature is
furtherincreased, oxidation can reduce crack initiation resistance [63, 68] . Highershortcrack
growth rates have been observed at highertemperatures when compared withroom
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temperature. Thisincrease can usually be associated with achange in slip characterindicated
by the fracture surface changing from a highly faceted to flattersurfaces. [62]

2.2.5.5 Effect of Environment

Increased crack initiation periods and reduced short crack growth rates have been observed
duringvacuum tests, in particular at elevated temperatures when testing Nickel alloys [27, 63].
Oxygen penetration along persistent slip bands has been cited to enhance stage | crack
initiation and Stage Il crack growth and penetration of oxygen along grain boundaries was
associated with increased intergranular crack growth in Rene 80, MAR-M-200, IN738 and
IN718. [27]

2.2.6 Threshold and near threshold long crack growth

Threshold or near-threshold crack growth is essentially the early portion of long crack growth
regime, where under certain circumstances, e.g. low AK, the crackis unable to propagate or
propagatesvery slowly. Crack propagation typically occursin a very crystallographicmannerin
this crack growthregime, givingrise to a facetted fracture surface. In thisregime,
microstructure, temperatureand environment have been shown to have significant effects on
crack propagation behaviour.

Non-continuum failure processes are at work in the near-threshold crack growth regime.
However, as the crack lengthis much largerthan both the microstructural elementsize and
the crack tip plasticzone size, stress intensity solutions can be applied to characterise crack
growth in thisregime. In many ways, the near-threshold crack growth regime and the short
crack growth regime are similar. In both cases, the crack tip plasticzone is typically confined to
a single grain causingthe crack to propagate in stage | crack growth mode. However, inthe
near-threshold crack growth regime, the crack samplesthe material’s average properties due
toitslargercrack dimensions, whereasinthe short crack growth regime the crack samples
only the material local to the crack.

A transition from structure-sensitive near-threshold crack growth to structure-insensitive long
crack growthisfoundto occur whenthe crack tip plasticzone size exceeds the grain size of the
materials [29]. Beyond the transition, amuch flatter fracture surface is observed. The
transition was observed to be independent of R-ratio (the ratio of 0,,,/0max) and the change
froman air to vacuum environment[69]. Some studies have also noted adiscontinuityinthe
crack growth rates da/dN vs. AK plotto correspond to the transition [69].

2.2.7 Long crack growth in Paris regime

Long crack growth corresponds to crack growth where the flaw size is large comparedtothe
scale of plasticity or microstructural elements. Continuum mechanics are at work in this crack
growth regime and the crack growth behaviour can be described by the Paris equation
(Equation 2-22).

The fatigue crack growth processis a complicated function of anumber of variables, including
stressintensity, load ratio, temperature, frequency, hold time and environment. In general,
the crack growth process can be grouped into two categories, i.e. cycle -dependent crack

growth and time-dependent crack growth. Generally, cycle-dependent behaviouris favoured
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by low temperatures, high cycling frequencies and inert environment, whereas time-
dependent behaviouris prevalent at high temperatures, low cycling frequencies, and
detrimental environments [70, 71].

In the cycle-dependent regime, the crack growth rate per cycle, da/dN, is controlled by the
characteristics of the loading cycle, i.e. AKand the load ratio. Temperature has little effecton
the crack propagation process exceptasthey affectthe yield strength and modulus of the
material. Otherfactors, e.g. frequency, hold-time and environment, which are essentially time-
dependent parameters will also have little effect on cycle-dependent crack growth processes.
Crack propagationinthe cycle-dependent regime is characterised by a transgranular crack

path with evidence of striationsin many cases.

Creep and environmental effects are the main processes givingrise to time-dependent
behaviourinfatigue of superalloys. Creepis defined as the time-dependent deformation of a
material underanappliedload atelevated temperatures. Itis aninherent characteristic of the
material and occurs eveninthe absence of any environmental effects. Contribution of creep to
overall deformation increases with temperature untilit dominates material behaviour.
Environmental effects include oxidation and corrosion, which are time-dependent due to the
kinetics of the chemical reactionsinvolved. The thermallyactivated processes of
environmental degradation and creep produce atemperature and time -dependent crack
growth. In the time-dependent regime, crack growth is characterised by an intergranular crack
path (as observedin Nickel based superalloys) [72].

At some intermediate temperatures and frequencies, cycle-dependent and time-dependent
components contribute to crack growth, i.e. the cycle-dependent and time-dependent regimes
are not mutually exclusive. This regime is known as the mixed cycle and time -dependent crack
growthregime, where creep-fatigue-environmentalinteractions may be taking place. Crack
propagationinthisregime is characterised by mixed transgranularand intergranular crack
growth.

Itis possible toseparate the various effects on fatigue crack growth by testing underdifferent
conditions. Testinginairand in high vacuum will enable the effects of environmentto be
separated from those of fatigue and/or creep-fatigue as vacuum suppresses oxidation which
takes place inthe airenvironment. When testingin vacuum, any time-dependent behaviour
presentis principally due to creep alone. The interactions of creep and fatigue can be further
assessed by testing using high frequencies in vacuum, which will reveal the pure fatigue crack
growth behaviour, or by imposition of hold times at maximum load in vacuum to quantify the
creep-fatigueinteractions. The growth of cracks underservice conditionsis usuallyduetoa
combination of fatigue, creep and environmental effects. The complex interaction of all these
effectsis notusually astraightforward summation of the individual effects, and this makes the
characterisation of fatigue crack growth even more complicated underthese conditions.
Dependingonthe load, creep and environmental effects can augment one anotherthus
accelerating crack growth or oppose each otherthereby retarding crack growth and
sometimes even contributing to crack arrest. [70]

Creepisan inelasticdeformation, hence the standard LEFM parameter AK used to characterise

fatigue becomesinvalid. Attempts to characterise creep-fatigue are based on partitioning
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crack growth ratesinto fatigue and creep components, or by partitioning crack growth driving
forcesintoelasticandinelasticcomponents. Various attempts have been made to characterise
crack growth inthe mixed cycle and time-dependent regime, the most simplisticbeingthe
summation of the individual effects of fatigueand creep component of the crack growth [71],
i.e.

E = (EJ + (Ej Equation 2-31
dN  \dN ), LdN ),

where (da/dN).and (da/dN); are the crack growth rates due to the creep and fatigue
components respectively. Good correlation between calculated and experimental results was
foundonlyina limited number of studies [71]. Apparently this approach only works if there is
no interaction between creep and fatigue crack growth, giving atotal crack growth rate equal
to the sum of the individual fatigue and creep components of the crack growth. When creep -
fatigue interactions occur at the crack tip, acceleration of crack growth due to creep crack
growth or retardation of crack growth due to stress relief from creep deformation may occur.
Environmental effects, if any are present, are also not considered in this simpleapproach.
Linearsuperposition would generally underestimate crack growth ratesin the mixed crack
growth mode regime as creep and environment effects tend to accelerate crack growth. The
applicability of this simple cumulative damage concept at lower R-ratios where crack closure
effects mightbe importantisalso questionable [71].

Anotherapproachinitially proposed by Saxena and used by Gayda et al. [73] with higher
degree of successisthe time integration method. The general form of the equationis:

da/dN = (da/dN), + [ (da/dt)dt Equation 2-32

where the term (da/dN);is the crack growth rates due to “pure” fatigue unaffected by creep or
environment effects. This can be obtained experimentally by testing at high frequenciesin
vacuum. The integral term corresponds to any time-dependent contribution to crack growth,
and to calculate this portion of the equation, datafrom sustained load tests under conditions
similartothe creep-fatiguetests are required. Effects of waveform used in the creep-fatigue
testsare takenintoaccount when calculating the integralterm. This method has been used by
Gayda et al. [73] to account for the effects of dwell timeduring creep-fatigue cyclingin their
tests, and good correlation was found in regions where environmental effects are not
significant. Inthe time integration scheme, any effects of environment are clearly not taken
into account exceptas they affect creep crack growth. Any interactive effects between the air
environmentand fatigue loading are also not considered.

2.2.7.1 Effect of temperature

Anincrease intemperaturewillgenerally lead toanincrease in crack growth rates, when
testinginair[74]. Smallereffects of temperature on crack growth rates were noted in vacuum
tests comparedto testinginair [72].

In the cycle-dependent crack growth regime, the increase in crack growth rates with
temperature wasfoundto be minimal [43]. In most cases, the variation in crack growth rates
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can be rationalised in terms of changesinyield strength and modulus of the material with
temperature. A change in slip character mightalso be responsible for the higher crack growth
rates. Anincrease intemperature givingamore homogeneous slip would enable strain
accommodation and hence reduce the localised stress concentrations, but atthe same time
the reduced degree of slip heterogeneity may lead to more irreversiblesslip and greater
damage accumulation, which may be detrimentalto crack growth resistance.

In the time-dependent crack growth regime, anincrease intemperature will lead toa more
pronouncedincrease in crack growth rates. In addition to changing slip deformation
characteristics, changesintemperature also change the degree of time-dependent
phenomena,i.e. creep and environmental degradation. The degree of creep and environment
damage increases with temperature as both processes are thermally activated [72]. As
temperatureisincreased, atransition fromtransgranularcrack growth indicative of cycle -
dependent crack growth to a mixed transgranularandintergranular crack growth or a
predominantly intergranular crack growth will occur, indicating increasing contribution of
creep and/orenvironmental damage to the crack growth process [25].

In testsinvolving hold times at maximum load, some studies [74]have noted that the crack
growth rates increase with aninitial increase intemperature, but with furtherincrease in
temperature, adecrease in crack growth rates was observed. This was attributed to crack tip
blunting at the elevated temperature, or due to coarsening of shearable precipitates [74]
leadingtoa more homogeneousslip process. As mentioned previously this will redu ce the
localised stress concentration and minimise the chance of intergranular cracking due to
relaxation of the stresses generated between agrain boundary and an impinging slip band.
This may alsoincrease the intergranular crack tip resistance to environmental damage.

2.2.7.2 Effect of Environment

In the time-dependent regime, testinginan air environment has been associated with higher
crack growth rates compared to testingin vacuumor an inertenvironment. Testingin air
resulted in oxidation-dominated intergranularfracture in astudy by Hide et al. [75] on U720.
The effect of air as an oxidising environment was more marked in lowerfrequency and/or
longerhold time tests, orat highertemperatures.

It has also been noted thatthe m-values, i.e. the slope of the da/dN vs. AK plot remained
almost constantundervarious temperaturesand imposed dwell timefor tests carried out on
U720 inan air environment [75]. Oxidation embrittlement along grain boundaries which
dominates crack growth underthe various test conditions could explain the similar m-values
observed.

In the long crack growth regime, the effect of environment on crack growth rates is generally
more marked in fine grain microstructures [76]. Thisis due to the largeramount of grain
boundariesin the fine grain microstructure, which increases the influence of environmenton
the crack growth process. The intergranular crack growth process usually associated with
environmentinteractionsin fine grain microstructure is usuallysuppressed when the material
istestedinvacuum, furthersupporting thatenvironmental attack is predominantin airtests
for fine grain microstructures.
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2.3 Crackdeflection

As a sustained macroscopiccrack deflectionis discussed in this work, itisimportant to
considerthe drivingforces that have been found to control deflected crack growth in thisand
otheralloy systems.

For a crack with a kink of length b at an angle o, as shownin Figure 2-4, where b is much
smallerthan the total crack length a, the local stress intensity factors k; for mode 1 (opening)
and k; (shearing) describethe behaviourat the crack tip under plane strain conditions.
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Figure 2-4: A schematic presentation of a kinked crack geometry and the associated nomenclature
[77]

Suresh and Shih [77] have presented available stress intensity factor solutions for local k; and

k; as functions of the kink angle afora line crack containingakink of the length b=0.1a that is
subjectedto a far field stress intensity factor K, as shownin the diagramin Figure 2-5.
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Figure 2-5: Variation of normalised k; and k; for b/a=0.1as a function of a kink angle a [77]
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Prediction of the mixed mode behaviour of acrack is complicated, as the crack may not grow
co-planarwith the original crack. Past work on prediction of mixed modefailure can be
dividedinto 3 categories. The first approach states that crack behaviouris controlled by some
component of the crack tip stressor strain field —e.g. the Maximum Tangential Stress (MTS)
[78]. The second extends Griffith’s elastic energy release rate concept to mixed mode loading
conditions—fracture is controlled by G,,.x [78]. The third suggests thata “strain energy
density” may be evaluatedin the vicinity of the crack tip and that this quantity controls crack
behaviour, with the crack following the direction of minimum strain energy density S,..;, [79].

In the following sections a prediction of mixed mode fracture behaviourbased on these three
methodsisreviewedin more detail.

2.3.1 Maximum Tangential Stress

For a central crack at an angle fwith respectto the loading axis of the crack undera uniaxial
far field tensilestress o,as shownin Figure 2-6. [78]
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Figure 2-6: Inclined central crack subjected to uniaxial loading [80]

A Stage Il crack is predicted to grow at an angle 6,along which the resolved tangentialtensile
stress 0ge is @ maximum, and the resolved shear stress g,5is 0. It is always the direction of the
resolved tangential stress, not the largest principle stress (gge 0r g,,).
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For the example shownin Figure 2-6, the resolved tensile stresses are perpendicular (o,) and
parallel (o,) to the crack, and the resolved shearstress t,, will develop parallel to the crack.

o, =0,C08° 3 Equation 2-33
T, =0,Sin gcos B Equation 2-34
The stress intensity factors for opening K,and shear K, can be described (foralarge plate) as:
K, =0'a\/%sin2 yij Equation 2-35
K, =o,/msin fcos B Equation 2-36

For values of fbetween 0and 90°, combinations of mode | and mode Il are obtained, with
pure mode | conditions for f=90°.

The stresses 0gg and o,g Near the crack tip can be described by:

K,cos(0/2) K, cos(@/2), 3 . _
0y =——"—-005"(0/2) + ———=(—=sind Equation 2-37
60 \/ﬁ ( ) \/ﬁ ( 2 ) q

_ K, cos(@/Z)SinQJr K, cos(6/2)

Gr —_—
/ N2 N2ar

The angle of the crack propagation ©,can be determined forany K,and K, by differentiation of
Oge Withrespectto O, settingthe derivativetoOand 6 to 6,:

(3cosd-1) Equation 2-38

K,(sing,)+ K, (3cosg, -1)=0 Equation 2-39

The criterion forfailure can be expressed as:

Klf 3 Kllf 3 . .
(cos®(6,12))+ (E cos(6, 12)sin6,) = oy Equation 2-40

Vomr Jour

2.3.2 Analyses based on G

Erdogan and Sih [78] noted that the overall energy releaserate Gis:
G =G, +G, Equation 2-41

and this could be used as an energy criterion for crack growth under mixed mode, when G
exceedsacritical G.. G,ans G, can be calculated from K;and K, using Equation 2-18

G =— Equation 2-42
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G, =— Equation 2-43

K,and K;;can be calculated from applied stress and crack length, which makes this approach
appealing, howeverthisisonlyvalidif the increment of crack extension used to determine G,
and Gy is coplanar with the original crack. In reality mixed mode fractures do not occur inthe
direction of the original crack and to apply the Griffith energy criterion correctly, Gmustbe
calculated foran increment of crack propagationin an arbitrary direction. The criterion for
crack extension would then be that the crack will propagate inthe direction of the maximum
energy release rate G,,.,, Wwhen G,,,exceeds G,. [78]

2.3.3 Analyses based on Strain Density

Sih [79] proposed the incremental strain energy dW storedin a volume dV of an elasticbody at
some position nearthe tip of the crack as:

dw 1 .
d_V:FS + higherordertermsinr Equation 2-44

Sisthe strain energy density factor, afunction of 8, K, K, shearmodulus y and Poisson’s
ratio, v for amode | and Il situation.

The firstterm of the equations dominate for small r, Sthen characterises the magnitude of the
energyfield atthe crack tipand can be usedinfracture predictions. Crack propagation will be
indirection of maximum potential energy, since thisis equalto the negative strain energy.
Crack propagation will be inthe radial direction along which the strain energyisaminimum.

Howeverseveral situations have been presentedinthe literature [81-83] under which no
minimumin dW/dV isfound at the crack tip, which does notsupportthe S minimum
hypothesis.

2.3.4 Crack Tip Shielding

Crack path deflection can cause crack tip shielding, i.e. the local reduction in effective crack
driving force. A complex (deflected or branched) crack path can give rise to intrinsicshielding
i.e.inherenttothe crack path, that reduces the effective diving force at the crack tip and
hence the crack growth rate, when the deflection of crack is following a certain k/k;. [50]

The size of the deflected crack segment, ratherthanjustthe angle can have an effectasit
dictates the extent of the crack that experiences the reduced drivingforce. [84]

Suresh makes estimations of the deflected crack growth rate da/dN fora 2D case [85]:

b ros? (g:] +r Equation 2-45

b+rc ﬂf{ﬁ.’omina!

ﬁﬁaffacﬁva =

da _ bcosB + c(da)
Nominal

dN  b+c \dN Equation 2-46
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Where b isthe deflected distance, cis the undeflected distance and @ is the deflection angle.

Suresh also confirms that periodicchangesinthe crack path ona microscopicscale may
actually cause slower fatigue crack growth rates[77]. It is furthersuggested that the twist
component k; might furtherreduce the crack tip driving force ascomparedto an inplane
deflection (k;and k; only). [84]

Extrinsicshielding can also be caused by roughnessinduced crack closure in deflected crack
paths, as mentionedinsection 2.2.3, which can slow down the crack growth. This contact
shieldingis caused by wedging of fracture surface asperities due to mismatch fromthe
irreversible nature of inelasticcrack tip displacements.

It dependsonthe degree of fracture surface roughness and frequent deflection, andit occurs
usually at low stress intensity factor ranges and small crack tip opening displacements. It can
be promoted by planarslip, e.g.in Nickel based Superalloys, and can be beneficialinreducing
nearthreshold crack growth rates. [84]

Reedetal. [86] observedintrinsicshieldinginsingle crystal U720 caused by greater
reversibility of slipinvacuum, leading to less damage accumulation and highly planarslip,
while in polycrystalline U720 studied by Loo Morrey [50] a highercrack growththresholdin
vacuumis linked to both intrinsically lower crack growth and extrinsicshielding arising for the
complex crack path.

2.3.5 Crack deflections in different alloy systems

An apparently similar deflection behaviour has been observedin U720 by Tong [87] inquasi
statictests, with very low frequency and long dwells at 650°C in compact tension (CT)
specimens, where deflected and planar cracking occurred. Stress intensity factors have been
evaluated using FE software ANSYS, where K;and K, were calculated fromthe crack tip
openingdisplacement. Thisshowed anincrease in K,/K,for the growingcrack. No obvious
explanation has been found to explain the deflection, however Tong made links to work by
Cotterell [88], which proposes that mixed mode fracture can be caused by crack path
instability. A crack deflects on a microscopicscale due tolocal inhomogeneity, the local mode |
and mode Il condition may theninfluence whetheracrack is unstable and deflects furtheroris
stable and returns to the original crack path.

The actual occurrence of the unstable crack growth may also depend on otherfactors such as
the crack growth mechanismorgrainsize. Pook [89] summarised some work on deflected
crack paths. He describes crack deflection in asimilarway: The crack path is described as
chaotic, withinitial deviations from the crack path occurring due to microstructural variation,
which can cause the crack to eitherfollow astable or unstable crack path.

Sustained deflected crack growth in fatigue has beenreportedin otheralloy systems: Strongly
deflected crack growth has also been reportedin Udimet 720 single crystal systems in mixed
mode loading and undervacuum conditions, wherefatigue behaviouris more controlled by
planarslip processes. The direction of the Stage | deflected crack growth was found to be
dependent on the crystallographicprimary and secondary orientations as well as loading
conditions. Consideration of the local resolved shear-stress intensity and local resolved
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normal-stressintensity foreach slip systemas it intersected the nominal crack-growth plane
allowed the prediction of stage | crack paths. A combination of both opening and shearing
were found to promote stage | crack growth, and boundary conditions were established within
which stage | cracking was promoted. Highly deflected stage | cracking gave rise to significant
shielding effects, but under suitable mixed-mode loading (described in more detail in Chapter
8.2.1), highly oriented, coplanar stage | crack growth was produced. Intrinsic stage | cracking
under mixed-mode loading appeared to be greatly accelerated compared with mode |-
dominated stage Il crack growth for comparable stress-intensity levels [86]

Deflected crack growth behaviourhas also been observedin aluminium alloys tested under
mixed mode loading in fatigue, where crack propagation occurs along grain boundaries[90].
The deflection from the expected nominal crack plane has been linked to either strongly
textured alloys with high volumefractions of shearable &' (Al;Li) precipitates where slip band
crack growth has been promoted or specificalignments where grain boundary failure
processes (principally shear controlled) have dominated fatigue failure. Forthe alloy AA7050,
for a number of mixity conditions and initial K., mex values the fracture deflection angles were
measured and compared to predictions using conventional mixed mode analyses such as
maximum tangential stress (MTS), Gox and Si. It was found that the deflection angle
decreased from the predicted angle (assuming MTS, G,,.x Or S..i» controls crack growth) at a
Kefmax above 10MPavm and that for increased K,/K,mixed mode grain boundary failure seems
to be sustained. Results show variation fromthese predictionsas shownin Figure 2-7.[90]

AA2297 results

1109

- G, prediction
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Figure 2-7: Initial crack propagation angle as a function of initial Keqmax for AA2297 and AA97 and
predictions for MTS, Syin and Gpax [90]

32



2.3.6 Previous work on Sustained Macroscopic Deflected Fatigue Crack
Growth (‘Tear Drop Cracking’)

The sustained deflected fatigue crack growth discussed in this work, has previously been
observed by Brooks [91]and Loo-Morrey [50]. It has beenreferredto as ‘teardrop’ cracking
(TDC). Under mode | (tensile) loading a crack would usually be expected to growin a plane
perpendiculartothe stress axis; howeverthis unusual deflected crack growth has been
observedinthe superalloys Udimet 720 and RR1000 [23]. Thisfatigue crack exhibits
considerable deflection fromthis plane. Intests performed with cornernotch (CN) specimens
at intermediatetemperatures of 200 to 500°C, a central planarregion (orteardrop)isfoundto
be surrounded by sharply deflected shear regions at the surrounding free surfaces, where
mode | and mode Il (shear) are alternating. The term ‘teardrop cracking’ derives from the
specificcrack shape inthis specimen. The specimen finally failed with alargely deflected shear
fracture. The fracture surface of a TDC isshownin Figure 2-8.

Previous fractography [5] has shown that crack growthin the planarteardrop regions take
place by Stage Il crack growth, as well as the flat terracesin the shearregions. Loo Morrey
observed some secondary cracks between the shearand planarregioninthe terraces, this
could cause further shielding affecting the crack driving force of the deflected region. [50]

Fatigue tests done by Loo-Morrey [4] on U720 using Beachmarking (with an alternating R-Ratio
of 0.1and 0.5, see Figure 2-9) showed that the crack frontadvancesina projected quarter
circularshape, so the crack is not tunnelling, due to creep as described by Antunes etal. [92],
to formthe teardrop and shearregions are forming progressively due to fatigue crack growth.

Figure 2-8: Tear Drop Crack Fracture Figure 2-9: TDC fracture surface with
Surface in U720 at 300 inair with A: Initial Beachmarking showing shear lips form
Notch, B: Flat Tear Drop region, C: Terraced progressively during fatigue [4]

region, D: Shear region, E: Final Shear
Fracture [5]
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2.3.6.1 Effect of Temperature and Environment

Teardrop Cracking was observedin fatigue tests between 200and 500°C in air, while tests at
room temperature (20°C) and highertemperatures (600°C) in air showed a macroscopically flat
fracture surface. In fatigue tests that were performed in vacuum TDC was retained up to
highertemperatures of 600°C. The fracture surfaces forthe different environments and
temperatures as tested by Loo-Morrey are shownin Figure 2-10. [4]

vacuum

20°C

Figure 2-10: Fracture Surfaces at 20, 300, 600°Cinair and Vacuum [4]

2.3.6.2 Applied Stress and Crack Tip Stress Intensity Factor

The shape of the TDC can be related to the initial crack tip stressintensity factorrange AK;and
the overall applied stress and stress range Ao. Higher AK, o and Ao caused larger deflected
terracedregions. Loo-Morrey etal. [4] found that TDC isinfluenced by the crack tip stress
intensity factor range AK rather than the maximum stress intensity factor, which shows that
TDC is evidently afatigue phenomenon. Figure 2-11 shows TDC at different stresslevels,
where the shearregions completelyenclosethe teardrop region ataninitial stress intensity
factor range of AK=18MPavm (c), a so called closed tear drop, while lower stress intensity
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factor ranges, such as (a) initial AK=8MPavm or (b) initial AK=12MPavm resultinsmaller
deflected regions and largerteardrop regions (openteardrop).

Moreoverthe onsetof the terracing effect was observed to startaround a AK of 29-33
MPavm, while the largest shearlips were seen usually seen between 53-89MPavm.

a:initial AK=8MPavm b: initial AK=12MPavm c: initial AK=18MPavm

Figure 2-11: TDC Fracture surfaces from CNB samples tested at 300°C in vacuum at R=0.1 at given
initial AK; [4]

2.3.6.3 Effect of the Microstructure and Processing Route

TDC has been observed onlyin certain microstructures of U720:

e It wasseeninfine grained materials, with grain sizes of approx. 10pum, while aflat
fracture surface was observedin tests on materials with agrain size of about 48 um.
(5]

e They size of the material, where TDCwas observed, was ca. 2um for the primary, 80-
100 nm for the secondary and 10-20nm for the tertiaryy’. The phenomenon was
suppressed by largery’ (410nm [5]). Secondary and tertiary ¥’ have the most effecton
the slip character of the material, which may be contributing to the deflected crack
growth, howeveradirectinfluence on TDC was hard to establish.

Tests performed with Cast and wrought (C&W) and powder metallurgical (PM) materials with a
similar composition and microstructure (effectively afine grain size) have both shown the
occurrence of TDC inthe relevanttemperature range [22]. Tests performed with the materials
U720 and U720Li (low interstitial) showed TDC for both materials at the same conditions and
microstructures, therefore it seems that the content of interstitial atoms, such as Boron, has
no clearinfluence onthe occurrence of TDC. [5]

Table 2 summarizes the previous findings on factors that influence teardrop cracking.
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Test Conditions Microstructure

200°C to 500°C in o Fine Grains (ca.

Temperature ) Grain size
air 10um)

Y’ sizes of ca. 2um

(primary), 80-100

In vacuum up to

i higher .
Environment Y size nm (secondary)
temperatures and 10-20nm
(600°C) ;
(tertiary)

AK controlled
(not K )
max

) Onset of terracing: | Interstitial content
Stress Intensity No effect
29-33MPavm for (C, B)
CNB and CDB, 20-

22MPavm for SENB

Frequency No effect (between | Processing route

0.25 and 145Hz) (Powder Metallurgy | No effect
or Cast & Wrought)

Table 2: Previous tear drop cracking (TDC) findings from Loo-Morrey [50] and Brooks [35]

2.3.6.4 Possible explanations

Based on the review of previous work TDC can therefore be described as a periodic,
macroscopically mixed mode crack growth, whichis ‘initiated’ at free surfaces. The slip
character of Nickel based superalloys could be a possible explanation for TDC. Nickel based
superalloys show inhomogeneous slip behaviour, which favours shear crack growth. Firstly
this could be caused by the shearing of coherent y’ precipitates, which occurs at temperatures
below 600°C. At highertemperaturesy’ strengthens and cross-slip can occur, hence slip
becomes more homogenous and can occur predominantly in ychannels (particularly in highy’
volume fractions such as turbine blade materials). However this cannot be the full explanation,
as no TDCis seen atroom temperature, where the most planarslip behaviouris expected. The
phenomenon cannotbe explained by dislocation mechanics alone, meso-and macro fracture
mechanics also need to be considered. Dynamicstrainaging (DSA) does occurin nickel based
superalloys atthe relevanttemperaturerange, however TDC was observedin U720Li (low
interstitial) tothe same extentasin U720, hence DSA, which isthoughtto be caused by the
interstitial solute atoms, cannot be the sole cause of TDC.
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2.4 Summary of Literaturereview

Nickel based superalloys, such as Udimet 720Li are usedin aero engine turbines, due
to theirgood high temperature strength creep and fatigue resistance and resistance
against high temperature corrosion. They gain their high temperature strengthin
particulardue to the coherent Yy’ precipitates.

Nickel based superalloys exhibit planarslip, due to the shearable coherenty’
precipitates.

Material composition can be used to optimise the material interms of e.g. high
temperature strength or corrosion resistance

Through heat treatments of the material, the microstructure can be varied to be
optimised forthe application. The grainsize is controlled through solution heat
treatment, whichis usually below the y' solvus so primary y" are retained to a greater
or lesserextenttopin grainsize. Coherenty' isformed during cooling from solution
temperature.

Processingroute: PMhas improved properties (e.g. grain size control) over C&W, but
atincreased cost

Fatigue occursin three different regimes: initiation and short crack behaviour, Paris
regime, and final failure. Forthis work the long crack growth where the Parisregime is
validis mostimportant.

The crack tip stressintensity factor Kis a useful parameterforlinearelasticfracture
mechanicsandis usedin thisworkto characterise the crack tip stress state.

The occurrence of sustained macroscopicdeflected crack, previously referred to as
‘teardrop’ cracking, in fatigue tests underintermediate temperaturesinairand
vacuum and at high temperaturesin vacuum has been observed. No clear mechanism
has yetbeenidentified and this deflectionis not consideredin currentlifing
approaches for aeroengine components and could hence cause catastrophicfailure.

Moreoversome of the literature on crack deflection has been studied, to help
understand the mechanism and origins of deflections, and ways to predict the growth
of deflected cracks under mixed mode, such as the Maximum Tangential Stress.

Nickel based superalloys (and other alloy systems) have shown mixed mode cracking
and deflection, which could in some cases be linked to shearable precipitates and
growth alongslip plane

Deflection may slow down the fatigue crack growth due to crack tip shielding or
roughnessinduced closure.
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2.5 Aims of this work

As noclear mechanism has yet beenidentified by previous workers, the aim of thisworkis to
identify the mechanism that causes this sustained deflection and to deliver assessment
methodologies that can be incorporatedintothe componentdesign and lifing process.
Subsidiary aimstoachieve these aims have been defined as:

e Review of available fractures (test-pieces and components from Rolls Royce and from
previous researchers)

e Produce a working definition of macroscopically sustained mixed mode cracking to
enable the categorisation of fractures, that can be used for different specimen types in
which it was observed (CN and SEN in tension-tension and bend).

e From above propose microstructures and test conditions susceptible to teardrop
cracking.

e Define experimental programme to confirm above considering the different
temperatures and environments established in previous work as well as using different
specimen types to compare the effect of constraint conditions.

e Postulate mechanism (Mechanism map)

e Experimental programme (mechanicaltesting and deformation mode study) to confirm
mechanism.

e Determine overall crack growth rates from tests and local crack growth rates of
deflectedregions and effect on macroscopiccrack growthrates. This can be used as an
input fora lifing model to predict crack growth for different regimes.

e Analytic modelling of growth of deflected cracks: Crack Shape Mapping and strategic
Finite Element Analysis (FEA)of mixed mode crack in 2D and 3D, to be able to predict
crack path

e Model validation using service experience
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3 Materials

3.1 Introduction

The material studiedin this projectis Udimet 720Li (U720Li), where Li (low interstitial)
indicates the reduced content of interstitial atoms, such as Boron, and is comparedin Table 5
with the composition of powder metallurgy (PM) Udimet 720 (U720), originally studied by Loo-
Morrey [50] and U720Li in a cast and wroughtvariant as studied by Brooks [91]. The U720Li
materials studied in preliminary work comprise: PM U720 in a fine grain (FG) and coarse grain
(LG) variant (designated U720Li PM FG and LG respectively) which were previously also studied
by Pang[23]. The majority of testingin this EngD has howeverbeen carried out on cast and
wrought (C&W) U720Li supplied by Rolls Royce. Samples of the U720 PM material tested by
Loo-Morrey were available and have been re-examined in Chapter 6, hence this material was
also cut up and studied for comparison.

The U720 tested in previous work have a higher Crcontent than the U720Li variants, i.e.
expected to have betterresistanceto oxidation and corrosion. The PMmaterial tested by Loo-
Morrey has the lowest content of y' formers Al and Ti, which might mean that thisalloy has a
lower high temperature strength. Brook’s U720 PM FG has high Al and Ti contents, compared
to the otheralloys, so it should have comparatively good high temperature strength. However
this material isalso highin Co (ca. 17wt.%), which may increase high temperature strength, as
it reduces solubility of y'formers. The other materials have ca. 15wt.% cobalt, which also
minimises Stacking Fault Energy. The U720Li variants are lowerinB, i.e. boride formerand the
C&W variantusedinthis workisalsolowerinC, i.e. carbide former. Reduced Cand B content
might alsoreduce creepresistance, as they might cause dislocation pinning [11]. The heat
treatments forthese materials are described in Table 3which has givenrise to the variation of
grainsizesreportedinthisand previous work.

The reported Yield strength (0.2% proof stress) of the materials overarange of test
temperaturesis givenin Table 4, estimates for U720Li PM FG and LG are made based on
comparison of the Vickers Hardness at room temperature, thisis also done forthe U720 PM
material, where yield strength values are also available for some temperatures.
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Material U720 PM U720 PM U720 U720Li PM | U720Li U720Li
[4] FG[22] PMCG FG[23] PM LG C&W [93]
[22] [23]
Solution 4h 1080°C 4h 1105°C 4h 4h 1105°C 4h 4h 1080 to
heat 1170°C 1135°C 1100°C
treatment
oilquench | oilquench | aircool | oilquench | aircool oilquench
4h
1080°C
air cool
Ageing 24h 650°C | 24h 650°C 24h 24h 650°C 24h 16h 760°C
heat 650°C 650°C
treatment
air cool air cool aircool | aircool air cool air cool
16h 760°C | 16h 760°C | 16h 16h 760°C | 16h
760°C 760°C
air cool air cool aircool | aircool air cool
Table 3: Heat treatments of U720Li and U720
Material U720 PM U720 PM U720Li PM | U720Li PM | U720Li
measure by | Estimatefor | FG LG c&W
Loo-Morrey | comparison
HV10 at room 461 461 477.5 4335 434
temperature
Ratio of HV10
comparedto 1.06 1.06 1.10 1.00 1.00
U720Li C&W
YieldstrengthatT | From [64] Estimate Estimate Estimate | From[66]
20°C 1227 1210 1253 1138 1139
300°C 1141 1151 1193 1083 1084
600°C 1118 1133 1174 1066 1067
650°C 1121 1161 1054 1055

Table 4:Yield Strength in MPa of materials at different temperatures (Estimates based on U720Li
C&W printed initalics, measurements done in this work printed in bold)
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Alloy Cr Co Ti Mo Al w Fe Zr B C Ni
U720Li PMFG and LG (as

. . . . 2.44 1. . 042 01 02 Bal.
ested by H.T. Pang [23]) 15.92 | 14.57 5.18 2.98 35 008 | 0.0 0.016 | 0.023 a
U720 PM (as testedbyM. Loo |, ¢ 14 4.75 2.75 2.25 1 - 0.04 0.03 0.02 Bal.
Morrey [50])
U720 PMFG (astestedbyRR. | o 17.1 5.27 3.29 3.02 1.28 - 0.043 | 0.031 | 0.022 Bal.
Brooks [91])
U720 PMCG (astestedbyRR. | g ¢ 14.9 5.66 3 3.12 1.23 - 0120 | 0.020 | 0.019 Bal.
Brooks [91])
U720Li C&W (astested by R.R. 16 14.3 5 2.98 2.54 1.34 - 0039 | 0011 | 0.021 Bal.
Brooks [91])
U720Li C&W [93] 1574 | 1450 | 498 3.00 2.56 1.24 017 | 0037 | 0016 | 0.014 Bal.

Table 5: Respective compositions inwt.% of U720Li and U720
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3.2 Metallography

The microstructure was assessed to characterise grain size and y' size and distributionsin the
material. The mounted samples were ground with 600 and 1200 grit SiCpaperand then
polished with a DP Plan Cloth with 9um diamond suspension, then a DP Dac cloth witha 3um
diamond suspension and finally an OP Chem cloth with OP-S.

Etching was carried out onthe polished samples with Nimonic Etch (40ml H,0, 10ml HNO;,
50ml HCl, 2.5g CuCl,). Typical etching times were 10 to 15 seconds.

As the nimonicetch showed poorresults for U720Li PM samples, furtheretching of the
material was carried out through electrolyticetching using 10% orthophosphoricacid in H,0.
This etch preferentially removes the y' on the surface. Stainless steel wires were used as
electrodesand avoltage of about 2 volts was employed. The specimen was made anodic by
spotweldingthe electrode to one cornerof the specimen and the cathode (stainless steel
washer spotwelded to electrode) was moved to aclose distance (about imm) from the
specimen surface covering the entire surface forabout 5-6seconds.

The etched samples were observed with an optical Microscope Olympus BH2and ina Field
Emission Gun Scanning Electron Microscope (FEG-SEM) Jeol JSM6500F. Secondary electron
images were obtained atan acceleration voltage of 10kV.

To overcome the poor contrast forgrain size analysis, a binary image of the grain structure and
the primaryy' was produced manually by carefully tracing over enlarged SEM micrographs
leaving outthe primaryy'. For primary and secondary y' respectively, the precipitates are
traced overfrom SEM micrographs. The binary images were then scanned and saved into the
computerforfurtheranalysis.

To measure grain and precipitate sizeand distribution, the automaticimage analysis software
Image) was used. The pictures are scaled and parameters such as perimeter, areaandferet
diameters of the grain and primary and secondary y' binary images were measured.
Incomplete objects atthe edge of the binary were removed using the image analysis software.
The number of objects analysed forthe grain size was noless than 100 in each case and no less
than 500 objects were analysed for the primary y' and no less 200 for secondary y'.

Electron back scatterdiffraction (EBSD) scans were also carried out on unetched mechanically
polished samples of all 4 materials. EBSD data were collected using a Hikari EBSD camera,
attachedto an FEI Nova 600 Nanolab Dual-Beam FEG SEM/FIB system. Data collection speeds
of 260 points persecond were performed overascan area of approximately 200 um x 200 pum.
Both yand y’ phases were indexed to a nickel structure file with alattice parameter of 3.52A.
Between 2500 and 6500 grains were measured inthe area, dependingon the grainsize.
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3.3 Results

3.3.1 Udimet 720Li C&W

Figure 3-1 shows the microstructure etched with nimonicetch for 10 seconds observed inthe
SEM, where the primaryy’ is etched outand the grain boundariesare more clearly visible.
Secondaryy’ can be observed at higher magnifications.

Figure 3-1 a showsvariabilityin grain size in the C&W material (grain banding), whichis linked
to the processingroute (cast and wrought). Figure 3-1b and c show that twin boundaries can
be seeninthe material. Grain and precipitate measurements from these graphs are
summarisedin Table 6.

Figure 3-7 shows the EBSD grain orientation map and Figure 3-11 shows the image quality (1Q)
map fromthe EBSD which shows the grainsize. Fromthe orientation map, itcan be seenthat
this material has a no cleartexture. The mapsalso confirm the large variation in grain size and
evidence of twinning. The primary y' can be identified, as they are typically smaller than the y
grainsand are principally located at grain boundaries.

Figure 3-15 shows the misorientation angle measured in the EBSD. Most grain boundaries have
a highangle and a large number of twin boundaries (coincident site lattices) can be observed
withinthe grains, sothere s little apparent texture in this material.

3.3.2 Udimet 720 PM (studied by M. Loo-Morrey [50] )

Figure 3-2 shows the microstructure etched with nimonicetch for 10 secondsin SEM, where
the primaryy’ is etched outand the grain boundaries are visible. Secondary y’ are shown at
higher magnifications.

The EBSD mapin Figure 3-8 shows the EBSD grain orientation and Figure 3-12 the grainsize.
From the orientation map, againlittleorno texture is evidentin this material. The smaller
grains surrounding largergrains can be identified as primary y’ again. Figure 3-16 shows the
misorientation angle measuredinthe EBSD. Most grain boundaries have ahighangleanda
large number of twin boundaries can again be observed within the grains.

3.3.3 Udimet 720Li PM (preliminary work, also studied by H.T. Pang
[23])

For comparison detailed information on the microstructure of U720Li PM LG and FG have been
taken from previous research [23] and compared with metallographicassessment conducted
as part of this project on available samples. Figure 3-3shows the y matrixand primary y" inthe
PMU720Li Fine Grain (FG), etched with 10% orthophosphoricacid, which are againlocated on
the grain boundaries.

Figure 3-4 shows a TEM image of a carbon replica; the larger particles are the secondary y’ and
the small onesthe tertiary y'. In Figure 3-5 the primaryy’ and the grain boundaries of PM
U720Li Large Grain (LG) are visible. The grains are largerthanin the both previous materials.
Figure 3-6 shows the carbon replica of the secondary and tertiary y’, where the secondary y' is
largerthan inthe previous materials.
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For the FG variant in consideringthe EBSD mapin Figure 3-9, and the IQ mapin Figure 3-13, it
is difficult to distinguish between ygrains and primaryy’, as the sizesare quite similar. Forthe
LG variantin Figure 3-10 for the EBSD map and Figure 3-14 for the IQ map, a large variationin
grainsize can be observed, and also some twins. Both alloys show little or no apparent texture.
Figure 3-17 and Figure 3-18 show the misorientation angle measured in the EBSD for the FG
and LG respectively. Most grain boundaries have a high angle and a large number of twin
boundaries can be observed within the grains.

3.3.4 Comparison of grain and precipitate sizes

A summary of the sizes of grains, incoherentand coherent y' estimations forthe current
materials assessed in this work and those in comparable previous work (from the etched
microstructures) isshownin Table 6.

Histograms showingthe relativefrequency of the grain sizes (Figure 3-19), primary (Figure
3-20) and secondary (Figure 3-21) y’ sizes have been created, from the measurements of
binarised SEMgraphs of the etched U720Li C&W and U720 PM, and measurementsforthe

U720Li PMFG and LG from Pang [23] to show in more detail how grain sizes are distributed.
From the EBSD a histogram s also created showing the relative frequency and the area

fractions of the different grain sizes. Thisinformation combines the y grains and primary y’, as

they cannot be distinguished in the EBSD. The primaryy’ can be clearly recognisedin the
histograms asthe lower peak. Comparing the two histograms clearlyshowsthatthe larger
grains make up much of the area fraction, butonly a small number of the grains.
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Figure 3-1: Microstructure of U720Li C&W (SEM micrograph with Nimonic etch (applied for 10
sec)) (@) Owerview at low magnification (b) Higher magnification picture showing grain structure
(c) Close-up showing etched out primary y’, twin boundaries and secondary y’ (d) Close-up of
secondary vy’
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Figure 3-2: Microstructure of U720 PM (SEM micrograph with Nimonic etch (applied for 15 sec))
(a) Owerview at low magnification (b) Higher magnification picture showing grain structure (c)
Close-up showing etched out primary y’and secondary y”’ (d) Close-up of secondary y’
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Figure 3-3: Microstructure of U720Li FG Figure 3-4: Microstructure of U720Li FG
(optical micrograph with orthophosphoric (Carbon replica in TEM) [23]
etch)

Figure 3-5: Microstructure of U720Li LG Figure 3-6: Microstructure of U720Li (LG)
(optical micrograph with orthophosphoric etch) (Carbon replica in TEM) [23]
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Figure 3-7: Microstructure of U720Li C&W
EBSD image from plain polished sample
showing variation in grainsize (banding of
finer and coarser grains) and location of
primary vy’ (sometimes within grains as well as
at grain boundaries). The colours represent
different orientations of the grains.

Figure 3-9: Microstructure of U720Li PM FG
EBSD image from plain polished sample
showing grain size and location of primary y’.
The colours represent different orientations of
the grains.

Figure 3-8: Microstructure of U720 PM EBSD
image from plain polished sample showing grain
size and location of primary ¢’. The colours
represent different orientations of the grains.
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Figure 3-10: Microstructure of U720Li PM LG
EBSD image from plain polished sample
showing grain size (banding of finer and coarser
grains) and location of primary y’at grain
boundaries. The colours represent different
orientations of the grains.



Figure 3-11: Microstructure of U720Li C&W Figure 3-12: Microstructure of U720 PM EBSD

EBSD image quality picture from plain polished image quality picture from plain polished
sample showing variation ingrain size (banding sample showing grain and primary y’size and
of finer and coarser grains) and location of distribution

primary v’ (sometimes within grains as well as
at grain boundaries)

Figure 3-13: Microstructure of U720Li PM FG Figure 3-14: Microstructure of U720Li PM LG

EBSD image quality picture from plain polished EBSD image quality picture from plain polished

sample showing grain and primary y’size and sample showing grain and primary y’size and
distribution distribution
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— Coincident site lattice

Figure 3-15: Misorientation Angles of U720Li Figure 3-16: Misorientation Angles of U720
C&W (colours indicate angles of boundaries as PM(colours indicate angles of boundaries as
shown abowe) shown abowe)

70 um r K B
Figure 3-17: Misorientation Angles of U720Li Figure 3-18: Misorientation Angles of U720Li
PM FG (colours indicate angles of boundaries as PM LG (colours indicate angles of boundaries
shown abowe) as shown abowe)
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Material U720 (as tested byLoo- U720 U720 CG U720Li U720Li FG [23] U720Li LG (large | U720Li C&W
Morrey [50]) Cc&W grain)[23]
As tested by Brooks (using linear
intercept method [91])
Grain Size 18.1 um (Range 4.8 - 10+5um 48+29um 15+9um 6.4um (range 15.4um (range 16.7um (Range4.5-45.3 m)(ImageJ)
62.6um) 2.1-13.1 um) 4.8-41.3 um)
[23] [23] 10.7 (linear intercept)
11 um (Loo Morrey [50])
6.7-32um [93]
Primaryy'size 3.2 um (Range 1.6-9.4pm) 3um None 2 um 1.99 um (range | 2.52um (range | 5.1um (Range 1.6-23.5um)
0.5-6.9 um) [23] | 0.9-7.6 um) [23]
~2um (Loo Morrey [50])
Primaryy' volume fraction 12.6% 17.1%
Average Grainsize from EBSD (y 2.2 um (Range 0.4-10.6pum) 2.2 um (Range 2.6 um (Range 3.1 um (Range 0.4-21.8um)
and y') from number ofgrains 0.4-12.4pm) 0.4-31.9um)
Average Grainsize from EBSD (y 5.3 um 4.8 um 12.3 um 10.1 pm
and v') from area fraction
Secondaryy'size 119nm (Range 64-207nm) 80+14nm | 410494nm 100+23nm 102 nm (range 190nm (range 146nm (Range 45-625nm)
51-150nm) [23] | 81-300nm)[23]
100nm (Loo-Morrey [50])
Secondaryy'volume fraction 9.1% 15.8%
Tertiaryy'size 20nm (Loo Morrey) 20+7nm 140+35nm 1044nm 16nm(rangel- | 17nm(range6- | Notmeasured
45nm) [23] 30nm) [23]

Table 6: Grain and y’ size of the materials (measurements done in this work printed in bold, values determined with linear intercept in italics)
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Figure 3-19: Relative frequency of grain size for U720Li C&W, U720 PM, U720Li PM FG and LG
[23]
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Figure 3-20: Relative frequency of primary y’size for U720Li C&W, U720 PM, U720Li PM FG and
LG [23]
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Figure 3-22: Relative frequency of grain and primary y’size for U720Li C&W, U720 PM, U720Li

PM FG and LG from EBSD
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Figure 3-23: Area fraction of grain and primary vy’ size for U720Li C&W, U720 PM, U720Li PM
FG and LG from EBSD
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3.4 Discussion

3.4.1 Grain size

The average grain sizes measured fromthe Image Jimage analysis are similar forthe U720Li
C&W and the PM LG material at ~16 um, and Loo-Morrey’s U720 PM alloy also has a similar
average grainsize of ~18 um. The U720Li FG PM has an appreciably smalleraverage grainsize
of 6.4 um.

When analysing the grain sizes from the EBSD, much smallergrain sizes can be observed.
Howeveritis hard to remove the primary gamma prime distributions from the measurement.
The average grain size is significantly below the grain size measure from the image analysis,
and this numberdoes not fully represent the actual y grainsize, as the number of primary y’ is
expectedto be greater than the gamma grains. The major peakin the histogram (Figure 3-22)
below 2 um (and probably everything below 3.5 um) forall 4 materials clearly represents the
primaryy’, hence the second peak of each material gives a betterrepresentation of the
average grain size distribution.

The area fraction of the y and y’ histogram (Figure 3-23) gives amore detailedinsightinto the
relatively more significant contribution of the large grains to any crack plane or crack front
samplingand here the areafraction of the large grainsis similarto that of the small grains (or
primaryy’). It should be noted that this average value is howeverstillbelowthe values from
the ImagelJ analysis, in particularfor U720 PM. However EBSD measurements also consider
twinboundariesinassessing grainsize. Figure 3-15- Figure 3-18 show that all materials exhibit
twins, thus the grain size from EBSD measurements will be smaller.

When comparing the EBSD resultsin Figure 3-11 and Figure 3-12, U720PM seemsto havea
much smallergrain size than U720Li C&W. U720 PM could have a larger y’ volume fraction
comparedto the otheralloys, hence partly explaining the large difference between the Image)
and EBSD results. Itisalso expected thatthere is some variation, as measurements have been
taken fromdifferentregions of the material. U720PM shows a wider range of grain sizesup to
62.6um in the Imagel data.

Assumingasimilary’ solvus temperature forall the U720 variants, itis noteworthy that the
U720Li C&W received asolution heattreatment of typically between 1080 to 1105°C which
spansthe solution heat treatments of the U720Li PM FG, which was solution heat treated at
1105°C and the U720PM, which was solution heattreated at 1080°C. The U720Li PM LG hasa
highersolution treatment temperature of 1135°C, yet the grain size is very similartothe C&W
material, whereas the lowest solution heat treatment (the U720) does not have the finest
grainsize. Withina carefully controlled alloy batch, (asforthe U720Li PM variants, where
solution heattreatments werespecificallyvaried), it seems thatvarying heat treatment
solution temperature can alter grain size, but no consistenttrendis seen across the three
compositional/processing U720 variants studied here. It should be noted thatgrainsizeisalso
controlled by otherfactors (e.g. carbides and borides also pin grain boundaries) as well asthe
amount of primaryy’ pinning grain boundaries. The amountof primary vy’ is expected tobe
controlled both by how close the solution heat treatmentisto the y’ solvus, and how long the
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material is held at thistemperature. Otherfactors which will control grainsize include, for PM
alloys: prior powdersize, and for C& W materials the degree of recrystallisation occurring
afterthe various forging treatments. It may also be the case that the ¥’ solvusisappreciably
different forthe compositions studied here. The role of carbidesand boridesin grain
boundary pinning processes [11] may also be important.

Grain size measurements with the line intercept method have been carried out on U720Li
C&W and by Loo-Morrey [50] on the U720 PM and they show smallervaluesthanthe
measurements produced with Imagel. It should howeverbe noted thatthe maximum
diameteris measured with ImageJ, whereas with the lineintercept method —although effortis
made to apply the lines randomly, this will not always systematically pick up the largest
diameter of each grain. It may be that the line-intercept method of grain size estimation
however provides a more representative sampling of grain boundary intervals, such as a crack
frontor crack tip process zone might sample.

For the cast and wrought material, distinct bands of fine grains and bands of larger grains have
been observed, whichislikely to be caused by the casting process and the complex varying
recrystallization effects during the forging process. Amore consistent grain size distribution
(such as that observedinthe PM material) is difficult to achieve through this manufacturing
route. The range of grain sizes of the C& W material overall varies between 4.5and 45.3 um.
Howeverthe range inthe less obviously banded grain structure in U720Li PM LG isfound to be
similar (between4.8and 41.3 um).

Moreover many more twin boundaries can be observedinthe C&W material, possibly due to
recrystallisation twinning, which may have an effect on crack initiation and propagation
processes, as well as adding potential texture effects.

Small grainsizes have been shown toimprove the fatigue crack growth resistance andyield
strength of the Nickel based superalloys [13], due to slip being blocked at grain boundaries,
where dislocations have toreinitiate. Twin boundaries are also expected to block slip to some
extentand have a beneficial effect onyield strength and fatigue resistance.

Itis expectedthatin particularforthe material with smallergrain sizes (U720Li PM FG and
possibly U720PM, based on EBSD results) should show better fatigue lifeand yield strength
than the other materials.

These materials show avariationingrainsize, in particular U720Li C&W shows bands of
smallerand largergrains, however EBSD has shown that there are no texture effects, soit
seems unlikely that grain orientation (ortexture) could be influencing any deflection of the
crack.
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3.4.2 y'sizes and volume fractions

As discussed above, primary y'sizes and volume fractions may have adirect effect on final grain
size, and alsoindirectly determine the amount of coherent y'. Thustheyhave been measured
inlmagelJ from etched SEM micrographs. The volume fraction of primary vy’ can also be
estimated from the Thermocalccalculation shownin Figure 3-24 by considering the different
solution heat treatments (for U720Li PM). The Thermocalcdiagram was calculated forthe PM
U720Li compositioninan earlier programme by Hunt [23] andis based on equilibrium
predictions of phase amounts. These thermodynamically predicted values (assuming
equilibrium phase amounts are produced in the solution treatmentsin question) are compared
inTable 1 with our image analysis derived volume fraction measurements. Primary y' size
appearsto lie between 2-3 um on average for all alloy variants, but with the C&W showing the
largersizes (bothinterms of mean values and the extreme of the range). Thisisin agreement
with the first peaks observedinthe histograms fromthe EBSD, even though they might be
evensmallerforthese measurements.

U720PM shows some variation between the volume fraction measure by Loo-Morrey [50] and
calculated from the Thermocalc, possibly due to the different alloy composition.

Generally avolume fraction of 40-55% has been quoted for good strength and fatigue
resistance inturbine discalloys [13], all alloys studied have avolume fraction in this region for
combined coherentandincoherenty’.
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Figure 3-24: Thermo-calc prediction of phase distribution for U720Li [23]
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Alloy

U720 PM

U720Li FG PM

U720Li LG PM

U720Li C&W

Solution heat treatment

4h 1080°C, oil quench

4h 1105°C, oil quench

4h 1135°C, aircool

4h 1080 to 1100°C, oil quench

Ageingheattreatment 24h 650°C, air cool, followed by 16h 760°C, air cool 16h 760°C, aircool
HV10 461 477.5 433.5 434
Grain size (image analysisderived) | 18.1um 6.4um [23] 15.4um [23] 16.7 pum

Primaryy'size (image analysis
derived)

3.18 pm (Range 1.56-9.39um)

1.99 um (range 0.5-6.9 um) [23]

2.52um (range 0.9-7.6 um) [23]

5.09um (Range 1.58-23.5um)

Primaryy'size (linearintercept ~2um [50] 10.7 um
method)

Primaryy' volume fraction (image | 12.6% 18.9% [23] 8.6% [23] 17.1%
analysis derived)

Primaryy' volume fraction ~21% ~16% ~8% 16-21%

(calculated from Thermocalc [23])

Secondaryy'size

119nm (Range 64-207nm)

102 nm (range 51-150nm) [23]

190nm (range 81-300nm) [23]

146nm (Range 45-625nm)

Secondaryy' volume fraction
(image analysisderived)

9.1%

15.8%

Tertiaryy'size

20nm [50] ( linearintercept)

16nm (range 1-45nm)[23]

17nm (range 6-30nm)[23]

Not measured

Coherenty' volume fraction

38.9%

29.1%

39.4%

30.9%

Table 7:Size and wlume fraction of y” for alloy variants studies with heat treatment details (values measured in this work in bold)
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Figure 3-25: Primary y’ wlume fraction from Image Analysis and Thermocalc predictions
compared to grain size

From Table 7 and Figure 3-25 it can be seen thatfor the U720 PM the primary y' volume
fraction values vary quite significantly, with the estimated value being considerably largerthan
the measured one, whilst the comparison between experimentally measured and predicted
values (forthe Livariants) are much more consistent, as are the ones forthe U720Li C&W. It
should be noted that the U720 composition varies significantly from the U720Li PM and C&W
inB andin Cjustinthe U720Li C&W. Itisunclearwhetherthese elements have an effecton
the y' solvus. [13]

It isnoteworthy that grain size does inversely scale (to areasonable extent) with measured (via
image analysis) primary y'volume fraction (note that relatively similar primary y'sizes mean
that volume fraction equatesto asimilar number of pinning centres to stop grain growth).

Based on the Thermocalcdiagram, the total equilibrium volume fraction of ¥’ can be estimated
to be 48% at 300°C (assumedtorepresentalow temperature state of the alloy). The amount
estimated forthe remaining coherent y' can be estimated by subtracting the measured
primaryy’ volume fraction from the total estimated equilibrium value.

Usingthis approach, U720Li C&W and U720Li PM FG have similar predicted amounts of
coherenty' (~29-31%), as have U720PM and U720Li PM LG (~39%), so each of these alloy pairs
might be expected toshow relatively similarslip behaviour, with perhaps more planarslip
expectedforthe higherpredicted volume fraction of coherent y’. Interms of expected
secondaryy’ size, U720 PM, U720Li C&W and U720Li PM FG are all oil quenched, soshould
have similarsizes of secondary vy’ due to the similar cooling rate, while the U720Li PM LG was
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air cooled, i.e. aslowercoolingrate, therefore coarsersecondary y' is expected [75]. This
seems consistent with the observed measurements.

All materials had the same double ageing heat treatment, except the C&W material which only
experienced asingle ageingtreatment. Thisisduetoa changeinageingpractice at Rolls
Royce plc. [93].

3.4.3 Yield strength behaviour

Theyield stresses o, forthe PM U720Li variants (FG and LG) have been estimated based on
room temperature Vickers Hardness comparisons for the U720Li C&W and U720 PM materials
where monotonicyield stress values are available. Based onthese room temperature values,
extrapolations of the highertemperature monotonicyield stress values have been made,
based on known U720 Li C&W data at highertemperature. Values for U720PM have been
calculated inthe same mannerand are in reasonable agreement with the measured data.

The two materials with the smaller grain size, U720Li PM FG and U720PM (based on the EBSD
results), show slightly largeryield strength than the ones with larger grain size (U720Li C&W
and U720Li PM LG), as one would expect, the larger number of grain boundarie s (and twin
boundaries) reduce the dislocation motion, making yielding more difficult.

For U720Li PM FG and LG cyclically stabilised yield stress values at 650°C are available from
Pang [23]. These were obtained from cyclically stabilised stress strain curves obtained at 650°C
from 1.2% strain controlled high temperature LCF tests. These values might be more
appropriate in consideringyield behaviourin afatigue test.

With values of 980MPa forthe FG and 850MPa forthe LG at 650°C the cyclically stabilised o, is
lower than the estimated one (1161MPa for FG and 1054MPa for LG) which indicates cyclic
softeningoccursinthese systems (as was observedinthe LCF testing). It would be of interest
to establish cyclically stabilised yield behaviour for U720Li C&W for the currenttest
temperatures.
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3.5 Summary

Four variants of Udimet 720 have been studied; the alloys used in this work, mainly U720Li
C&W, but also U720Li PM FG and LG, have been compared to U720 PM, which has shown
deflected crackingin past work [50].

Slight variations of composition might be expected to have some effect on the high
temperature strength and oxidation resistance of the materials.

A variation of y grainand primary y' sizes, caused by the different heat treatment routes will
also have some effect onthe properties. The materials with larger grain sizes (U720Li C&W and
PMLG) show slightly lower estimated yield strengths compared to the ones with smallergrain
sizes (U720 PM and U720Li PM FG), and are also expectedto have betterfatigue resistance.

While the U720Li PM FG shows consistent grain sizes, the otheralloys show variationin grain
size, this microstructure potentially has implications on athe microstructure sampled by a
fatigue crack tip.

Some variation between the EBSD and Image analysis measurements for grain size has been
observed. Studies with EBSD have shown none of the materials studies show any texturein
any of the materials.

Variation was also encountered for the U720 PM and U720Li FG when comparingthe primary
v' volume fraction measured from the image analysis with values estimated from athermocalc
predictionfor U720Li PM used in previous work.
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4 Experimental Methods

4.1 Fatigue Testing

Two types of sampleswere usedinthe fatigue tests; Corner Notch in bend (CNB) (Figure 4-1)
and Single Edge Notchin bend (SENB) (Figure 4-3) samples.

4.1.1 Corner Notch Fatigue testing

Samples with acorner notch were loaded in four point bend asshownin Figure 4-1. The
sample measurements were 12.5x12.5x80mm and the rollerspan Swas 15mm.

Samples with acorner notch are typically used by Rolls-Royce plc. to simulate asmall defectin
turbine components. [22]

—
W

3 IH
%

Figure 4-1: Corner Notch Bend (CNB) Sample in four point bend (using Pickard’s annotation[94])

Preliminary studies were done on the powder metallurgical Udimet 720 Li, which was used in
the fine grained variant (FG) fortwo testsand the large grained variant (LG) for one test. These
three tests were performed at 300°C in air (where sustained deflected crack growthiis
expected). Problems were encountered in determining the loads necessary to start crack
growth; this was attributed to the initial choice of notch manufacturing route which was
Electrical Discharge Machining (EDM) in house, leadingto arelatively blunt geometry. A larger
notch size of a/W=0.08 was therefore chosen and the AK;levels were increased until crack
growth started to initiate.

A sample of U720Li C&W was electropolished before testing which reduced the size of the
notch to a/W=0.012. Due to the reduced notch size an initial AK=15MPavm was necessary to
initiate crack growth.

Furthertesting was done on U720Li C&W CNB samples which were supplied by Rolls Royce plc.
with a standard notch of a/W= 0.025. The sampleswere tested at 300, 600 and 650°C in both
air and vacuum all with an initial AK=12MPa.
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4.1.1.1 AK Calibration

For each test the notch size and specimen cross section was measured and these values were
used to calculate the stress intensity factor K using an equation of Pickard for corner cracks
[94]:

K= MGMBMSF(G)(D\/E Equation 4-1

where Mg, Mg, Ms and @ are correction factors, ¢ isthe crack length and F(o) isthe complex
stress functionin bend, which can be determined from Pickard [94] forthe top and side
surface fromthe crack length and the stress on the top surface, which can be calculated for
this specimen geometryin bend with:

3PS
O =
WH ?

Equation 4-2

where Pis the applied compressiveload onthe rollers, Sisthe span between the rollers (as
shownin Figure 4-1), W isthe breadth and H is the height of the specimen (see Figure 4-2). The
crack length onthe side surface was assumed to be 0.7 of the crack length onthe top surface
due to the effect of bending, based on experimental observations on semi-elliptical cracksin
bend. [80]

3 Top (maximum tensilestress)
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Figure 4-2: Notation in Corner Notch Bend (CNB) sample after Pickard [94]

The correction factors forthe surface positions are calculated as followed:
M=1.143 (0=x<0.2) Equation4-3
M=0.1x*+0.29x+1.081 (0.2<x<0.75) Equation 4-4

where xisthe largerof (a/W) and (a/H) forthe top surface, and the larger of (b/W) and (b/H)
for the frontsurface. aisthe crack length onthe top surface, b the crack length onthe side
surface.
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M=1+0.06x (0=x<0.2) Equation 4-5
M =0.75x2-0.185x+1.019 (0.2<x<0.75) Equation 4-6
where xis (a/W) forthe top surface and (b/H) for the side surface.
M=1+0.07x (0=x<0.2) Equation4-7
M=0.9x>-0.21x+1.020 (0.2<x<0.75) Equation 4-8
where xis (b/H) for the top surface and (a/W) for the side surface.

The elliptical correction factor @ is assumed to be 2/m for a part circular crack. It should
however be noted thatthe crack in bendis not quartercircular.

4.1.2 Single Edge Notch Fatigue Testing

Vo

v

5= |

O 7

B

S
Figure 4-3: Single Edge Notch Bend (SENB) Sample in three point bend

Single Edge Notch Bend (SENB) tests (see Figure 4-3) have been performed in three point bend
on U720Li C&W sampleswith an electrical discharge machined (EDM) notch. a/W=0.25 and
therollerspan S=2W have been chosen accordingtothe relevant standard BSI1SO 12108 [95].
The samples measure breadth B=12.5mm, width W=12.5mm and length L=80mm.

For this standard test K calibration has been carried out after BS ISO 12108, where Kis given as

K= P T g(vivjxlol'5 Equation 4-9
BW 2

with the appliedload Pand the stressintensity factorfunction

1
g(i)= 1.99—i(1—ij 2.15—3.933+2.7[ij Equation 4-10
w g wl™w w7 w
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for SENBin three pointbend.

Samples have been precracked at room temperature inairto ensure that crack growth would
occur from a microscopically sharp crack away from any residual effectsinducedin the
machining of the notch.

Initially asample was precracked at room temperature in air starting at an initial
AK=20MPavm, which was stepped down in 10% increments afterthe crack has grown through
at least4 monotonic plasticzone sizes until AK=15MPavm was achieved. A monotonicplastic
zone size r, was calculated as

2
K
r,= O{ﬂJ Equation4-11

For the plane stress region:
1
27

afterthe Rice approximation. [50]

a Equation 4-12

Thenthe specimen was heated to 300°C and the crack was allowed to propagate undera
constantload thus experiencingincreasing AK conditions from aninitial AK=15MPavm.

As the deflection only appeared at higher AK levels, forall furthertesting, the samples were
precracked at a constant AK=20MPavm at room temperature in air, and growth out started
from an initial AK=20MPavm after the sample was heated to the required temperature. Tests
were carried out at 300, 600 and 650°C in air and vacuum.

Two thin SENB samples (thickness B=2mm) were tested precracked ata constant
AK=20MPaVvm and then grown out from a AK=20MPavm.

Testing and precracking were carried out with an R-ratio of 0.1 and a sinusoidal waveform with
a frequency of 20Hz.

4.1.2.1 Crack Growth Monitoring
In the SENB tests the crack length was monitored usinga 4 point probe direct current (DC)
electrical potential difference (p.d.). The p.d. wires were spotwelded to the sample on

opposite ends of the notch to obtain voltage Vand at 30mm distance from the notch to obtain
V, asshownin Figure 4-3. Insulating ceramicrollers were used to apply the loads.

The calibration function fora/Wto V/V,was used from another project [96], which was
determined usingafoil analogue.

3 2
ViV = 0.00041067(\\//—j - 0.02780565{\\//—j + 0.3023438(\\//—J —0.02466094 Equation4-13

0 0 0

Crack growth information was recorded using Windaqg software with a DATAQDI-700 USB data
acquisition instrument connected to acomputer with measurements taken every second.
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The P.D. and time readings was subsequently converted to corresponding crack length and
cycle information. Crack length readings were corrected afterthe test using alinear correction
factor obtained from optical measurements on the fracture surface, corresponding to the
notch, precrack and final fracture.

Thisinformation was usedina spreadsheet to calculate 4K, using the K calibration, and the
crack growth rates da/dN.

Crack growth rates da/dN were calculated from the measured crack length a and cyclesN.a, N
data pairs were selected every 400 cycles to minimize noise effects and secant method was
used to determine da/dN, where

da a.,—a
n —__nd  nd Equation 4-14
dN, N, N,

n n+

4.1.3 Test conditions and Test Matrix

Fatigue tests have been carried outona 50 kN Instron 8501 servohydraulictesting machine
fitted with a ESH Ltd. high temperature vacuum chamber. Samples were heated using 4 high
intensity quartz lamps, and temperatures were controlled using a Eurotherm 815 thermo-
controllerandan R-type (platinum + 13% rhodium/platinum) thermocouple spot welded
directly tothe sample. Temperature control was maintained within £1°Cvia thermocouples.

For the vacuum tests the chamberwas augmented with an Edwards rotary vacuum pump,
Balzers TPU240 turbomolecularvacuum pump and TCP380 electronicdrive unit linked to
Balzers Pirani and cold cathode pressure gauge headsand TCP300 pressure gauge and
controller, allowing the chamberto be evacuated to pressures of 2-4 x10™° mbar.

Initial testing was carried out on U720Li PM in two grain size variations with CNB Samples at
300°C in air. The material U720Li C&W wastestedin CNB and SENB samplesinairand vacuum
and at 300°C, 600°C and 650°C. The test matrix for the U720Li C&W and PM LG and FG
material isshownin Table 8. All testing was carried out with an R-ratio of 0.1 and a sinusoidal
waveform with 20Hz.
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R=0.1, Freq=20Hz
. U720Li PM[U720Li PM|
U720Li C&W
FG LG
Temperature | Thick bend bars Thin SENB Thick bend bars
(°C) high low
CNB SENB Mode | CNB CNB
shear shear
air . . . . . .
300 air+vac | air(2x) Air air air (2x) air
(2x)+vac
600 air+vac | air+vac
650 air+vac | air+vac

Table 8: Test Matrix
4.2 Fractography technique

4.2.1 Light Macroscopy

A Wild Macroscope M420 was used to create overview images of the fracture surfaces.

4.2.2 Scanning Electron Microscopy (SEM)

The fracture surface post-failure was observed underthe Field Emission Gun Scanning Ele ctron
Microscope (FEG-SEM). Secondary electronimages were produced on aJeol JSM6500F FEG-
SEM at an acceleration voltage of 10kV and at magnifications of 100, 500 and 2000 with a
typical working distance of ca. 10mm.

4.2.3 Profilometry

4.2.3.1 TaiCaan

The fracture surface has also been mapped using the Taicaan Xyris 2000 TL optical
profilometerwith a triangulation laser. The image is created by sending a point source orline
laserto the sample, the lightis scattered due to the height difference of the sample surface
and can be detected by the detector. Thisis schematically presented in Figure 4-4. The vertical
measuringrange (MR) of this profilometeris 2.5-20mm, the spatial resolution (x-y,)is 0.1 um,
the vertical resolutions (z,) is 0.25-2um and angulartolerance is 90 °.

aser egtor

Lens

Surface lavers
Figure 4-4: Laser triangulation for TaiCaan Optical Profilometer
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4.2.3.2 Alicona MeX

Alicona MeXis a software package that takes SEM images and convertsthemintoa 3D surface
dataset. By combining 3images of the same area taken from 3 differentanglesinthe SEM a 3D
map of the surface is created.

To create a map of one of the terraces on the fracture surface SEM pictures have beentaken
from-2, 0 and 2° angles around the surface and at magnifications of 100 and 2000.

4.2.3.3 Alicona Infinite Focus

AliconaInfiniteFocusis an optical 3D measurement device. Its operating principle combines
the small depth of focus of an optical system with vertical scanning to provide topographical
and colourinformation from the variation of focus. The software uses algorithms to
reconstructthisintoa 3D data set with accurate topographical information. Vertical
resolutions of upto 10nm can be achieved; howeverforthis work the resolution used was
S5um.

Infinite focus has proven to be the best of the three methods interms of the balance between
resolution and the ability to map the entire surface to allow measurement of macroscopic
crack pathangles.

4.3 Methodology of detailed analysis of secondary cracks

The side surface of fractured sample had been polished to reveal more detail of these large
secondary cracks, the secondary crack tip has been furtheranalysed.

A number of cracks have been observedinthe FEG-SEM, some plain polished, some etched 15
sec with nimonicetch. The fracture surface of one sample was nickel plated to provide edge
retention usinga99.9% pure Nickel anode in Watt’s solution (500ml H,0, 150g NiSO,, 20g
NiCl, 6H,0) at 65°C and at a current of 0.4A at 4 V for 90 minutes under constant stirring.
Nickel plating did notimprove the edgeretention when cuttingthe sample, and was hence not
appliedtoothersamples afterwards.

For one such secondary crack, detailed work done in collaboration with Loughborough
University using focussed ion beam (FIB) serial sectioning and electron back scattered
diffraction (EBSD) data collection has enabled a 3D reconstruction of the crack-tip region. EBSD
data were collected (by Dr Geoff West at Loughborough University ) using a Hikari EBSD
camera attached to an FEI Nova 600 Nanolab Dual-Beam FEGSEM/FIB system. The sample
liftout procedure involves plating the area of interest with platinum and cuttingatrench
around it, as shownin Figure 4-5. Then a probe is attached and the volume isremoved ( Figure
4-6) and attachedto a grid (Figure 4-7) and the probe isremoved (Figure 4-8). Tobe able to
orientate the sample, fiducal markers are placed on the grid (Figure 4-9) thenthe sample is
cleaned up and orientated for slice removal and dataacquisition, as shownin Figure 4-10.

Data collection ata rate of 30 points persecond was performed overascan area of
approximately 40 x 40 x 30 um (151 slices are removed). Arelatively slowcollection speedwas
used as EDS data were collected simultaneously, using an EDAX Silicon Drift Detector Apollo XL
(SDD) at an input count rate of 325k counts per second and a processingtime of 0.5ms. The
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EDX-derived distribution map of chromium wasfound to be the bestindicatorof y and '
because it highlights y' phase as being depleted in chromium, owing to the Nis(Al, Ti) chemistry
of y' [97]. The EBSD data were processed using TSLOIM Analysis 5.31 and reconstructed using
Avizo 6.0.0 software as described in greater detailin [98].

A numberof TEM foils atthe crack tips were also prepared at Loughborough University using
focusedion beam (FIB) lift out method. Perpendicular sections ahead of the crack tip were
taken — which contained varying amount of the crack (indicating the crack is sometimes more
extensive just below the surface). Samples were mounted onto half Cu grids (Omniprobe) and
milled using Ga+to electron transparency (until they were 100-200nm thick). A Jeol 2000FX
TEM was used at Loughborough University (by DrZhaoxia Zhou) to record images and
diffraction patternsin conjunction with chemicalanalysis by Oxford Instrument Inca energy

dispersive X-ray (EDX) spectroscopy.

TEM foils were taken fromlocations just ahead of secondary crack tips, such as the one shown

inFigure 4-11.

Pt plate

Figure 4-5: Platinum plating and trench cutting around crack tip (the large arrow indicates the
owrall crack direction, the small arrow indicates the direction of the secondary crack) a:overview
b: at higher magnification
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Figure 4-6: Probe attachment and Volume Figure 4-7: Grid attachment (arrow indicates
removal (arrow indicates the direction of the the direction of the secondary crack)
secondary crack)

Figure 4-8: Grid attachment and probe detachment (arrow indicates the direction of the secondary
crack) (a) overview (b) detail view
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Figure 4-9: Fiducial marker placement for Figure 4-10: Orientation and Volume clean-up
orientation (arrow indicates the direction of the and Ready for firstdata acquisition and
secondary crack) subsequent slice removal (crack growth
direction into the paper)

P
JSM 6500F SEI 15.0kv X500 mum_ WD 10.8mm

JSM 6500F SEI 15.0kv  X1,000 10um WD 10.8mm

Figure 4-11: TEM foil location in CNB sample tested at 300 C in air with a AK;=12MPaVm at a
crack tip at owerall crack length a=5.8mm and nominal 4K=50.5MPaVm at different magnifications
(the large arrow indicates the owerall crack direction, the small arrow indicates the direction of the

secondary crack)
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5 Experimental Results

5.1 CNBTesting

Figure 5-1 shows the fracture surfaces of tests carried outin CNBon U720Li PM FG and LG and
C&W at 300°C inair.

Due to the bluntness of the notchesin the initial testing with the PM materials caused by EDM
manufacturing, the initiation of crack growth was difficult, therefore the load levels had to be
increased until crack initiation was achieved.

The firsttest in U720Li PM FG (as tested by H.T. Pang [23]) was started with an initial crack
size of Imm and an initial AK;of 13.3 MPavm (forthe crack on the top surface), based on the
Pickard calibration, see Chapter4.1.1.1. After 1898000 cycles no crack growth was visible,
hence the load was increased by 10% to achieve a AK; of 14.6 MPavm. After 4625100 total
cyclesthe load was increased afurther 15%, as there was still novisible crack growth, creating
a AK; of 16.8MPavm. After218700 furthercycles (4842700 total cycles) the load was increased
another5%, causingan initial AKof 17.7MPavm, and the sample failed after 4986700 total
cycles. At a conservative estimatethe lifetime was 144000 at an initial AK of 17.7MPavm,
assumingthatinitiation only started when the highestload was applied.

A secondtestwas carried on U720Li PM FG underthe same conditions asthe previous test;
onlya higherload was appliedto get an initial AK;of 15.4MPavm. After 3562900 the load was
increased 5% as no failure was observed, creating a AK; of 16.2MPavm at the crack tip. This
action was repeated at 1031000 cycles (AK; of 17.04MPavm), 31140900 cycles (AK; of
17.9MPavm), 42465000 cycles (AK; of 18.8MPavm) and 45961600 cycles (AK; of 19.7MPavm),
where the crack seemedtoinitiate and the sample failed after 46117536 total cyclesor
155936 cycles at a AK; of 19.7MPavm.

A U720Li PM sampleina large grainvariant (LG) (as tested by H.T. Pang[23]) was tested at the
same conditions as the FG variant, only with an initial AK;of 17.2MPavm and the sample failed
after 367479 cycles.

Assumingthe first test, which was run on aslightly higher AK, did only initiate crackingwhen
the highestload was applied, it would have run for 144000 cycles, whichissignificantly less
than forthis test. It is clearthat the lack of control in machining the notcheshashada
significant effecton behaviour.

U720Li C&W sampleswere supplied by Rolls Royce with a constant notch size of a/W=0.025. A
testat 300°C inair was started at an initial AK of 8 MPavm; as no crack growth could be
observed after 3224519 cycles, the load was turned up resultingina AK of 10 MPavm, at
which the test was run fora further 1886942 cycles, butas there was still no crack initiation
visible, the load was turned up to a AK of 12 MPavm. The test failed after 172000 cycles at this
AK level.
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Anothertest was carried out on the same material at 300°C in air; howeverthe sample had
been electropolished which decreased the notch size to a/W=0.012, an increased AK of 15.1
MPavm was applied. The frequency had to be turned to 18Hz, as the required highloads could
not be achieved at 20Hz. The sample failed after 540077cycles.

All the fracture surfaces show some deflection on the free surface howeverin some samples
the terraced region extends deeperintothe sample. Due to the different notch sizes and
varyinginitial AKlevels, itis difficult to compare the results from the tests. A consistent
measure of comparing the onset of sustained macroscopicdeflection is necessary andis
describedin section 5.3.

Following this all subsequent testing was carried with AK=12MPavm and an initial notch of
a/W=0.025 on U720Li C&W at 300, 600 and 650°C in air and vacuum. Figure 5-2 compares the
fracture surfaces of these tests.

It can be observedthatinairat highertemperatures (600and 650°C) there is deflection to
some extent, even though the terraces do notreachvery deep. In Loo-Morrey’s work [4] the
phenomenon has not been observed at 600°C. In vacuum the effectcan be seenat all
temperatures tested andthe terraces go significantly deeperintothe bulkthaninthe samples
testedinairin the U720Li C&W, which hasalsobeenobservedin previouswork [4].

Table 9 shows the number of cycles tofailure of the CNB tests. The vacuum tests show a
significantly larger number of cycles tofailure.

Notch )
. AK; . L N¢in
Material Temperature size N¢in air
(MPavm) Vacuum
(mm)
300°C 17.7 1.0 144000
U720Li PMFG
300°C 19.7 1.0 155936
U720Li PM LG 300°C 17.2 1.0 367479
300°C 15.1 0.012 540077
300°C 12 0.025 172000 | 3332531
U720Li C&W
600°C 12 0.025 72656 747409
650°C 12 0.025 46626 256138

Table 9: Numbers of cycles to failure for CNB tests
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5.1.1 Fractography

Fractographyin the FEG-SEM has been carried out on different samples of U720Li PM LG and
FG and C&W tested at 300°C in airand vacuum.

The central planar regions have been observed and the terraced regionsin the flatand the
sheared area (by tiltingthe SEM stage). Based on the crack length the AKis calculated forthe
areas observed. Howeverthe estimates for AKare made for the top surface, soinbendingthe
actual AK inthe diagonal direction from the notch will be somewhat lower. Moreover Pickard’s
calculations are only accurate up to the neutral axis of the bend bar, so AK for crack lengths
above 6.25mm may not be correct. Moreover the AK calibration assumes a flat crack growth.
The arrows inthe graphsindicate the overall crack growth direction.

Differentareas of U720Li PM FG tested at 300°C in air observedinthe SEMwere the
undeflected region across the sample diagonal, nearthe notch, and the terracedregion onthe
edge of the specimen, as shown in the specimen overview in Figure 5-3.

Figure 5-4 shows the planarregion at a crack length of 4.34mm and an estimated AK of ~36
MPavm, and Figure 5-5 at a crack length of 9.82mm and an estimated AK of ¥66 MPavm. Both
micrographs show transgranular Stage Il crack growth. Parallel ‘striation’ like features over
grainscale and grain orientation can be observed. In Figure 5-4the spacing of these was
measured as between 0.32um at the smallestand 0.76um at the highest,and wasseentorun
in parallel bands overregions of the order of the average grain size of the alloy (6.4um). Whilst
these features were generally striation-like (i.e. shallow surface markings), occasional deep,
secondary-crack like traces were seen, along with areas of faceted crack growth, implying
local, butlimited, susceptibility to a secondary deflected or shear crack growth mode in this
region.

Crack growth rate can be estimated using crack growth data (da/dN vs AK curves) for U720Li
FG and U720Li LG at 20°C ina sinusoidal waveform (20Hz) from Pang [23] and for U720 Loo
Morrey.

As thereisnodatain the literature for U720Li PM FG and U720Li PM LG at 300°C, the
assumptionis made thatthe crack growth rates are the same as forthe testperformed at
20°C, as the data for U720 is similarforboth temperatures (Figure 5-8). The crack growth rate
at this AK level can be estimated from Pang’s data [23] forda/dN vs. AK (for 20°C), suggesting
avalue of ~0.06um/cycle, whichis an order of magnitude smallerthan the measured fracture
surface feature spacing. The featuresalso change orientation atapproximately the average
grainsize. Thissuggeststhat these features are slip traces. Itshould be noted thatplanar slip
characteristics nearthreshold are still observed in U720 at 300 °C and so at these
temperatures planarslip canstill be seen. [4]

At the higher AK level, i.e.longer crack length, (Figure 5-5) these features can still be observed,
but there are more secondary cracks and some of them seem to merge overthe grain size. This
isclearly a material with a propensity for secondary cracking which increases at higher 4K.
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In the terraced region the flatregions of the terraces were observed ( Figure 5-6). The fracture
surface inthe flatregionslook similarto the surface in the teardrop region (Stage I1) and shows
the same striation like features and secondary cracks.

Figure 5-7 shows the terraced region at a higher AK level. Between the flat stage Il and shear
or deflected growth mode in the terraced regions, asecondary crack is visible, which indicates
that the shearcrack growth seemsto go beyond the flat, mode | dominated growth. In the first
instance some form of competition between two distinct growth modes is suggested to
control the overall crack deflection process (shearvs. mode )

Figure 5-10 to Figure 5-13 show the SEM Fractographyin different areas of U720Li PM LG
testedin air at 300°C with a AK=17.2MPaVvm. The specimen overviewis shown in different
areas as shownin Figure 5-9. Striation like features and corresponding secondary cracks can be
seeninboththe central Stage |l and planarterraced regions, indicatingthat the same
mechanisms are operatingin this material. Thusitis not necessarily acompetition between
two different mechanisms, but between two different crack growth directions.

Figure 5-15 to Figure 5-18 show the SEM Fractography in differentareas of U720Li C&W tested
in airat 300°C witha AK=12MPavm, in differentareasas shownin Figure 5-14. Similiar
mechanisms can be observed asin the previous samples, striation like features and
corresponding secondary cracks can be seeninbothinplanar and deflected regions.

The striation like features have been measured and at AK=27 MPavm they have a distance
between ca.0.29 to 0.45 um, the crack growth rates from Rolls Royce plc. (R-R), as shownin
Figure 5-19 [93].Based on thisAKthe crack growth rate is ca. 0.143 pum/cycle. At AK=42 the
features have adistance betweenca. 0.31to 0.55 um, the crack growth rates from R-R for this
AKisca. 0.57 um/cycle, so at higher AKs, these are likely to be striation like features.

Figure 5-21 to Figure 5-24 show the SEM Fractographyin differentareas of U720Li C&W tested
in air at 300°C witha AK=15MPavm (anda smallinitial defect), in different areas asshownin
Figure 5-20. Againstriation like features and secondary cracks can be observedin planarand
deflected regions.

U720Li C&W tested at 300°C invacuum has been observed. The fracture surfaceisshownin
Figure 5-25, where the position of the different areas on the fracture surface observedinthe
SEM are described. Nearthe notch a fretted area can be observed as shownin Figure 5-26.

The onset of the firstterraceis a highercrack length, i.e. higher AK. The firstflat terraceis
shownin Figure 5-27 at a nominal AKvalue of 36 MPavm. Figure 5-28 shows a flatterrace at a
higher AK value of 36 MPavm. The ‘teardrop’ regionisshown atsimilar AKlevelsin Figure
5-29 to Figure 5-31. In these regions slip traces and secondary cracks can be observed, asseen
inthe previoussamples.

At AK=36 MPaVvm the features have a distance between ca. 0.36 to 0.5 um, and the crack
growth rates from R-R forthis AK is ca. 0.353 um/cycle.

The fracture surface is more faceted as compared to the airtest underthe same conditions,
whichisexpectedinavacuumtest due to more reversible slip processes operating.
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The deflected areas of the terraced regions have been observed at different crack lengthsin
U720Li C&W tested at300°C inair (Figure 5-32 and Figure 5-33) and in vacuum (Figure 5-34
and Figure 5-35). The behaviourinthese regionsis similarto the behaviourin the flatregions,
howeverthe secondary cracks represent mode | crack growth. The vacuum sample exhibits
more faceted crack growth, which was alsoseeninthe flat regions.

U720Li PM FG U720Li PM LG U720Li C&W

AK=17.7MPavm AK=17.2MPavm AK=12MPavm

‘Teardrop’ region

Terraces/deflected region

AK=20.4MPavm AK=15MPavm

Figure 5-1: CNB Fracture Surfaces for U720Li PM FG, PM LG and C&W at 300°C in air with
different AK;
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Air Vacuum

600°C

Figure 5-2: CNB Fracture Surfaces for U720Li C&W at 300, 600 and 650°C in air and
vacuum with AK;=12MPaVm
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Figure 5-4 Figure 5-7
Figure 5-5 Figure 5-6

o

JSM 6500F SEI 10.0kV  X2,000 10pm WD 11.2mm

Figure 5-4: Fracture surface of U720Li FG PM Figure 5-5: Fracture surface of U720Li FG PM
at 300°C in air AK;=17.7MPaVm in the planar

at 300°C in air AK{=17.7MPaVm in the planar
region at c=4.34 mm and an estimated

region at ¢c=9.82 mm and an estimated
AK~39MPa m showing stage II crack growth AK~68.5MPa Ymshowing larger secondary
with sliptraces and secondary cracks (Arrow cracks merging owver seweral grain sizes (Arrow
indicates crack growth direction, circle shows indicates crack growth direction, circle shows
secondary cracks)

secondary cracks)

100um WD 106mm

i X TR
JSM 6500F SEI 100kv X100

SEI 10.0kV  X2,000 10um WD 10.8mm

Figure 5-6: Fracture surface of U720Li FG PM at 300°C in air AK;=17.7MPaym in in the Terraced
region at c=5.2mm and an estimated 4K~42MPa Vm (Arrow indicates crack growth direction,
circle shows secondary cracks) (a) at low magnification showing the flat and deflected terraces (b)
At higher magnification showing stage Il growth in the flat region with sliptraces and secondary

cracks merging owver seweral grain sizes
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JSM 6500F SE X100 100um WD 11.5mm JSM 6500F S 10.0kV  X2,000 10um WD 11.7mm

Figure 5-7: Fracture surface of U720Li FG PM at 300°C in air AK;=17.7MPavym at the end of the
Terraced region at c=7.4mm and an estimated 4K~50MPa Vm showing a large secondary crack

between opening and shear terraces (Arrow indicates crack growth direction) (a) At low
magnification (b) At higher magnification

1.00E-02 | :
10 50
1.00E-03 , U720 300°C R=0.5
U720 20°C R=0.5
1.00E-04 U720 20°C R=0.1

U720Li 20°C R=0.1

logda/dN | soros U720Li LG 20°C R=0.1

(mm/cycle)

1.00E-06

1.00E-07

1.00E-08

L

log AK (MPavm)

Figure 5-8: Crack growth rate da/dNws AK for U720, U720Li and U720LiLG at 20Hz in air
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Figure 5-12 Figure 5-11

Figure 5-13 Figure 5-10

X500  10gm WD 16.1mm JSM 6500F SE X2,000  10mm WD 16.2mm

Figure 5-10: Fracture surface of U720Li LG PM at 300°C in air AK;=17.2MPaVm in the Terraced
region at c=1.8mm and an estimated 4K~22MPa \m (Arrow indicates crack growth direction,

circle shows secondary cracks) (a) at low magnification (b) at higher magnification showing slip
traces with varying direction at grain size

10.0kV  X2,000 10um WD 14.0mm

Figure 5-11: Fracture surface of U720Li LG PM at 300°C in air AK;=17.2MPaVm at the end of the
Terraced region at c=9.3mm and an estimated 4K~62MPa \m (Arrow indicates crack growth
direction, circle shows secondary cracks) (a) at low magnification showing stage Il growth (b) at
high magnification showing secondary cracks
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100KV X500  10um WD 16.4mm J S 100kV  X2,000  10pm WD 16.7mm

Figure 5-12: Fracture surface of U720Li LG PM at 300°C in air AK;=17.2MPaVm in the planar
region at c=2.87mm and an estimated AK~28MPa Vm (Arrow indicates crack growth direction,
circle shows secondary cracks) a) at low magnification showing stage Il growth (b) at high
magnification showing secondary cracks

100KV X500 10um WD 16.6mm )0 S 100kV  X2,000 10um WD 16.6mm

Figure 5-13: Fracture surface of U720Li LG PM at 300°C in air AK;=17.2MPaVm in the planar
region at c=4.9mm and an estimated 4K~49MPa \m (Arrow indicates crack growth direction,
circle shows secondary cracks) (a) at low magnification showing stage Il growth (b) at high
magnification showing secondary cracks
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Figure 5-16 Figure 5-15
Figure 5-17
Figure 5-18

SHR ARG ]

Figure 5-14: CNB Fracture Surface U720Li C&W at 300°C in air, 20Hz, AK;=12MPa\m

b >H - J 3t
10.0kV X500 10;1"!_ WD 21.0mm SEI 10.0kV  X2,000 10pum WD 20.6mm

Figure 5-15: Fracture surface of U720Li C&W at 300°C in air AK;=12MPaVm in the Terraced
region at c=7.09mm and an estimated AK~56MPa Vm (Arrow indicates crack growth direction,
circle shows secondary cracks) a) at low magnification showing stage Il growth (b) at high
magnification showing sliptraces and some secondary cracks
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Figure 5-16: Fracture surface of U720Li C&W at 300°C in air AK;=12MPaVm in the planar

region at c=2mm and an estimated 4K~27MPa \m (Arrow indicates crack growth direction,

circle shows secondary cracks) (a) at low magnification showing stage Il growth (b) at high
magnification showing sliptraces and secondary cracks
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Figure 5-17: Fracture surface of U720Li C&W at 300°C in air AK;=12MPaVm in the planar
region at c=4.7mm and an estimated 4K~42MPa m (Arrow indicates crack growth direction,
circle shows secondary cracks) (a) at low magnification (b) at high magnification showing slip

traces and secondary cracks over seweral grainsizes

o 5 7 ek 3 ~ A 4 § A '(

JSM 6500F 10.0kvV X500 10um WD 19.6mm JSM 6500F SEI 10.0kV  X2,000 10um WD ld.&mn

£ o A

Figure 5-18: Fracture surface of U720Li C&W at 300°C in air AK;=12MPaVm in the planar
region at c=6.2 mm and an estimated 4K~68MPa \m (Arrow indicates crack growth direction,
circle shows secondary cracks) (a) at low magnification showing stage Il growth (b) at high
magnification showing secondary cracks
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Figure 5-19: Crack growth rate da/dNw AK for U720Li C&W from Rolls Royce plc. [93]
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Figure 5-23 Figure 5-22

Figure 5-24 Figure 5-21

Figure 5-20: CNB Fracture Surface U720Li C&W at 300°C in air, 20Hz, AK;=15MPaVm

10.0kV X500

Figure 5-21: Fracture surface of U720Li C&W at 300°C in air AK=15MPaVm in the terraced
region at ¢=0.69mm and an estimated AK~32MPa Vm (Arrow indicates crack growth direction,
circle shows secondary cracks) (a) at low magnification (b) at high magnification showing some

secondary cracks

10.0kv X500 SEI 10.0kV 1;un_ WD 22.8mm

Figure 5-22: Fracture surface of U720Li C&W at 300°C in air AK=15MPaVm in the terraced
region at c=4mm and an estimated AK~75MPa \m (Arrow indicates crack growth direction, circle
shows secondary cracks) (a) at low magnification showing deflected crack growth on the left and
flat stage Il growth on the right and a large secondary crack between the two growth modes (b) at
high magnification showing large secondary cracks
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Figure 5-23: Fracture surface of U720Li C&W at 300°C in air AK=15MPaVm in the planar region
at ¢=0.6 mm and an estimated AK~30MPa\m (Arrow indicates crack growth direction, circle shows
secondary cracks) (a) at low magnification showing stage Il growth (b) at high magnification
showing sliptraces and secondary cracks
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JSM 6500F .0K X500 10;m|_ WD 20.6mm JSM 6500F SEI 10.0kV  X2,000 10um WD 20.6mm

Figure 5-24: Fracture surface of U720Li C&W at 300°C in air AK{=15MPa\m at the end of the
planar region at c=1.8mm and an estimated 4AK~51MPa\m (Arrow indicates crack growth
direction, circle shows secondary cracks) (a) at low magnification showing stage Il growth (b) at
high magnification showing slip traces and secondary cracks
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Figure 5-29 Figure 5-28
Figure 5-30 Figure 5-27
Figure 5-31 Figure 5-26

JSM 6500F SEI 10.0kV X500 ]I];m\_ WD 20.2mm JSM 6500F SEI 10.0kV  X2,000 10pm WD 20.0mm

Figure 5-26: Fracture surface of U720Li C&W at 300°C in vacuum AK;=12MPaVm in terraced

region at c=1.08mm and an estimated 4K~21MPavm (fretted region) (Arrow indicates crack

growth direction) showing a fretted area near the notch (a) at low magnification (b) at higher
magnification
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Figure 5-27: Fracture surface of U720Li C&W at 300°C in vacuum AK;=12MPaVm in terraced

region at c=3.4mm and an estimated 4K~36MPa\m (Arrow indicates crack growth direction,

circle shows secondary cracks) showing more faceted crack growth (a) at low magnification (b)
at higher magnification showing slip traces
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Figure 5-28: Fracture surface of U720Li C&W at 300°C in vacuum AK;=12MPaVm in terraced
region at c=6.9mm and an estimated 4K~56MPavm (Arrow indicates crack growth direction,
circle shows secondary cracks) (a) at low magnification showing stage Il growth (b) at high
magnification showing secondary cracks
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Figure 5-29: Fracture surface of U720Li C&W at 300°C in vacuum AK;=12MPaVm in planar
region at c=0.97mm and an estimated 4K~20MPavm showing the fretted area near the initial

notch (Arrow indicates crack growth direction, circle shows secondary cracks) (a) at low
magnification (b) at high magnification showing large secondary cracks

89



7 ’<\;'/>‘ Pt \\

JSM G0F SEl_ _100KV:  :A500% . [0 WD 20 2mm JSM 6500F SEl 100KV X2000 10um WD 20.2mm

Figure 5-30: Fracture surface of U720Li C&W at 300°C in vacuum AK;=12MPaVm in the
teardrop region at c=3.401mm and an estimated 4K~36MPavm (Arrow indicates crack growth
direction, circle shows secondary cracks) (a) at low magnification showing faceted surface (b)

at high magnification showing secondary cracks and a faceted surface
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Figure 5-31: Fracture surface of U720Li C&W at 300°C in vacuum AK;=12MPaVm in planar
region at c=7.2mm and an estimated 4K~58MPavm (Arrow indicates crack growth direction,

circle shows secondary cracks) (a) at low magnification showing faceted surface (b) at high
magnification showing secondary cracks and a faceted surface
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Figure 5-32: Fracture surface of U720Li C&W at 300°C in air AK;=12MPaVm in terraced
region at a tilt angle of 30° for the second terrace c=~1.8mm and an estimated 4AK~26MPaVm
(Arrow indicates crack growth direction, circle shows secondary cracks) (a) at low
magnification showing shear and opening terraces (b) at higher magnification showing large
secondary cracks in the shear terrace

JSM 6500F SEI 100kV X500 10um WD 352mm ) SEI 100kv  X2000  10pm WD 35.6mm

Figure 5-33: Fracture surface of U720Li C&W at 300°C in air AK;=12MPa\m in terraced
region at a tilt angle of 25° for the last terrace c=6.1mm and an estimated 4K~50MPaVm
(Arrow indicates crack growth direction, circle shows secondary cracks) (a) at low
magnification (b) at high magnification showing large secondary cracks ower seweral grain
sizes
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Figure 5-34: Fracture surface of U720Li C&W at 300°C in vacuum AK;=12MPaVm in terraced
region at a tilt angle of 30° for the second terrace c~3.5mm and an estimated AK~36MPa\m
(Arrow indicates crack growth direction, circle shows secondary cracks) (a) at low
magnification (b) at higher magnification showing secondary cracks
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Figure 5-35: Fracture surface of U720Li C&W at 300°C in vacuum AK;=12MPaVm in terraced
region at a tilt angle of 30° for the last terrace c=7mm and an estimated 4K~56MPavm (Arrow
indicates crack growth direction, circle shows secondary cracks) (a) at low magnification
showing stage Il crack growth (b) at higher magnification showing sliptraces and secondary
cracks
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5.2 SENB Testing

SENB testing has been carried outon U720Li C&W. The first sample was precracked from
20MPavm downto 15 MPavm, and then grown out at constantload at 300°C in air. Figure
5-36 shows the fracture surface with initial notch precrack and growth out. Deflected terraces
can only be observed late in the growth out near the final fracture on both free surfaces of the
sample.

Itisassumedthe AK levels were too low to clearly trigger deflection, therefore furthertesting
was carried out with precracking at a constant AK;=20 MPavm and growth out from that level,
to achieve an earlieronset of deflection. Tests were precracked atroom temperatureinair
and the grown out at 300, 600 and 650°C in air and vacuum.

The fracture surfaces of these testsare shownin Figure 5-37. The deflected terraces can now
be seenonboth sides of the sample at 300°C inair and vacuum, and at 600 and 650°C in
vacuum. Lifetimes of the tests are shown in Table 10.

Temperature AK;(MPavm) N¢inair NsinVacuum
300°C 20 29318 37662
600°C 20 12082 20868
650°C 20 15500 18520

Table 10: Lifetime of SENB samples tested at 300, 600 and 650°C inair and vacuum

Two thin SENB tests have been carried outto assess crack growth behaviourunder more plane
stress conditions. The samples were precracked at room temperature in airat a constant AK of
20MPavm. The load was turned up to achieve a AK of 25MPavm forthe growth outand the
tests were run at a temperature of 300°C in air. Crack growth has been monitored using PD.
The fracture surfaces are shownin Figure 5-38 and Figure 5-39. Afterthe precrack a stage Il
region can be observedinthe centre, and the deflected crack growth can be seen to dominate
overthelargerproportion of the sample as AK (crack length) increases. The estimated AK level
at the pointwhere the deflected terraces from both side meet, i.e. the end of the stage Il
regionisat approx.45MPavm in the second sample.

5.2.1 Fractography

Figure 5-41 to Figure 5-43 show the SEM fractography of thick SENB U720Li C&W sample
testedin vacuum at 300°C with a AK=20MPaVvm, looking atthe deflected regionin different
areas as shown in Figure 5-40. Fractography has also been carried out on the second thin SENB
sample testedinairas shownin Figure 5-45 to Figure 5-48, in the areas described in Figure
5-44,

In both the thick and the thin SENB sample similar mechanisms asinthe CNBsamples can be
observed, i.e. sliptraces and secondary cracks both inthe planar and the deflected region.
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5.2.2 Crack growth data

From the PD readings of the SENB crack growth data has been produced and compared forthe
two sample thicknesses and all test conditions. The results are shownin Figure 5-49. As
expected highertemperatures show faster crack growth rates and vacuum conditions lead to
lower crack growth rates.

A lowercrack growth rate can be observed forthe thin sample as compared to the thick
sample at the same conditions, which may be due to the plane stress conditions orto the
larger proportion of deflected areain this sample. This crack growth data is averaged across
Stage Il and deflected crack growth and the PD and K calibrations both assume normal stage Il
through thickness growth (whichis valid up to 25MPavm). Local crack growth rates for Stage Il
crack growth are most closely defined by datafrom the thick SENB, but local da/dN underthe
characteristicdriving force for sustained deflected crack growth are still needed, and not
obtainable from the test conditions thus far.

Figure 5-36: SENB Fracture Surface of U720Li C&W at 300°C
inair with AKi=15MPavm
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Figure 5-37: SENB Fracture Surface of SENB U720Li C&W at 300, 600 and 650°C in air and
vacuum with AK;=20MPaVm

95



Figure 5-38: Fracture surface of thin SENB, U720Li C&W tested at 300°C in vacuum, 20Hz,
AK;=20MPaVm

Figure 5-39: Fracture surface of thin SENB U720Li C&W tested at 300°C in
vacuum, 20Hz, AK;i=20MPaVm

Figure 5-41
Figure 5-42

Figure 5-43

Figure 5-40: Fracture Surface of U720Li C&W SENB tested at 300°C in vacuum, 20Hz,
AK;=20MPaVm
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Figure 5-41: Fracture surface of U720Li C&W SENB tested at 300°C in vacuum, in terraced region
at ¢=5.29mm and an estimated AK~25MPa \m (Arrow indicates crack growth direction, circle

shows secondary cracks) (a) at low magnification (b) at high magnification showing slip
traces/secondary cracks
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Figure 5-42: Fracture surface of U720Li C&W SENB tested at 300°C in vacuum, in terraced region
at c=7.16mm and an estimated 4K~40MPa Vm (Arrow indicates crack growth direction, circle
shows secondary cracks) (a) at low magnification showing stage Il growth (b) at high magnification
showing secondary cracks

JSMG500F < i 50 SM 6500F SEl 100KV X2,000  10mm WD 14.0mm

Figure 5-43: Fracture surface of U720Li C&W SENB tested at 300°C in vacuum, in terraced region
at ¢c=7.78mm and an estimated AK~50MPa Ym (Arrow indicates crack growth direction, circle

shows secondary cracks) (a) at low magnification showing stage Il growth (b) at high magnification
showing large secondary cracks

Figure 5-45 Figure 5-47 Figure 5-48

Figure 5-46

Figure 5-44: Fracture surface of thin SENB (U720Li C&W) tested at 300°C in air, showing
locations of SEM fractography
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Figure 5-45: Fracture surface of thin SENB (U720Li C&W) tested at 300°C in air, in the centre of
the sample in the precrack region at c=3.5mm and an estimated AK~20MPa Ym (Arrow indicates
crack growth direction, circle shows secondary cracks) (a) at low magnification showing stage Il
growth (b) at high magnification showing slip traces and secondary cracks
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Figure 5-46: Fracture surface of thin SENB (U720Li C&W) tested at 300°C in air, in the centre of
the sample at c=4.55mm and an estimated 4AK~20MPa Ym (Arrow indicates crack growth direction,
circle shows secondary cracks) (a) at low magnification showing stage Il growth (b) at high

nification showing slip traces and large secondary cracks
: PN ; T

il
=

T

= "\}'_ - /'J/‘L l"‘""wz;

X500 10um WD 13.7mm JSM 6500F SEl  150kV X2,000  10pm WD 13.7mm

Figure 5-47: Fracture surface of thin SENB (U720Li C&W) tested at 300°C in air, in the centre of
the sample at c=5.561mm and an estimated AK~25MPa Ym (Arrow indicates crack growth
direction, circle shows secondary cracks) (a) at low magnification showing stage Il growth (b) at
high magnification showing slip traces and secondary cracks
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Figure 5-48: Fracture surface of thin SENB (U720Li C&W) tested at 300°C in air, in terraced
region at ¢=6.282mm and an estimated AK~30MPa \Vm (Arrow indicates crack growth direction,

circle shows secondary cracks) (a) at low magnification showing stage Il growth (b) at high
magnification showing secondary cracks

Crack growth data
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Figure 5-49: da/dNs. AK curwe for U720Li C&W at 300, 600 and 650°C in air and vacuum from
SENB thick samples and 300°C in air from thin SENB sample
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5.3 Measurements of onset of deflection for comparison

An important factorin comparing different testsisto determine when the deflection firstly
appearsand also how large the deflected terraces are. Fordifferentsample sizesand types,
different notch sizes andinitial AK;levels, aconsistent measure is proposed to be the onset AK
level of the firstterrace.

At firstinstance the depth of the terraces can be measured using the Wild Macroscope M420
and plotted against the nominal AKlevel (forthe corresponding crack length). The exactonset
of terracingis somewhat subjective and it should also be noted that the plane stressregionis
expectedto produce shearlips in conventional fatigue cracking [45], hence itisimportantto
establish to what extentthe shear crack growth is sustained beyond the expected plane stress
plasticzone size. The onset of sustained deflected crack growth isthus proposedto be
deflection beyond the expected plane stress plastic zone size (PZS).

The monotonicplasticzone size during fatigue can be calculated usinganumber of
approximations: Rice, Irwin and Dugdale, as described in Chapter 2.2.4.

They all take the same general form:

2
Kmax .
ry=0| —— Equation 5-1
o
y
where the value of arvaries between 1/2n forRice, 1/x for Irwin and /8 for Dugdale forthe

plane stressregion.

Thus itcan be seenthat the Rice approximationisthe lowerboundandthe Dugdale
approximationisthe upperbound beyond which no plane stress effectis expected. Hence the
onsetof terracing can be identified as being between where the terrace extends beyond the
monotonicplane stress PZS after the Rice approximation and monotonicplane stress PZS after
the Dugdale approximation. Yield stressvaluesfor U720Li C&W for the relevant test
temperatures have been supplied by Rolls Royce plc. [93]

The fracture surfaces were measured forthe CNBsamples (forthe U720Li C&W) and the depth
of deflection has been mapped againstthe nominal AKvalue. The measurements forthe CNB
sample are shownin Figure 5-50 to Figure 5-55.

Beyond the Rice approximation, which is the most conservative plane stress PZS estimate,
some deflection may still be expected as we may not be entirely out of the plane stress
affected region, whilebeyond the Dugdale plane stress plasticzone size, which is the largest,
the crack is expected to grow under plane strain conditions. Any deflection here is certainly
anomalous and indicative of the onset of the macroscopicsustained deflected crack growth,
whichisa key component of the ‘teardrop cracking’ phenomenon. Inthisworka working
definition of the onset of anomalous macroscopicdeflectionis proposed:if adeflection
extends furtherthan both measures of plane stress plasticzone size, itis clearly ananomalous
crack deflection. Below the Dugdale PZS, it could still be defined as expected deflection (or
shearlip formation) due to plane stress conditions.
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To allow a more systematicassessment of which samples are exhibiting sustained macroscopic
deflection, atemplate was created based on this definition of the onset of terracing which
allows the usertoinputtest conditionsand specimen geometry to delineatethe plasticzones
on a fracture surface, thus allowing the analysis of fracture surfaces to determine whether
they exhibit sustained deflected crack growth. An Excel spreadsheet was created that
calculates the monotonicplane stress plasticzone size (PZS) for the lowerbound (Rice PZS)
and upperbound (Dugdale PZS), italso maps out the specimen fracture surface outline. The
followinginputs are used: the width and breadth of the sample, the size of the notch, the
initial AK;, R-ratioand the yield strength of the material at the test temperature of interest. An
image of the fracture surface is added at the appropriate size to compare the observed
deflection tothe estimated PZS. This provides a quick reference asto how much of the
deflectionis as expected (occurring within a plane stress dominated region) and whetherit can
be identified as sustained macroscopicdeflection.

All deflected crack terraces can be compared in this way with the expected plane stress plastic
zone size mapped onto each fracture surface. The variation of AK-onsetfor CNB fracture
surface for U720Li C&W are shownin Figure 5-56 and forthe thick SENBin Figure 5-57, for
both at 300, 600 and 650°C in air and vacuum, where the expected plane stress plasticzone
sizes have been overlaid across the fracture surfaces. From those the range of onset 4K of this
deflected crack growth have beenread and are shownin Table 11 forall the U720Li C&W
tested foreachtest condition and for both specimentypes SENBand CNB.

For the tests carried out in air, the results for the two specimen types are consistent. When
comparingthe behaviourof U720Li C&W tested at differenttemperaturesinair,anincreasein
temperature resultsin both anincrease in onset AKand the range overwhichit occurs. At600
and 650°C it should be noted that the uppervalue (derived from the Dugdale comparison) is
close to expected K-levels near failure and/or plastic collapse in this sample/material
combination, wheresignificant shear lips would be expected anyway. Hence we do not
considerthis case as showing evidence of anomalous deflection, as there is a large variation
between the Rice and the Dugdale values of onset. Thisis alsoin agreement with the
observationsin previous work, wherethe effect was notseen above 600°C in air. [4]

When testedinvacuumthe onset of terracing occurs at significantly higher AKinthe CNB
(comparedtothe equivalentaircase) howeverthereis little variation with temperature. Soit
appearsthat the sustained deflected crack growth is retained by vacuum conditions even at
highertemperatures such as 650°C, in vacuum the deflection also goes significantly deeper
into the bulk. It isnotable that AK onsets change with temperature and environmentin the
SENB in a different way to that observed forthe CNB. In the SENB case the vacuum condition
(forall temperatures) did not cause the onset to occur later, but at a similar AK as in the air
testsat 300°C.
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AK (MPavm) at

AK (MPavm) at

Upper Temperature Upper
Temperature Lower
an boun\cljv(Rice bound 'and Lower bound bound
. (Dugdale environment (Rice PZS) (Dugdale
environment PZS)
PZS) PZS)
o CNB | SENB | CNB | SENB 300°C CNB | SENB | CNB | SENB
300°C air
vacuum
25 22.5 28 26 335 | 21.5 | 35,5 | 245
o CNB | SENB [ CNB | SENB 600°C CNB | SENB | CNB | SENB
600°C air
vacuum
26 27.5 53 - 31 22 38 25
o CNB | SENB | CNB | SENB 650°C CNB SENB [ CNB | SENB
650°C air
vacuum
34 31.5 57 - 33 22,5 | 35,5 | 245

Table 11: AK onset of terracing in U720Li C&W at 300, 600 and 650°C in air and vacuum
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Figure 5-50: AK v Depth of terrace map for U720Li C&W at 300°C inair 20Hz
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Figure 5-51: AK ws Depth of terrace map for U720Li C&W at 300°C invac

20Hz
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Figure 5-52: AK ws Depth of terrace map for U720Li C&W at 600°Cinair 20Hz
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Figure 5-53: AK \s Depth of terrace map for U720Li C&W at 600°C invac 20Hz
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Figure 5-54: AK s Depth of terrace map for U720Li C&W at 650°C inair 20Hz
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Figure 5-56: CNB samples showing Rice and Dugdale plastic zone (Scale in mm)
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Figure 5-57: SENB samples showing Rice and Dugdale Plastic zone sizes (Scale in mm)
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5.4 Profilometry

Measures of the macroscopiccrack deflections were also needed, to furtheranalyse the crack
path. Three different methods to create a 3D profile of a fracture surface have been
compared.

5.4.1 TaiCaan

A 3D map of the fracture surface of the CNB sample of U720Li PM FG with AK=17.7MPavm
was created with 601x601 surface points. Figure 5-58 shows the 3D map from different
perspectives.

Particularareas of interest have been looked atin detail. Figure 5-59 shows the profile of the
top surface and indicates from where on the fracture surface it was taken. The terracing can
be clearly observed. Figure 5-60 shows the profile of the front surface and indicates from
where on the fracture surface it was taken. Figure 5-61 shows the profile through the diagonal
and indicates from where on the fracture surface it was taken.

5.4.2 Alicona MeX

A 3D map of the fracture surface of U720Li PM FG CNB sample with AK=17.7MPavm tested at
300°C in air has been created from SEM pictures (taken from -2,0 and 2° angles) using Alicona
MeX, whichis shownin Figure 5-63. Anothermap is created using higher magnification SEM
pictures fromthe same location, shownin Figure 5-64. The position of the mapsisshownin
Figure 5-62. A 2D profile can be measured alonganyline onthe map, one example isshownin
Figure 5-65.

5.4.3 Alicona Infinite Focus

The fracture surface of U720Li PM FG CNB sample tested with AK=17.7MPavm at 300°C in air
has also been scanned with Alicona Infinite Focus. A 3D view of the fracture surface isshownin
Figure 5-66. A more detailed view of the terracesis shownin Figure 5-67. A 2D profile can be
measuredinanylineinthe map, one exampleisshownin Figure 5-68. Overall the Infinite
Focus system shows a better balance between resolution as compared tothe TaiCaan system
and scanning sufficientareato describe the macroscopiccrack deflection that needs to be
characterised, cf. MeX software applied to SEM images.

Therefore further profilometry has been carried out with this method on the U720Li C&W CNB
samplestestedat 300°C air, as shownin Figure 5-69, and 300°C vacuum, as shownin Figure
5-71 (with AK=12MPavm). 2D measurements on the edge of the fracture surface of the 300°C
air test have been carried outand are shownin Figure 5-70.

The surface of the thick U720Li C&W SENB sample (300°C air with AK=20MPavm) has been
mapped as well. The 3D map of the fracture surface is shownin Figure 5-72. Figure 5-73 shows
one example of a2D profile of the terraced region from which angles could be measured.
Measurements have been carried out fora number of 2D profilesinthe terraced regionson
both sides of the sample; the range of tiltanglesis approximately between 30and 50°.
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Figure 5-58: Profile of Fracture Surface of U720Li PM FG with AK;=17.7MPaVm from
different perspectives

Figure 5-59: 2D Profile of Fracture Surface of U720Li PM FG with AK;=17.7MPaVm near the top
surface of sample

Figure 5-60: 2D Profile of Fracture Surface of U720Li PM FG with AK;=17.7MPaVm near the side
surface of sample
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Figure 5-61: 2D Profile of Fracture Surface of U720Li PM FG with AK;=17.7MPaVm diagonally
through sample in crack growth direction
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Figure 5-63 and Figure 5-64

Figure 5-63: Fracture Surface of U720Li PM FG with Figure 5-64: Fracture Surface of
AK;=17.7MPaVm at 300°C in air with Alicona MeX U720Li PM FG with AK;=17.7MPaVm
at 300°C in air with Alicona MeX

(higher magnification)

Figure 5-65: 2D Profile of Fracture Surface U720Li PM FG with AK;=17.7MPa\Vm near the side
surface of sample with Alicona MeX
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Figure 5-66: Fracture Surface of U720Li PM FG with AK;=17.7MPaVm at 300°C in air with
Alicona Infinite Focus

Figure 5-67: Fracture Surface of U720Li PM FG with AK;=17.7MPaVm at 300°C in air with
Alicona Infinite Focus in detailed view
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Figure 5-68: 2D Profile of Fracture Surface of U720Li PM FG with AK;=17.7MPaVm at 300°C in
air near the side surface of sample with Alicona Infinite Focus

Figure 5-69: Fracture Surface of U720Li C&W with AK;=12 MPaVm at 300°C in air with Alicona
Infinite Focus
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Figure 5-70: 2D Profile of Fracture Surface of U720Li C&W with AKi=12MPa\/m at 300°C in air
near the top surface of sample with Alicona Infinite Focus

Figure 5-71: Fracture Surface of U720Li C&W with AK;=12 MPaVm at 300°C in vacuum with
Alicona Infinite Focus
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Figure 5-72: Fracture Surface of thick SENB U720Li PM FG at 300°C in air AK;=20MPa\m with
Alicona Infinite Focus
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Figure 5-73: 2D Profile of Fracture Surface of U720Li C&W SENB with AK;=20MPa\Vm at 300°C
in air near the surface of sample with Alicona Infinite Focus
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5.5 Further analysis of secondary cracks

The surfaces of a number of fractured samples have been polished, as describedin the
metallography section 3.2, to reveal more detail of the large secondary cracks. These have
beenobservedinthe SEM.

Figure 5-74 shows the largest secondary crack seeninthe SENB sample tested at 300°C in air,
which had been nickelplated before mounting foredge retention. The large secondary crack
continuing from the shearterrace bifurcates and one crack tip continuesinthe sheardirection,
while the other continues approximately in the openingdirection. Etching with nimonicetch
for 15 seconds has been carried out on this SENB sample as shown in Figure 5-75 . Thisreveals

the secondary crack can be observed to grow between some primaryy’, butthen continues to

grow through a largery grain. It bifurcatesin this grain and then stops. This surface
observation does notindicate that the crack path follows any specific microstructural features,

and there is no clearevidence of a preference foreitherintergranularfailure, y" decohesion or
transgranularor slip-band dominated crack growth. It should be noted thisis only a surface
observation.

Some smallercracksin this sample have also been observed. Figure 5-76 shows a very small

crack thatarrests at some primary y’. Figure 5-77 shows a secondary crack growing along what
appearsto be a slip band. Figure 5-78 shows a crack that grows between anumber of primary
Y

Some smallersecondary cracks could be observed inthe CNB300°C invacuum, Figure 5-79
shows the largest of the secondary cracks, which turns back in the mode | direction, and then
bifurcatesinboth mode land Il direction.

A large secondary crack has been observedin CNB U720Li C&W 300°C inair as shownin Figure
5-80. Thissample has beenstudiedinfurther detail by FIBtomography.

It would be useful to be able to assess more completely the crack tip growth mechanisms of
such deflected cracks overa more representative areathanrevealed by a simple surface
observation, and to thisend the focussedion beam (FIB) serial sectioningand electron back
scatter diffraction (EBSD) data collection have been used on one of these secondary crack tips
(fromthe U720Li C&W CNBsample tested at300°C in air) to build up a 3D reconstruction of
the crack-tip region.

Moreoversome TEM has been carried out justahead of othersecondary cracks in thissample.
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Figure 5-74: Secondary crack in SENB 300°C air sample at crack length a=5.7mm and a
AK~29.3MPaVm at different magnifications, bifurcates before arresting (Circle shows the
crack tip, large arrow indicates owerall crack growth direction, small arrow indicates (shear)
direction of secondary crack)
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Figure 5-75: Secondary crack in SENB 300°C air sample etched 15 seconds with nimonic etch
showing primary v’ at crack length a=5.7mm and a 4K~29.3MPaVm at different magnifications.
The crack is growing along sewveral primary y’and inside a y grain, where it bifurcates and
arrests (Circle shows the crack tip, large arrow indicates owerall crack growth direction, small
arrow indicates (shear) direction of secondary crack)
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Figure 5-76: Secondary crack in SENB 300°C air sample etched 15 seconds with nimonic etch
showing primary vy’ at crack length a=5.6mm and a AK~28.1MPa\m at different magnifications .
The crack is growing along sewveral primary y’ (possibly on a grain boundary) (Circle shows the

crack tip, large arrow indicates owerall crack growth direction, small arrow indicates (shear)

direction of secondary crack)

JSM 6500F SEI 50kV  X1,000 10um WD 10.5mm JSM 6500F SE 50KV X5,000 1um WD 105mm

Figure 5-77: Secondary crack in SENB 300°C air sample etched 15 seconds with nimonic etch
showing primary y’ at crack length a=5.8mm and a 4K~29.6MPaVm at different magnifications.
The crack seems to be growing along a slipband ina y grain (Circle shows the crack tip, large
arrow indicates owerall crack growth direction, small arrow indicates (shear) direction of
secondary crack)
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Figure 5-78: Secondary crack in SENB 300°C air sample etched 15 seconds with nimonic etch
showing primary y’ at crack length a=6mm and a 4K~31.8MPaVm at different magnifications.
The crack grows through a y’ grain and arrests between 2 primary vy’ precipitates. (Circle shows
the crack tip, large arrow indicates owerall crack growth direction, small arrow indicates (shear)
direction of secondary crack)
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Figure 5-79: Secondary crack in SENB 300°C invacuum sample at crack length a=5.7mm and a
AK~29.4MPaVm at different magnifications, growing in a shear direction, then turns in opening
direction, before bifurcating. It continues growing in the shear direction for another 10pm
before arresting. (Circle shows the bifurcation, large arrow indicates owerall crack growth
direction, small arrow indicates (shear) direction of secondary crack)

JSM 6500F SEI 15.0kV X100 100um WD 10.8mm JSM 6500F SEI 15.0kV X500 10um_ WD 10.8mm

Figure 5-80: Secondary crack in CNB 300°C air sample at crack length a=6.4mm and a
AK~54.5MPaVm at different magnifications, growing in shear direction, including some small
bifuration (Circle shows the birfuration, large arrow indicates owerall crack growth direction,

small arrow indicates (shear) direction of secondary crack)
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5.6 Moredetailed micromechanistic Processes - 3D EBSD
Assessment

To furtherassess the interaction of the microstructure with the deflected crack, the crack-tip
region of an arrested secondary crack that has been examined furtherusingthe FIB/ EBSD and
EDX serial sectioning and reconstruction approach, asdescribed in some detailin section 4.3.
This crack started from an approximate overall (mode ) crack length of ca. 5.1 mm, at which
the nominal AK levelis 45.6 MPavm. The final assessed volume that has been removed for
analysisis small—40 x40 x 30 um. The secondary crack with the crack tip region removed for
analysisis shown the SEM picturesin Figure 5-81.

JSM 6500F SE 15.0kv X100 100pm WD 10.5mm JSM 6500F < _15A0kV X300 10,"”_ WD 10.7mm

Figure 5-81: Location of secondary crack tip for 3D analysis in a CNB sample tested at 300°C

air and AK;=12 MPa\'m at a owerall crack length a=5.1 mm and nominal AK=45.6 MPavm (a)

owerview (b) detailed view (Large arrow indicates owerall crack growth direction, small arrow
indicates (shear) direction of secondary crack)

A series of 2D slices were produced which can be viewed inanumber of different modes:
Image quality (1Q) (see Figure 5-82 forslice 1) can be used as a proxy for the crack itself,
allowingthe crack plane to be segmented out (Figure 5-83). Image quality is derived fromthe
average intensity of the Hough peaks; good patterns tend to have intense strong peaks and
hence highlQ.

The 3D reconstruction of the crack shows areas where it seems to deflectaround grains, and
otherquite planarareasindicating failure along slip bands. The crack tip itself appears
discontinuous, further evaluation of the microstructure ahead of the crack tip couldidentify
what arrests the crack or whataids its propagation.
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Figure 5-82: Image Quality (IQ) map of FIB Slicelshowing the crack and twin and grain
boundaries
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Figure 5-83: 3D reconstruction of the crack from EBSD IQ data from different orientations
showing a discontinous crack tip (arrow indicating crack growth direction)
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EBSD data can be gatheredtoidentify the location (and orientation) of grains and precipitates.
The grains and precipitates adjacentto the crack have been individually selected in each of the
slices, usingslices showing Image Quality fromthe EBSD. The slices of the EBSD results have
then beenreconstructed, and the grains adjacent to the crack have beenindividually selected
to show theirinteraction with the crack, as shown in Figure 5-85. The colours of the inverse
pole figure (IPF) representarelative average grain orientation in 2D space. Grain orientation
(inverse polefigure - IPF) colours are added from the 2D EBSD slices manually (as shown for
example in Figure 5-84), which therefore means small variations inside each grain are not
considered. The crack has been reconstructed in the same mannerfromthe Image Quality
maps.

By its very nature though, this detailed sectioning, analysis and subsequent assessmentis
restricted to small volumes of material.

Figure 5-85 shows the crack tip and adjacent grains with the IPF colours representingrelative
grainorientation. Fromthe particularsample volumereconstructed the following
observations can be made: It can be seenthatthe crack is sometimes growingalongthe grain

boundaries (and possibly avoiding primary y’), butalso through large grains, where itis
showing quite planar(perhaps slip-band) crack growth. Twin boundaries do not seem to affect
growth. These 3D data suggest that crack growth is more transgranulartowards the crack tip.
The crack tipitselfisdiscontinuous and this technique shows how further detailed evaluation
of the microstructure ahead of the crack tip can be obtained, giving greaterinsightinto what
promotes, arrests or deflects local crack growth. This detailed inve stigation has also shown
that there is no simple orobvious relationship between this deflected crack growth and grain
orientation thus confirming that this phenomenonis not affected by local texture effects.

Visualisation and representation of such data-rich images s challenging —the additional
compositional (phase identification), orientation and deformation/strain mapping features of
this approach togetherwith the spatial informationin 3D require new approachesto data
presentation. Avideo of this reconstruction can be found on:

http://archive.ses.soton.ac.uk/public/ebsd/cs1007/3D EBSD.hx.mpg
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Figure 5-84: FIB Slice 1 with IPF showing grain orientation (see legend) and 1Q showing crack and
grain boundaries
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Figure 5-85: Crack and adjacent grains in IPF colours from different perspectives, showing
intergranualar and transgranular crack growth
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From the EDX data collected the primary y’ were reconstructed by consideration of the
chromium maps (shown forslice 1 in Figure 5-86), which have shown the best resultsfor

identifyingy’in previouswork [97]. A 3D map has therefore been created from the results of

the EDS Chromium map showingthe primary y’ in the volume scanned, giving some indication
aboutgrain size and distribution around and beyond the crack, and the crack has again been
reconstructed fromthe EBSD IQ maps. This representation allows the microstructureto be
visualized beyond the immediate grains around the crack tip by effectively making the y matrix
‘transparent’. Viewing thisin conjunction with the previous two figures for example, al lows
one to identify the large ‘void’ thatindicates the position of the large y grain containing atwin.
The crack exhibits mostly transgranular crack growth in thislarge grain which (Figure 5-87) is
apparently unaffected by the twin boundary. We can also see thatthe 3D distribution of

primaryy’ givesa quite differentindication of how a crack tip will interact with the grain and
precipitates cf. conventional 2D representations.

A video of this reconstruction can be found on:

http://archive.ses.soton.ac.uk/public/ebsd/cs1007/3D gamma prime.mpg

Crack

Grain

Grain with
coherent

Crack
growth
direction

Figure 5-86: Slice 1 in EDS Chromium map and 1Q, showing y’ in green. The primary y’ are where
the green areas coincide with grain boundaries (from the 1Q), but sometimes the green area is part
of ay grain, a large coherent y’
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http://archive.ses.soton.ac.uk/public/ebsd/cs1o07/3D_gamma_prime.mpg

Figure 5-87: Crack (in orange) and primary y’ (in red) showing the interaction of crack and
microstructure, location of grains can be estimated between the primary y’ (arrow indicating crack
growth direction)
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In the nextapproach it was considered in more detail, whethery grains or primary y’
precipitates have different effects onthe crack path. For the reconstruction of the grains
adjacentto the crack the previous reconstruction of the EBSD results has be en recoloured to

showy and y’. Comparison of EDS (chromium maps) and EBSD (Image Quality maps) show that

some primaryy’ (blue areasin the EDS map) have coherent boundaries with the surrounding y
grain (as shown by the IQmap) (Figure 5-86 showsslice 1). They are usually of the size of a

primaryy’ and representalarge part of the y grain.

In the reconstructions the primary y" have been markedinred, as shown in Figure 5-88, the
‘grains’ including large coherent y’in orange as shown in Figure 5-89, and the y grainsin blue
as shownin Figure 5-90.

Howeverthisin depth evaluation does not appearto show any influence on the crack path, the
crack shows both transgranularand intergranularbehaviour, both forthe y’, the y grains, and
the y grains containing coherenty’.

A video of thisreconstruction can be found on:
http://archive.ses.soton.ac.uk/public/ebsd/cs1007/3D gamma gamma prime.hx.mpg
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40m

30um

Figure 5-88: Crack with adjacent primary y’ (in red)

Figure 5-89: Crack with adjacent primary vy’ (in red), grains/y’with coherent boundaries (in orange)

Figure 5-90: Crack with adjacent primary ¥’ (in red), grains/y’ with coherent boundaries (in
orange), and grains (in blue)
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Within the grainsin the results of the EBSD, a variation of IPF colours can be observed,
showingthe variations of grain orientation within the grain (Misorientation). A3D
reconstruction of the crack and these areas of misoriention has been made using ‘GROD’
(Grain Reference Orientation Deviation) showing the deviation of each pointin the grain with
respectto the average orientation of the grain. These regions are located mainly alongthe
crack, and increase closerto the crack tip. Thiscan be considered a measure of crack-tip
deformation orstrain,and hence a method to visualise plasticwakes and plasticzones ahead
of the crack tip.

Greaterindications of deformation zones at the crack tip indicate the process zone (crack tip
plasticzone) and there isno clearevidence of strain localisation or shearband formation
ahead of the crack tip inthisvolume.

A video of this reconstruction can be found on:

http://archive.ses.soton.ac.uk/public/ebsd/cs1007/3D GROD.mpg
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40pm

Figure 5-91: Crack and ‘GROD’ showing the areas of misorientation within grains, these are
located mainly along the crack, and increase closer to the crack tip
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As showninthe results of the SEM fractography slip traces and secondary cracks indicate a
competition between Mode | and Il controlled crack growth modesin both the shearand the
stage |l regions. Inthe region nearthe free surface thisleads to macroscopic deflection under
mode Il loading and then back to mode I, while inthe central region, there is no macroscopic
deflection.

The more detailed evaluations afforded by the 3D reconstruction of the crack tip confirm that
the crack growth mode in sustained deflected cracks is not noticeably different from thatin
‘Stage II’ regions —with evidence of both transgranular (possibly slip-band) cracking and

growth between and around y grains and primary y’ particles occurring. There is no evidence
that any particulartexture orgrain orientationis responsible for the deflected crack growth.

As shown here in more detail this material has a propensity to secondary cracking, so thisis
clearlyimportantin the initiation of this deflection, however the resultsindicate thatitis not
the microstructure that causes the deflection to be sustained.

It should be noted that this 3D scan isonly taken froma very small section of the entire
volume (40x40x30um), which may not representative for the material. Maybe the crack has
arrestedinthisarea because the microstructure is distributed like this, so further deflected
crack growth is not promotedinthisarea. Howeverthisresultisinagreement with whatwas
seeninthe FEG SEM, that this alloy did not show different crack growth behaviourinthe
planarand the deflected area.

5.7 TEM results

TEM foils were taken from locations just ahead of secondary crack tips using FIB. The foil might
show more or less crack tip, as it is difficult to predict how much crack tip there is just from the
surface observation. Inthe followingasample containingacrack tip has been furtheranalysed
using TEM.

Figure 5-92 a shows the bright field TEM image showing diffraction patterns (Figure 5-92 b and
c) obtained above and below the secondary crackin the top grain, indicating the crackis

growingthroughay grain as both patterns show identical orientation [112] of y phase.

Figure 5-93 a shows the bright field image of the same crack, but now showing respective
diffraction patterns (Figure 5-93b and c) obtained above and below the same secondary crack
inthe lowergrain (viewed at a slightly different tilt angle), indicating the crack is now growing

through ay’ precipitate. The same orientation [112] of Y’ is observed, the superlattice spots
confirmitis the orderedy’ phase.
An EDX chemical analysis was carried out, the results are shownin Table 12. It suggests the

grains on top of the crack and below the crack are of similarcomposition (Sites 1 vs. 2 and 3 vs.
4), indicating thatthey are more likely to be the same grain before the cracking occurred,

confirmingthat the crack grew transgranularly through bothy and y’. In addition, note the high
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Cr concentrationinthe top grain, i.e. the y grain, which is consistent with the 3D-FIB EDS work,

where Crmaps have been used to distinguish betweenyandy'.

Thislimited TEM work supports the previous observation from the 3D EBSD and the FEG-SEM
that the sustained macroscopiccrack deflection does not seemto be caused purely by

microstructure.

Figure 5-92: (a) TEM bright field image
showing diffraction patterns obtained (b) abowe
and (c) below the secondary crack in the top
grain, indicating crack is growing through a y
grain

Figure 5-93: (a) TEM bright field image of
secondary crack showing respective diffraction
patterns obtained (b) abowe and (c) below the
same secondary crack in the lower grain
(viewed at a slightly different tilt angle),
indicating the crack is now growing through a vy’
precipitate.

Site Al Ti Cr Co Ni

1. Figure 5-92 a above crack 4.14 2.67 21.92 16.95 54.32
2. Figure 5-92 a below crack 5.80 6.22 18.60 16.39 52.99
3. Figure 5-93 a above crack 13.64 14.82 2.49 7.26 61.79
4. Figure 5-93 a below crack 12.92 13.32 3.10 8.55 62.11

Table 12: EDX chemical analysis of a fine spot in the areas above selected for diffraction, at %
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5.8 Discussion

5.8.1 Definition of terms

The term teardrop cracking (TDC) as used in previous work [4, 5] does notdescribe the
phenomenonvery well asitonly refers tothe crack morphology producedin one specimen
geometry (CNBorCN intension), while the same crack growth mechanism hasbeenseenin
SENB and CDB [50].

The ‘tear drop’ region of the fracture surface is the area where the crack grows in stage Il,
parallel to the opening mode as would be expected. In previous work distinctions have been
drawn between openand closed TDC. This however depends simply on the initial notchsize,
the overall specimen size and the initial 4K level.

The unusual crack growth mode of interestis the deflected, terraced region nearthe free
surface, as such it is proposed that this crack growth mode should be defined as sustained
macroscopicdeflected crack growth (SMDCG). Eventhoughthe SMDCG extends wellbeyond
the plane stressregion, itseems to be triggered by plane stress. The suggested consistent way
to define the phenomenonisto describe the AK at the onset of terracing/SMDCG as has been
showninthe results section.

The AK onset of deflection/SMDCG for U720Li C&W occurs at around 25MPavm for300°C in
air for CNB and SENB, but the onsetvaluesincrease at high temperature (600and 650°C) to
levels nearthe plasticcollapseforthe Dugdale PZS (if exceeding this atall). Atthese levels
significant crack deflection may be expected anyway.

In the SENB invacuum the values are similarto the values at 300°C and do not vary with
temperature. Forthe CNBinvacuum howeverthe deflection occurs ata higher AKy,s.: (above
30MPavm), but the deflection goes significantly deeperinto the bulk. Vacuum conditions
might be expectedto promote more reversibleslip processes thaninair (all otherfactors
beingequivalent). Howeveritis unclearwhy onsetvalues are different forthe two specimen
typesinvacuum.

The grain sizes studied here (up to~18um on average) are largerthan in previous reports [4,
5] of when SMDGC has previously been observed, howeveritis below the very coarse grain
size (~ 50um) where Brooks’ tests [91] on coarse grained U720 did not show SMDCG. This
suggests that there mightbe a specificgrain size below which it occurs. Itis possible that the
grainsize could alsoinfluence the onset orextent of deflected cracking. Inalarger sample
(allowinghigher AK levels to be reached) deflection could take place once aspecificcrack tip
process zone encompassing asufficient number of grains hasbeensetup. To analyse whether
the SMDCG could be occurring once the crack tip process zone is comparable to some measure
of the grainsize. Table 13 shows the reversed and monotonicplane stress plasticzone sizes
(PZS) (using Irwin, Rice and Dugdale approximations)for U720Li PM LG and FG and C&W for
the AK onsetat 300, 600 and 650°C measured for CNBin U720Li C&W inair and an average
value of 25MPavm was used forall (This does not take into account that the value seen for
vacuumwas higher). The reversed PZS forthe Rice approximationis the smallest estimate, and
isin the same range as the grainsize. Forthe LG variant the PZSis 21um comparedto the grain
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size of 16um, anditisthe same forthe C&W material. Forthe FG varianthoweverthe PZSis 17
pum, withis nearly three times the size of the grain size of 6.4um. The monotonicPZS are
significantly larger (as would be expected) as are the estimations based on Irwin and Dugdale.
The effect of temperature is quite modest on the predicted PZS (no matter whetherreversed,
monotonicorwhich approach istaken). Interms of monotonicbehaviour, the temperature
dependence of the AK onsetis not explained by some simplisticcomparison of grain size to
crack tip plasticzone, nordoes this correlate with the observed differencesin the AKonsetfor
the different alloys (where any difference istoo slightto be linked to the number of grains
beingencompassed by aprocesszone). Howeveritshould be noted that onsetvalues were
higherinvacuum for CNB (but not SENB), this would cause a larger PZS at the onsetinvacuum.

Yield strength values forthese calculations have been estimates based on Vickers Hardness
measurements forthe PMU720Li as shownin Table 4 (based on comparison with U720Li
C&W) . For U720Li PM FG and LG cyclically stabilised yield strength are also availablefrom
Pang [23], which are also shownin Table 13. Cyclically stabilised stress strain curves were
obtained at 650°C from 1.2% strain controlled high temperature LCF tests. As an effect of this,
the PZS (independent of the approximation used) increases 40% for the FG and 54% for the LG,
due to the significant cyclicsoftening exhibited. Datafor cyclically stabilized o, should be
obtainedinthe same way as for the C&W material and for temperatures 300, 600 and 650°C
for comparison, in case this does provide a more appropriate correlationtothe 4K onset.
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Plane stress PZSin um Rice Irwin Dugdale
Grain Temperature o, Mono | Rever | Mono | Rever | Mono | Rever
Size in°C (MPa) | tonic | sed | tonic | sed | tonic | sed
U720Li 16.7 um 300 1084 105 21 209 42 258 52
caw | M
600 1067 108 22 216 a4 266 54
650 1055 110 22 221 45 272 55
U720Li 6.4um 300 1193 86 17 173 35 213 43
pmEG | M
600 (testnot
1174 89 18 178 36 220 45
done)
650 (testnot
1161 91 18 182 37 225 46
done)
U720Li cyclically 650 (testnot 980 128 26 256 52 316 64
PMFG
stabilised done)
040 | 040 | 0.40 | 0.40 | 0.40 | 0.40
Change
300 1083 105 21 210 42 258 52
15.4 um
600 (testnot
, (testnot | 10c6 | 108 | 22 | 216 | 44 | 267 | 54
U720Li done)
PMLG
650 (testnot
1054 111 22 221 45 273 55
done)
U720Li | cyclically | 650 (testnot 850 170 34 340 69 419 85
PMLG | stabilised done)
0.54 0.54 0.54 0.54 0.54 0.54
Change

Table 13: Plane stress plastic zone sizes in pm at the AK onset (assuming 25MPaVm in air for all)
for U720Li PM FG and LG and C&W at different temperature
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5.8.2 Mechanism of SMDCG

A competition between two crack propagation processes appears to be occurring (one
dominated by shearloadingand one by tensile loading) This seems to explain the alternating
of the deflected and ‘normal’ Stage Il type crack growth. Based on the results of the SEM
fractographyinall samples, in both the deflected and the stage Il crack growth areas a similar
crack growth mechanismisseen. ‘Striation’ like features have been observed. Measurements
of the spacing between the features compared to da/dN datafortests at 300°C inair and
vacuum, shows values are of the same order of magnitude, i.e. the features could be striations,
howeverspacing measurements forthe U720Li PM FG are different, butthe da/dN values are
estimations, as there is no da/dN dataforthis alloy available at 300°C.

The featuresalsoare seento run in parallel bands overregions of the order of the average
grainsize, and then change direction. Itistherefore concluded that the features are most likely
to be slip traces. Moreoversecondary cracks also occur in the same direction/orientation.
Visually (or qualitatively) theycan be observedto increase in size and numberwith higher 4K
and large secondary cracks can be observed at the pointwhere mode | switchestomodelllin
the terraced region.

Both the slip traces and secondary cracks indicate acompetition between Mode land Il
controlled crack growth modes. Inthe region nearthe free surface this leads to macroscopic
deflection under mode Il loadingand then back to mode |, while in the central stage Il
(teardrop) region, there is no macroscopicdeflection. Therefore the planestress region seems
to have an effectintriggering this phenomenon, however it should be noted that the terraces
extend much furtherthanthe plane stress region.

In the U720Li C&W sample testedinvacuum at300°C, a more faceted surface can be observed
whichisbelieved to be due to more reversible slip processes in vacuum, thus more planarslip
processesand more pronounced Stage | type crack growth is observed. Inthe nearnotch
region, afretted areacan be observed, that could be caused by rewelding of fracture surfaces
at low AK in vacuum. Thisand previouswork seemtoindicate that SMDCG occurs under
conditionswhich are also linked to more planarslip processes. SMDCGis more pronounced
(deflected crack extends furtherinto the sample) in vacuum, where slip is more reversible and
hence more planar, but seemsto occur at a higher 4K onset.

Wavy slip processes are usually considered to be well established at 600°C, above this
temperature the SMDCG effect has not beenseeninair.

Itissignificantthatvacuum conditions promote, while highertemperatures seemto suppress
the deflected crack growth. Slip processes are expected to be more heterogeneous at lower
temperaturesandinvacuum, due tothe slip reversibilityin vacuum. There seemsto be alink
between the sustained deflected crack growth and the slip character. The slip tracesand
secondary cracks observedin the fractography supportthis. Howeverthe phenomenonis
suppressed atlow temperature in vacuum, whereslip is heterogeneous, so this cannot be the
sole cause of deflection.
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As shown by the SEM fractography this material has a propensity to secondary cracking, so this
isclearlyimportantintheinitiation of this deflection.

The more detailed evaluations afforded by the 3D reconstruction of the secondary crack tip
have confirmed that the crack growth mode in sustained deflected cracks is not noticeably
differentfromthatin ‘Stage Il’ regions—with evidence of both transgranular (possibly slip-

band) cracking and growth between and around y grains and primary y’ particles occurring.
This has alsobeenseeninthe crack tip TEM. There is no evidence thatany particulartexture
or grain orientationisresponsibleforthe deflected crack growth. It should be noted thatonly
a small area hasbeen used forthese measurements.

Clearly the secondary crackingis critical in triggering this deflection; howeveritis not the
microstructure that sustains the deflection, hence the stress field at the surface seemsto give
rise to this unusual deflection. The plane stress region seems to have an effectin triggering this
phenomenon, howeveritshould be noted that the terraces extend much furtherthanthe
plane stressregion. The evolving crack-tip stress state as the complex 3D crack path develops
must be furtherevaluated. Clearly a detailed assessment of when and how much the crack
deflectsis needed to understand the possiblelifetime effectsin any component situation.

5.8.3 Crack growth rates

The da/dN vs. AK curves have been measured from the U720Li C&W SENB samples at 300, 600
and 650°C in airand vacuum and for 300°C in air fora thin SENB sample. As expected at higher
temperatures crack growth rates are higher, while vacuum conditions reduce crack growth
rates compared to the same temperature testsinair.

Howeverforthe thin sample at 300°C in air crack growth rates are much lowerthanforthe
equivalentthick SENB, this might be due to the dominating plane stress conditions, butitis
also possible that, asthis sample showed amuch larger proportion of deflected crack growth,
the deflection caused crack tip shielding, which reduce d the effective crack driving force.

The C&W material performs better than U720 PM, according to comparison with Loo-Morrey’s
data, howeveritshould be noted that her measurements are for R=0.5, as they are the only
available datafor300°C, and as previously shownin Figure 5-8the R=0.5 data shows worse
performance than R=0.1 at room temperature, this has been attributed to reduced closure
effectsatthe higherR-ratio.

da/dN datafor the largely Stage Il crack growth regions has now beenidentified, howeveritis
necessary to acquire da/dN dataas a function of appropriate K-parameters for the more
complex deflected crack growth in the deflected regions, to be able to describe the da/dN of
the SMDCG.

The end goal of thiswould to be to predict crack growth rates for this phenomenon, and to
alsobe able toassessthe crack drivingforce (i.e. the required combination of appropriate K-
parameters) that will also define the direction of crack growth in orderto develop lifing
proceduresthat can allow forthis phenomenon.
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5.9 Summary

Initial fatigue testing has been carried out on Corner Notch samplesin bend (CNB) on U720Li
PMFG and LG at 300°C in air.

Further CNB and Single Etch Notched Bend (SENB) testing have been performed on U720Li
C&W at 300, 600 and 650°C inair and vacuum. All testingin this project was performed at
20Hz with a sinusoidal waveform and atan R-ratio of 0.1. Two thin (plane stress dominated)
SENB samples were also tested for comparison. Inthe SENB tests PD measurements were used
to gain crack growth data. The crack growth rates from tests compare very well to each other
as well as to the crack growth data from Rolls Royce plc. from Corner Notch testsintension
(CNT).

All tests showed some deflected crack growth at the free surface. The fracture surfaces
showed acentral flat ‘teardrop’ region and terraced regions starting from the top and side
surface, where flatand shear crack growth mode were alternating. As teardrop cracking really
only describes the effectin aCNB or CNT sample and also refers to the planarregion, whichis
behavingas expected, the phenomenon is betterdescribed as sustained macroscopic
deflected crack growth (SMDCG).

To characterise the onset of the deflectioninasystematicmanner, independent of sample
size, notchsize andinitial AKlevels, the onset of deflection has been consistently measured,
and given as a range of nominal AKvalues where the deflection exceeds the monotonicplane
stress plasticzone size (defined as the range between Rice and Dugdale approximation), in
which some deflection might be expected. Inthe C&W material an increase in onset AK values
can be seenwith increasingtemperature in airtesting forboth CNBand SENB tests, indicating
the effectbeingreduced at highertemperature. Howeverin vacuumtestingvalues are
relatively independent of temperatures. The AKrangesinvacuum are howeverhigherthanin
airinthe CNB, butat a similarrange forthe SENB.

3D maps of the fracture surfaces have been created using different techniques of which
AliconaInfinite Focus has been chosento be the mostappropriate, asit has the best balance
between resolution and areathat could be scanned. The systemis a microscope that scans
overthe fracture surface and automatically focuses onthe height of the sample, and works out
a 3D height profile. These 3D maps can be used to measure deflection angles and to create
finite element models to predict crack growth.

The fracture surfaces of samples fromthe different test geometries and test conditions have
been observedvia FEG-SEM. In both the central planarregion, and the near-surface terraces
in flat and deflected regions, slip traces and secondary cracks were seen, which could be
evident of local competition between openingand shear growth, which may then be expected
to control the macroscopicdeflection. The effect could be linked to planarslip, asitis more
pronounced invacuum, where slipis more reversible, whilethey are suppressed at 600°C in
air, where usually wavy slip would be expected. Howeverin previous work the effect has not
beenseenatroom temperature, where planarslip would usually be expected.

Further work with EBSD serial sectioningand 3D reconstruction of the secondary crack tip and

crack tip TEM confirmed that the deflected (secondary) crack behaves like a planar crack
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growingtransgranularly and occasionally intergranulary throughyandy'. Thereisalsono
underlying texture/grain orientation that influences the deflection.

To understand whetheracomponentis exhibiting SMDCGitis necessary to establish whatthe
crack drivingforce is, that causes the crack to deflect, and how this could be applied to the
complex stress state ina component.
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6 Study of existing deflected fractures

6.1 Introduction

Deflected fatigue crack growth may occur fora number of reasons, it could be caused by shear
lip formation, mixed mode loading ortunnelling due to creep, as described by Antunes etal.
[92]. Notevery deflectioninfatigueis necessarily SMDCG, as discussed in section 5.3, SMDCG
has now been defined to occur at intermediate temperaturesinairandto be sustained to
highertemperaturesinvacuum.

The keyissueisto establishwhen SMDCGis occurringto enable better prediction of crack
pathsin components. Anumber of rigtests that showed unusual deflection have therefore
alsobeenanalysedto confirm whetherthe SMDCG phenomenon has occurred, i.e.isit
low/intermediatetemperature sustained crack deflection.

The following chaptertherefore considers are-analysis of the extent of deflected crack crack
growth occurring in otherresearchers’ test samplesand anumber of tested components
observed at Rolls Royce plc. to extend the test matrix to a wider range of testing conditions
and to link the observations from various test configurations towhatis seenina componentto
more fully understand the influence onlifetimes and what effect this should have on R-Rlifing
methodology.

6.2 Comparison to other tested samples (from other research
programmes)

A numberof samples from previous work on ‘teardrop’ cracking have been re -examined. This
consists of a number of CNB and SENB samples of U720 tested by Loo-Morrey [50] and some
U720Li C&W cornernotchedtensile (CNT) samplestested atthe University of Birmingham,
some of which have experienced large dwells and some bithermaltests, with alternating high
and low temperature cycles. The approach taken here has involved mapping any sustained
deflected crack growth (e.g. givingrise to terracing) on the fracture surfaces and comparing
the extent of such regions to expected plane stress plasticzone sizes.

The template tools created in this work, the spreadsheet (using test data) describedin section
5.3, have been applied to these fractures where possible to map the expected planestress
plasticzones forthe specimen cross-section which could then be overlaid on afracture surface
to seeif anyterracing had fallen outside the expected planestress plasticzones.

6.2.1 Corner notched Bend (CNB) samples tested prior to this work

The CNB samples analysed werefrom fatigue tests carried out by Loo-Morreyin [50]. The
specimenswere 12.5x12.5x80mm, contained aninitial corner cut of 350um and were loaded
infour pointbend. Tests were carried out at temperatures of 300 and 600°C in both air and
vacuum conditions with an alternating R-ratio between 0.1and 0.5 (where K,,,, was held
constant whilst changing R-ratio) and aniinitial AK;level of 12 MPavm, see Figure 6-1. This
allowed the crack front to be clearlyidentified (and showed thatthe shearcrack regions
formed duringfatigue crack growth and were not a final failure mode due to the crack
tunnelling). In addition there are further samples tested with constant R-ratios of 0.1 and 0.5
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at 300°C inavacuum and an initial AK;level of 122 MPavm and these are comparedtothe
alternating R-ratio test at the same conditions, to investigate the effect of R-ratio, asshownin
Figure 6-2. A furthersetoftests, again at 300°C undervacuum conditions atan R-ratio of 0.1
looked at the effect of varyinginitial AK;values: of 8and 18 MPa Vm, and are comparedtothe
test with AK; of 12 MPa Vm, as shownin Figure 6-3. Pickard’s analysis was used to determine
AK levels [94] along the crack tip. The template has beenappliedtoall fracture surfacesto
show the PZS comparedto the terraces. Forthe purposes of thisanalysis an R-ratio of 0.1 was
usedin calculating AK levels forthe alternating R-ratio, the smaller PZSfor R=0.1 being more
conservative.

Figure 6-4 to Figure 6-11 also show the fracture surfaces and the crack deflection regions of
the samples plotted againstthe plasticzone sizes as a function of AK foreach testfrom which
onset measurements can be taken. Table 14 summarises the measured onset of terracingin
the CNB samples and compares with data obtained in this thesis as described in Chapter 5.

Loo-Morrey’s datain the PM U720 alloy agrees with the currentwork (in U720Li C&W), whena
consistent definition of Konsetisapplied, confirming deflection occurs at 300°C in airand
vacuum and is sustained to 600°C in vacuum, and also showing similarvalues for AK,se:.
Howeverthe test carried out by Loo-Morrey at 300°C invacuum with an R=0.1 and AK=12 MPa
vm shows significant variation, with the apparent AK,,.: being significantly lower than found
for the other CNB testsinvacuum. There is however some unce rtainty over the accuracy of the
AK calculations due to an apparenterrorin the Pickard calibration when calculating the initial
AK duringthe original testing by Loo-Morrey and there was insufficientinformation in [50] to
follow hercalculations, sothere isthe some lack of confidence inthe actual applied AK forthis
sample.

There seemsto be a limited effect of the variation in R-ratio on the onset AK, if this test at
R=0.1, 300°C, vacuumis ignored, and we considerthe one from chapter5instead. The use of
avariety of initial AK levels by Loo-Morrey in Figure 6-3 clearly shows that this does not playa
rolein establishingwhen the deflection occurs, it always occurs at the consistent AK,,..:level
established.
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Irwin Plastic Zone Size
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Figure 6-1: CNB samples tested at 300 and 600"C, in air and vacuum, all at AK;=12 MPa Vm and
alternating R-ratio, template has been applied to show plane stress plastic zone sizes
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R=0.1

R=0.5

Alternating R-ratio

= Rice Plastic Zone Size

Irwin Plastic Zone Size

= [Dugdale Plastic Zone Size

Figure 6-2: CNB samples tested at 300”C, in vacuum at AK;=12 MPa Vm at R=0.1, R=0.5 and
alternating R-ratio, template has been applied to show plane stress plastic zone sizes
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AK= 8 MPavm

AK= 12 MPavm

AK= 18 MPavm

Rice Plastic Zone Size

Irwin Plastic Zone Size

= Dugdale Plastic Zone Size

Figure 6-3: CNB samples tested at 300 “C invacuum, R =0.1, at AK;=8,12 and 18 MPa Vm,
template has been applied to show plane stress plastic zone sizes
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Figure 6-4: Fracture surface of CNB tested at 300°C, air, AK;=12 MPa \m, alternating R-ratio — for
full test information see [50]
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Figure 6-5: Fracture surface of CNB tested at 600°C, air, AKi=12 MPa \m, alternating R-ratio — for
full test information see [50]
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Figure 6-6: Fracture surface of CNB tested at 300°C, vacuum, AK;=12 MPa Vm, alternating R-ratio
— for full test information see [50]
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Figure 6-7: Fracture surface of CNB tested at 600°C, vacuum, AK;=12 MPa\m, alternating R-ratio
— for full test information see [50]
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Figure 6-8: Fracture surface of CNB tested at 300°C, vacuum, AK;=12 MPa\m, R-ratio= 0.1 - for
full test information see [50]
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Figure 6-9: Fracture surface of CNB tested at 300°C, vacuum, AK;=12 MPaVm, R-ratio= 0.5- for
full test information see [50]
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Figure 6-10: Fracture surface of CNB tested at 300°C, vacuum, AK;=8 MPavm, R-ratio = 0.1 for
full test information see [50]
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Figure 6-11: Fracture surface of CNB tested at 300°C, vacuum, AK;=18 MPa Vm, R-ratio = 0.1— for
full test information see [50]
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T/ | Environ | R-ratio | 4K:/ Onset of terracing 4K / MPa Vm Shows
°C ment MPa sustained
Vim Loo-Morrey [50] Current work In deflected
(Chapter 5) agree | cracking
Rice | Dugdale | Rice | Dugdale ment
mpzs mpzs | mpzs mpzs
300 Air Alterna 12 26 28.5 - - - Yes
ting
300 Air 0.1 12 - - 25 28 - Yes
300 Vac Alterna 12 32.5 33.5 - - Yes Yes
ting
300 Vac 0.1 12 20.5 21.5 335 35.5 No Yes
300 Vac 0.5 12 34 39 - - - Yes
300 Vac 0.1 8 33 34 33.5 35.5 Yes Yes
300 Vac 0.1 18 32 37.5 335 35.5 Yes Yes
600 Air Alterna 12 53 90 - - - No
ting
600 Air 0.1 12 - - 26 53 - No
600 Vac Alterna 12 25.5 26.5 - - No Yes
ting
600 Vac 0.1 12 - - 31 38 - Yes

Table 14: AK onset of terracing in U720 corner notched samples tested by Loo-Morrey [50]
compared with results from current work
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6.2.2 SENB samples tested prior to this work

The SENB samplesanalysed were from fatigue tests also carried out by Loo-Morrey as
describedin [50]. The specimens were 12.5x12.5x80mm, contained an initial cut of 3.5mm and
were loaded inthree point bend. Tests were carried out at temperatures of 20, 300 and 600°C
inair and an initial AK;level of 15. An R-ratio of 0.1 was used plus an extratestat 300°C with
an R-ratio of 0.5. For thistest the K calibration from BSI1SO 12108 was used, as describedin
section4.1.2.

Figure 6-12 shows the fracture surface with the template forthe PZS against the deflection,
showing clearly unusual deflection in the tests at 300°C. Figure 6-13 to Figure 6-16 show the
fracture surfaces and the deflections from one side of the sample against the theoretical
plasticzone sizes. Table 15 shows where the onset of terracing occurs in the SENB samples.

The results forthe onsetvalues of the SENB tests at 300°C in the PM U720 tested by Loo-
Morrey do seemto be slightly lowerthan those observed forthe SENBtests carried outin this
work (U720 Li C&W), and forthe R=0.5 they show a quite wide spread, while the deflectionsin
the 600°C airtest always stay below the Dugdale PZS, showingit expected deflection due to
plane stress, whichisinagreement with the results of the current work.

The test at 20°C in Figure 6-13 clearly shows no deflection atall, which isin agreement with
reports by previous workers [50, 91].
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Figure 6-12: SENB samples tested at 20, 300 and 600"C in air and 300°C in vacuum, AK;=15
MPaVm, R-ratio = 0.1, template has been applied to show plane stress plastic zone sizes
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Figure 6-13: Fracture surface of SENB tested at 20°C, air, AK;=15 MPa Vm, R-ratio = 0.1- for full
test information see [50]
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Figure 6-14: Fracture surface of SENB tested at 300°C, air, AKi=15 MPa Vm, R-ratio = 0.1- for full
test information see [50]
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Figure 6-15: Fracture surface of SENB tested at 300°C, air, AK;=15 MPa Vm, R-ratio = 0.5- for full
test information see [50]
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Figure 6-16: Fracture surface of SENB tested at 600°C, air, AK;i=15 MPa Vm, R-ratio = 0.1- for full

test information see [50]

Temp R-ratio Onset of terracing 4K / MPa vm Onset of terracing AK / MPa Vvm

°C in Loo-Morrey’s [50] samples in current work (see Chapter 5)
Rice MPZS Dugdale MPZS Rice MPZS Dugdale MPZS

20 0.1 - - N/A N/A
300 0.1 17 21.5 22.5 26
300 0.5 19.5 30 N/A N/A
600 0.1 57.5 - 27.5 -

Table 15: AKynse Of terracing in U720 SENB samples in air compare to U720Li C&W SENB in

current work
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6.2.3 Long dwell CNT samples tested at the University of Birmingham
Fatigue tests have been carried out on corner notchedintension (CNT) samples at the
University of Birmingham by Dr Hangyue Li. The aim of this work was to considerfatigue
propagation underamore typical engine life cycle —with farlonger dwells at higher
temperatures. The material tested was U720Li C&W in 7 by 7mm bars. The R-ratio of the tests
was 0.1and P,,,, was 26kN. Vacuum tests have been carried out at temperatures of 600 or
650°C using trapezoidal dwell waveforms of either 1-120-1-1 or 1-3600-1-1. Two air tests were
alsocarried out at 525 and 550°C with a 3600 sec dwell. Tests were precrackedin air. To speed
up testinga 1-1-1-1 waveform was used fora number of cycles between the long dwell cycles.
This was carried out through approximately half the sample, whichis of interest, and then the
crack was grown out undera 1-1-1-1 waveform and at room temperature to final failure. On
the fracture surface thisis the area that is not heattinted, and thisis not used for the analysis.
Pickard’s calibrationis also mostly notvalidinthis area. Table 16 isthe test matrix forthe
analysed specimens.

Sample Temperature Environment | Waveform AK;
(°c) (MPavm)
ccoa7 525 Air 1-3600-1-1 17.2
CX020 550 Air 1-3600-1-1 16.8
CX037 600 Vacuum 1-3600-1-1 17.3
CX034 650 Vacuum 1-3600-1-1 14.3
CX045 600 Vacuum 1-120-1-1 16.2
CX031 650 Vacuum 1-120-1-1 17.3
CX033 650 Vacuum 1-120-1-1 16.5

Table 16: Tensile corner notch test matrix conducted at Birmingham University

The K calibration forthe tensile corner notch geometry testisasfollows, where Bis the width
of the sample and Wis the depth, usingthe Pickard calibration [94] fora corner crack in
tension:

i — (1—-R)YE, _.ma
WE Equation6-1

Y = 06799 + 0.119— 12255a2+?3?29ﬂ3 10395ﬂ4+4?14ﬂ5
o w7 W ' W ' W ' W
Equation 6-2
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The effect of dwell on the sustained deflected crack growth can be assessed from these
fracture surfaces. Based on previous results, at 650°C and below in vacuum, sustained
deflected crackingis expected to occur. For the tests below 600°C (525 and 550°C) sustained
deflected crackinginairmight be possible as well, but could also be suppressed.

The template for CNT was used to analyse whether sustained macroscopic deflection was
present, foreach of the samples. The results are shown in Figure 6-17 to Figure 6-23.

The two testsinair clearly show no unusual deflectionin Figure 6-18 and Figure 6-17, this may
indicate the temperatures of 525 and 550°C are too high for sustained deflection to occurin
airand the resultisas itwould be expected if dwell was not present. Therefore dwell does not
seemto affect SMDCG in air.

Some very strong deflection exceeding both plasticzone sizes are seenin Figure 6-19. These
are notshowingterracing, and seem atypical for SMDCG these are also observedin Figure
6-21, inthe 600°C vacuum test with the 120 s dwell and the 600°C vacuum test with 3600 s
dwell which also shows deflections largerthan the Dugdale PZS, although these are notas
pronounced.

In the current work, no major difference between 600 and 650°C has been observed.

In contrast, none of the 650 vacuum tests exceed the Dugdale PZS, one of the 120 s dwell tests
clearly exceedthe Rice PZS (see Figure 6-22), the other 120s (Figure 6-23) and the 3600s
(Figure 6-20) dwell tests, show very little deflection. The difference between 600 and 650°C is
difficultto explain.

The effect of the dwell onthe occurrence of sustained deflected crack growthis unclear, butit
might be reducingthe tendency fordeflection. While sustained deflected crack growth was
expectedinall teststo some extent, based on the results of the current work in vacuum at 600
and 650°C, only a few have shown clear deflection beyond the defined PZS.

Onsetof deflection can be seen at AK values of 35MPavm for the Rice, and 41.5MPaVvm for the
Dugdale PZSfor the test with 120s dwell and 41.5 and 52MPavm for the test with 3600s dwell
respectively. Thesevaluesare higherthanthe expected onsetvaluesbased onthe samples
tested without dwell in vacuum, in particular for the 3600s dwell, where they are nearthe
expected levels where plasticcollapse will occur.

Itis not clear what the mechanism of deflection observed inthe verylong dwell tests might be.
The deflection may also be caused by creep tunnelling effects [92]. Vacuum long dwellat high
temperature may be expected to show some significant creep effects. Thisis supported by the
fact that the sample with the longer dwelltime has also shown the significantly stronger
deflection. Itishoweverunclearwhyitcanbe only seenat 600°C, and not at 650°C.
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Air

Figure 6-17: CNT sample tested at 525°C, air, Figure 6-18: CNT sample tested at 550°C,
waveform 1-3600-1-1 (sample CC047) air, waveform 1-3600-1-1 (sample CX020)

Vacuum

Figure 6-19: CNT sample tested at 600°C, Figure 6-20: CNT sample tested at 650°C,
vacuum, waweform 1-3600-1-1 (sample vacuum, waweform 1-3600-1-1 (sample
CX037) CX034)
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Figure 6-21: CNT sample tested at 600°C, Figure 6-22: CNT sample tested at 650°C,
vacuum, waweform 1-120-1-1 (sample CX045) vacuum, waweform 1-120-1-1 (sample

CX031)
(4] 2 4

Rice Plastic Zone Size

Irwin Plastic Zone Size

= Dugdale Plastic Zone Size

Figure 6-23: CNT sample tested at 650°C,
vacuum, waweform 1-120-1-1 (sample
CX033)
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6.2.4 Bithermal tests at the University of Birmingham

A number of bithermal test have been carried out at the University of Birmingham by Dr
Hangyue Li on CNT samples. All tests were carried outin air, precracked at room temperature,
and thengrown out witha 1-1-1-1 cycle. Test conditions are described in detail in Table 17.

Again any deflection in the final growth out stage at room temperature can be ignored, as it
will be related to expected shear lip formation due to plastic collapse/plane stress effects.

400 and 650°C were chosen as they are representative of temperatres that a firtree/rim of a
discwould experience during different phases of aflight cycle. While the maximum operating
temperature isabove the ‘threshold’ temperature for SDMGC, these areas will also experience
lower temperatures (e.g. during cruise). Lower rated engines may have a lower maximum
operating temperature that potentially may be in the SMDCG regime. This is represented by
samples CC001-C004, with temperatures varying in the region of 240-540°C. [99]

The tests carried out between 400 and 650°C, shown in Figure 6-26 to Figure 6-28 show very
limited deflection, which fits with the expected effect of the higher temperature.

Some small deflections appearing and disappearing can be observed in Figure 6-25 (the
detailed view of the edge of sample CC011), changing between the beachmarks, which
suggeststhat, the highertemperature cycles do switch back from deflection just afteronset, so
switching between lower and higher temperature appears to cancel the SMDCG effect out.

Changing the loads, and load ratio between the two temperatures or the initial AK;did not
seem to affect the sustained deflected crack growth.

For lowertemperature tests, Figure 6-32 (sample CC01) shows large deflections and terracing,
Figure 6-30(CC02) and Figure 6-31 (CC04) show some deflection as well. These tests were
carried out in the temperature ranges between 240 and 540°C, both temperatures may be
showingthe sustained deflection. CC001shows a greater degree of deflection than the other,
possibly due to the fact that crack growth was started at a shorter crack length (but also a
smaller AK), while the CC002 and CC004 have a long precrack and do not grow over as much
crack length at temperature.

Figure 6-33 (CC003) does not show any deflection, despite being in a similar temperature
regime, howeverasignificant part of the crack growth has been carried out at 500°C, and only
a short time at 300°C (only the last segment). This crack is therefore dominated by the higher
temperature crack growth.
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Specimen Size Test condition

ID (mm? T1(°C) | Poaxa (KN) | T2 (°C) | Poaxz (KN) | T3 (°C) | Poaxs (KN) | ao(mm) | Aa (mm) | No.segs AK; R
CCo13 10x10 400 44 650 44 0.89 0.28-0.81 8 14.4 0.1
cco11 10x10 650 50 400 56 2.65 0.15 10 30 0.1
CCo16 10x10 650 56 400 50 2.64 0.16 10 334 0
Cco12 10x10 650 50 400 56 2.57 0.08, 0.04 20 29.3 0
CCo14 10x10 650 50 400 56 2.63 0.04, 0.08 20 29.8 0.1
Ccoo2 7x7 240 25 510 26.25 300 25 2.37 0.21 6 30 0.1
CCo04 7x7 260 28.25 540 25 300 28.25 2.63 0.21 6 37 0.1
Ccoo1 7x7 260 28.25 540 25 0.97 * 10 19.4 0.1
CCo03 7x7 500 25 300 25 3.37 0.31 1 41.7 0.1

Table 17: Testing matrix of bithermal tests carried out inair with 1-1-1-1 cycle, showing sample number and size, test temperatures and loads, initial 4K;, R-ratio, number
of segments (how often the temperature was switched), inital crack length ag and distance 4a at which temperature is changed (* Except the firstand last segments each

segment in this test has an equal number of cycles of 1700) [99]
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Higher temperature bithermal tests

Precrack 650°C

400°C
Figure 6-24: Fracture surface of CNT test Figure 6-25: Detailed view of deflection of
carried out inair at 650 and 400°C (more details sample CC011

in Table 17) (sample CC011)

Figure 6-26: Fracture surface of CNT test Figure 6-27: Fracture surface of CNT test
carried out inair at 400 and 650°C (more details carried out inair at 650 and 400°C (more details
in Table 17) (sample CC013) in Table 17) (sample CC012)

Figure 6-28: Fracture surface of CNT test Figure 6-29: Fracture surface of CNT test
carried out inair at 650 and 400°C (more details  carried out inair at 650 and 400°C (more details
in Table 17) (sample CCO014) in Table 17) (sample CCO016)
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Lower temperature bithermal tests

Figure 6-30: Fracture surface of CNT test Figure 6-31: Fracture surface of CNT test
carried out inair at 240,510 and 300°C (more carried out inair at 260, 540 and 300°C (more
details in Table 17) (sample CC002) details in Table 17) (sample CC004)

Figure 6-32: Fracture surface of CNT test Figure 6-33: Fracture surface of CNT test
carried out inair at 260 and 540°C (more details  carried out inair at 500 and 300°C (more details
in Table 17) (sample CCO001) in Table 17) (sample CC003)
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6.2.5 Tension-tension sample tested at Rolls Royce

This U720Li C&W sample (same specification as tested in this work) has been fatigue testedin
tension under partial vacuum (exact values could not be retrieved) at a test temperature of
675°C. It was a strain controlled test carried out at R-R, at 0.74% strain ona 7x7mm samplein
a 1-1-1-1 cycle [93]. The crack naturally initiated fromthe corner. The fracture surface in Figure
6-34 shows large deflected areasfrom the free surfaces. The challenge was toidentifyif this
was “normal” deflectionin aplane stress dominated region or was showing the sustained
macroscopicdeflectionthatis the topicof this thesis.

Figure 6-34: Strain controlled sample fracture surface tested at 675°C in partial vacuum

Although strain was controlled forthis sample and the applied load was varied continuously,
the 4P was on average around 58kN, only varying within +3.5kN. The test data available was
load (and stress) as it varied with cycles, and it was not possible to calculate the load asa
function of crack length, inthe absence of crack growth data for this te mperature. So the
assumption that 4P was constant at 58kN seemedreasonable. Inthe same manneran
approximate R-ratio of -0.25 (+ 0.05) was used.

Thisassumption allowed calculation of the Klevels and hence PZS for the increasing crack
lengths and these were then plotted inthe template foraCNT. The crack initiated froma
corner hence the Pickard calibration foracorner crack tension has been used, as describedin
section 6.2.3.
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K - (1-R)YB, .\7a
W5 Equation 6-3

Y = 0.6799 + 0.119— 12255ﬂ2+?3?29ﬂ3 10395a4+4?14ﬂ5
o TTTw T W ' W W W
Equation 6-4

The template in Figure 6-35 clearly shows that the deflection is smallerthan all the plane stress
plasticzone sizes, hence these deflections seem notto be SMDGC, as defined inthis work.

——Rice Plastic Zone Size

Irwin Plastic Zone Size

= Dugdale Plastic Zone Size

Figure 6-35: Template applied to strain controlled test, assuming a constant 4P of 58kN and R of -
0.25

SEM Fractography has been carried out on thissample in both deflected and the planar
regionsto observe whetherthe mechanisms observed are similarto the samplestestedinthe
main test programme reported in this thesisin Chapter5. Figure 6-36 showsfrom which area
on the sample the relevant micrographs have been taken. The deflection fromthe top edge is
shownin more detail in Figure 6-37 to Figure 6-39, and regions from the side edge deflection
are shownin Figure 6-40 to Figure 6-42. These show secondary cracksin the areas between
the planar and non-planar crack growth. The planarregion viewed in Figure 6-43 and Figure
6-44 shows Stage Il crack growth and secondary cracking as well. More detail is givenin the
figure captions. It seemsthat the same mechanismisobserved hereasinthe U720Li C&W
samplestestedinthe current work.
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Figure 6-37 Figure 6-39
Figure 6-38

Figure 6-43

Figure 6-40 Figure 6-44
Figure 6-42

Figure 6-41

Figure 6-36: Location of SEM pictures
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10.0kV X500 10um 13.3mm JSM 6500F 100KV X2,000 10um WD 13.3mm

Vo

Figure 6-37: Fracture surface of the strain controlled test of U720Li C&W at 675°C in partial
vacuum in the deflected region at the top edge at c=1.7mm and an estimated 4AK~64MPa \Vm

(Arrow indicates crack growth direction) a) at low magnification showing stage Il growth (b)
at high magnification showing sliptraces and secondary cracks (marked by circle)
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JSM 6500F SE ! 10pm W JSM 6500 SEl 100KV  X2,000 am WD 13.4mm

Figure 6-38: Fracture surface of the strain controlled test of U720Li C&W at 675°C in partial
vacuum in the deflected region at the top edge at c=2.4mm and an estimated AK~82MPa Ym

(Arrow indicates crack growth direction) a) at low magnification showing stage Il growth (b)
at high magnification showing sliptraces and secondary cracks (marked by circle)

JSM 6500F SEI 100kv X500 10um WD 14.3mm 6! 10um WD 14.3mm

Figure 6-39: Fracture surface of the strain controlled test of U720Li C&W at 675°C in partial
vacuum in the deflected region at the top edge at ¢c=3.1mm and an estimated
AK~104MPaVm(Arrow indicates crack growth direction) a) at low magnification showing
deflected and planar terrace and large secondary crack between them (b) at high
magnification showing large secondary crack (marked by circle)
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JSM 6500F SEI 10.0kV X500 10um WD 13.3mm 100KV X2,000 10pum WD 13.3mm

Figure 6-40: Fracture surface of the strain controlled test of U720Li C&W at 675°C in partial
vacuum in the deflected region at the side edge at c=2.2mm and an estimated 4K~76.8MPa Vm

(Arrow indicates crack growth direction) a) at low magnification showing stage Il growth (b)
at high magnification showing sliptraces and secondary cracks (marked by circle)

X A

10.0kv X500 1(];em_ WD 13.2mm JSM 6500F SEI 10.0kvV  X2,000 10um WD 132mm

Figure 6-41: Fracture surface of the strain controlled test of U720Li C&W at 675°C in partial
vacuum in the deflected region at the side edge at c=2.4mm and an estimated 4K~83MPa Ym

(Arrow indicates crack growth direction) a) at low magnification showing stage Il growth (b)
at high magnification showing sliptraces and secondary cracks (marked by circle)
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JSM 6500F SEI 10.0kV X500 JSM 6500F SE 10.0kV  X2,000 10um WD 13.6mm

Figure 6-42: Fracture surface of the strain controlled test of U720Li C&W at 675°C in partial
vacuum in the deflected region at the side edge at c=3.1mm and an estimated 4K~103MPa Vm
(Arrow indicates crack growth direction) a) at low magnification showing transition between
planar and deflected crack growth (b) at high magnification showing slip traces and secondary
cracks

n A
LW
10.0kV  X2,000 10um WD 13.3mm

Figure 6-43: Fracture surface of the strain controlled test of U720Li C&W at 675°C in partial
vacuum in the planar region in the centre at c=1.4 mm and an estimated 4K~58MPa Vm

(Arrow indicates crack growth direction) a) at low magnification showing stage Il growth (b)
at high magnification showing sliptraces and secondary cracks (marked by circle)
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JSM 6500F ) WD 13.3mm

Figure 6-44: Fracture surface of the strain controlled test of U720Li C&W at 675°C in partial
vacuum in the planar region in the centre at ¢c=3.8mm and an estimated 4K~128MPa \m

(Arrow indicates crack growth direction) a) at low magnification showing stage Il growth (b)
at high magnification showing a quite faceted fracture surface

6.3 Limited Component Analysis

A small number of engine components from spin tests have also been studied in similar detail
to compare with the tested samples. These deflected fractures come from spin tests have
been carried outon turbine disks at Rolls Royce plc. It isimportant to establish whetherany
deflected crack growth observed under these more complex service conditions is the sustained
macroscopicdeflection process studied in detail inthis work.

6.3.1 Firtree

The phenomenon hasbeenreportedinthe rimregion ofa discin a spintestcarried outin
partial vacuum (no further details are available). A crack was initiated in a corner of afirtree,
and started deflecting towards the centre of the disc. In this area a planar crack could cause
the loss of two blades, whichis not so problematic; howeveradeflected crackinitiated from
the firtree could grow into the hoop stress field of the discand potentially cause adiscfailure.
The position of the defectin the firtree is schematically described in Figure 6-45. The material
of this diskwas U720 PM (as also tested by Loo-Morrey [50], and described before). This test
was carried outin the early 1990s, so it was difficultto find all the test details.

The temperatures of the test were 295°C (+10°C) at the rim of the disc and increasing towards
the bore to 490°C (+10°C) and kept at these levels during the rigtest. The area where the crack
initiated therefore had atemperature of ~300°C, whichis clearly within the temperature range
in which sustained deflected crack growth was observed. Inthe maximum cycle the dischas
21350 rev/minandin minimum cycle 2135 rev/min, hence the R-ratiois 0.1. [100]
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Rimof disc — |

Deflected crack g 4

Figure 6-45: Schematic picture of firtree and deflected crack [100]

The fracture surface of the deflected crackis shownin Figure 6-46 and Figure 6-47. The crack
initiated fromacornerand shows a large deflection on one edge, and a smaller deflection on
the otheredge.

Bore of the disc

Large deflection

Initiationsite

Face of the disc

Firtree slot

Rim of the disc

Figure 6-46: Deflected crack in Firtree

169



Initiation site Small deflection

Large
deflection

Figure 6-47: Fracture surface of deflected crack infirtree (looking from the centre of the disc, arrow
indicates crack growth direction)

A stress analysis has been carried out using an existing model of an EJ200 engine high pre ssure
turbine discat Rolls Royce plc, usingthe in-house Finite Element software SC03 and the
axisymmetricmodel of asection of the discis shownin Figure 6-48 (thisissufficientto
calculate the stressesin this disc), these sections can be combined to show the entire disc
(Figure 6-49). A dummy blade weightisinthe firtree in the position of the blade, with an
appliedload equivalenttoaturbine blade.

The maximum principle stressesin the firtree are indicated in Figure 6-50. The maximum stress
levelsare very highinthisregion. Assuming that the areais mostly dominated by tensile
stresses, and asthe crack is initiated in the corner, the Pickard calibration forte nsionis used.
The stresses onthe 2 deflected edges have been measured ata number of pointsin a crack
plane (foran assumed planarcrack), and the respective K., have been calculated for these
positions, allowing us to estimate the plasticzone sizes atthese positions which can be
connectedforthe onset model.
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Figure 6-48: Model of turbine disc section (in SC03)
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Figure 6-49: Model of turbine disc (in SCO03)
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Figure 6-50: FE model of Firtree indicating maximum principle stress lewel (red indicating the
highest lewels, arrow indicating the initiation site of crack) (in SC03)

Figure 6-51 shows the fracture surface togetherwith the expected planestress plasticzone
sizes calculated using the derived stress and temperature conditions for the more deflected
side. The strongly deflected side is largerthan the respective Rice PZS, but smallerthanthe
Irwin and Dugdale PZS. It could therefore be concluded that this deflectionis most likely to be
the expected deflection due to plane stress ratherthan sustained macroscopicdeflection.

——Rice Plastic Zone Size

Irwin Plastic Zone Size

——Dugdale Plastic Zone Size

Figure 6-51: Template for large deflection at the side surface as indicated by arrow (looking on the
fracture surfaces from the centre of the disc)
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On the less deflected top surface in Figure 6-52 very little deflection is seen. When analysing
the PZS of this side, it can be seenthatall PZS are much largerthan the deflection, showing
that thisdeflectionis what would be expected in the plane stress region.

——Rice Plastic Zone Size

Irwin Plastic Zone Size

=—=Dugdale Plastic Zone Size

Figure 6-52: Template for (less deflected) top surface as indicated by arrow (looking on the fracture
surfaces from the centre of the disc)

Fractography was performed with the FEGSEM on the planarand deflected region; the
locations of the SEM pictures are shown in Figure 6-53.

The 4K values are approximated from the stress measurements taken at the nearest position
to the location of the SEM picture. The large deflection fromthe top edge in Figure 6-58 and
Figure 6-59 show large secondary cracks and the slightly deflected region from the side edgein
Figure 6-56 and Figure 6-57 show secondary cracks and larger onesinthe areas between the
planarand non-planarcrack growth. The planarregionin Figure 6-54 and Figure 6-55 shows
Stage Il crack growth and secondary cracking as well. More detail is described in the figure
captions. It seemsthat the same secondary cracking mechanism is observed hereasin the
samplestestedinthiswork, butit has to be noted that pictures have been taken atvery high K
levels (which have been achievedinthe componentdue toitssize, butare rarelyfoundin test
coupons). Atsuch high AK levelsitis likely that the crack growth rates are extremely high and
close to final failure.
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Figure 6-54 Figure 6-57
Figure 6-56
Figure 6-58
Figure 6-55

Figure 6-59

JSM 6500F SEI 15.0kV Xx20 Tmm WD 26.8mm

Figure 6-53: Locations of SEM Micrographs or firtree deflections
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Figure 6-54: Fracture surface of the firtree failure of U720 at ca. 300°C in the planar region inthe
centre at c=1mm and an estimated AK~90MPa Vm (Arrow indicates crack growth direction) a) at

low magnification showing transition between planar and deflected crack growth (b) at high
magnification showing sliptraces and secondary cracks (marked by circle)
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Figure 6-55: Fracture surface of the firtree failure of U720 at ca. 300° in the planar regionin the
centre at c=1.9mm and an estimated 4K~130MPa \m (Arrow indicates crack growth direction) a)

at low magnification showing transition between planar and deflected crack growth (b) at high
magnification showing sliptraces and secondary cracks (marked by circle)
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JSM 6500F SEI 15.0kV X500 10um WD 26.6mm JSM 6500F SEI 15.0kV  X2,000 10um WD 26.6mm

Figure 6-56: Fracture surface of the firtree failure of U720 at ca. 300° in the deflected region at the
top edge at c=1.2mm and an estimated 4K~90MPa Vm (Arrow indicates crack growth direction) a)

at low magnification showing transition between planar and deflected crack growth (b) at high
magnification showing sliptraces and secondary cracks (marked by circle)
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Figure 6-57: Fracture surface of the firtree failure of U720 at ca. 300° in the deflected region at the
side edge at c=2.7mm and an estimated 4K~140MPa Vm (Arrow indicates crack growth direction)

a) at low magnification showing transition between planar and deflected crack growth (b) at high
magnification showing sliptraces and secondary cracks
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Figure 6-58: Fracture surface of the firtree failure of U720 at ca. 300°C in the strongly deflected
region at the side edge at c=1.3mm and an estimated 4K~52MPa Vm tilted at an angel of 25°

(Arrow indicates crack growth direction) a) at low magnification showing transition between
planar and deflected crack growth (b) at high magnification showing slip traces and secondary
cracks (marked by circle)
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Figure 6-59: Fracture surface of the firtree failure of U720 at ca. 300°C in the strongly deflected
region at the side edge at c=3.2mm and an estimated AK~125MPa \m tilted at an angel of 25°

(Arrow indicates crack growth direction) a) at low magnification showing transition between
planar and deflected crack growth (b) at high magnification showing slip traces and secondary
cracks (marked by circle)

6.3.2 Disc Holes

Three similar deflected cracks have been observedinan U720Li C&W discspintestwhich
experienced temperatures of 600°C in partial vacuum (no exactinformation available). The
testwas carried out at a 30-5-30-1 cycle. They were all initiated at chamfersinair holes, inthe
bore of the disc. [93, 101]

The positions of the three deflected cracks are shown in Figure 6-60, Figure 6-62 and Figure
6-64, and the fracture surfaces are shown with deflectionsin Figure 6-61, Figure 6-63 and
Figure 6-65 forthe respective positions.

Stress Analysis forthese components were not availablefor these fractures, sothe 4K levels
are unknown, however deflected regions can be observed after the initiation site in all three
cases, which could potentially be sustained deflected crack growth.

In the specimen test considered in Chapter 5, temperatures of 600°C in air did not exhibit
sustained macroscopicdeflection, but did show thisinvacuum. Howeverthe level of the
partial vacuum here isunknown, so the effect of vacuum on the SMDCG could be limited. As
the stresslevelsare unknown, it cannot be confirmed with certainty whether these deflections
are sustained deflected crack growth or not.

Furtheranalysisis necessary to clarify whether this is SMDGC or mixed mode failure due to the
complex stress state around the holes ordeflectioninthe plane stress region due to the high
stresses/ Kinthe area.

More detailed fractography of the planarand non-planarregions has been carried out on the
firstfailure using the FEG-SEMin Figure 6-67 to Figure 6-71. Figure 6-66 shows the overall
locationforeach image. The Klevels of these locations are not known, but the crack growth
mechanisms observed are again similartothose observedinthe CNBsamplestestedin
Chapter5.
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The large deflection from the top edge in Figure 6-67 and Figure 6-68 shows large secondary
cracks. The slightly deflected region atthe side edge in Figure 6-70shows a transition between
planarand deflected crack growth, but no obvious secondary cracks. The planar regionin
Figure 6-69 shows Stage Il crack growth and secondary cracking, as does the region further
aheadin Figure 6-71. More detail isgivenin the figure captions.

Figure 6-60: Deflected crack on disc air hole (number 2) failure initiated from the chamfer [101]
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Figure 6-61: Fracture surface of disc air hole (number 2) failure initiated from the corner
showing large deflection from the top surface and small deflections and initiation sites from
the side surface

Figure 6-62: Deflected crack on dis'c"alr hole (r 1) fiIure initiated from the chamfer [101]
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Macroscopic Deflection Chamfer DiscHole
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Figure 6-63: Fracture surface of disc air hole (number 14) failure initiated from the corner
showing large deflection from the top surface initiated at the chamfer and seweral initiations
sites at the side surface
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Figure 6-64: Deflected crack on disc air hole (number 15) failure initiated from the chamfer [101]
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Figure 6-65: Fracture surface of disc air hole (number 15) failure initiated from the corner
showing large deflection from the top surface and from the side surface

181



Figure Figure
6-67 6-68
Figure Figure
6-70 6-71
Figure

6-69

Figure 6-66: Location of SEM micrographs in air hole

JSM 6500F SEI 100kv X500 10um WD 18.3mm JSM 6500F SEI 10.0kv  X2,000 10um WD 18.3mm

Figure 6-67: Fracture surface of the disc hole failure in U720Li C&W spin testat 600°C in air at
the edge of the strongly deflected region at the top edge at c=1.34mm (Arrow indicates crack
growth direction) a) at low magnification showing transition between planar and deflected crack
growth (b) at high magnification showing sliptraces
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SEI 100kvV X500 10um WD 18.8mm JSM 6500F SEI 10.0kV  X2,000 10um WD 18.8mm

Figure 6-68: Fracture surface of the disc hole failure in U720Li C&W spin testat 600°C in air in
the strongly deflected region at the top at c=1.30mm (Arrow indicates crack growth direction) a) at
low magnification showing transition between planar and deflected crack growth (b) at high
magnification showing sliptraces and large secondary cracks (marked by circle)

’ Y
S N \ ) \
JSM 6500F S| JSM 6500F 10.0kV  X2,000 10um WD 18.5mm

Figure 6-69: Fracture surface of the disc hole failure in U720Li C&W spin test at 600°C in air in
the in the planar region in the centre at c=2.5mm (Arrow indicates crack growth direction) a) at

low magnification showing transition stage Il crack growth (b) at high magnification showing slip
traces and large secondary cracks (marked by circle)
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JSM 6500F  SEl 100kV X450 10um WD 18.8mm JSM 6500F SEI 100kV  X2,000  10um WD 18.8mm

Figure 6-70: Fracture surface of the disc hole failure in U720Li C&W spin testat 600°C inair in
the slightly deflected region at the side at c=4.5mm (Arrow indicates crack growth direction) a) at

low magnification showing transition between planar and deflected crack growth (b) at high
magnification not showing any obvious secondary cracks

AREREA .

SEI 10.0kv X500 1Clmn_ WD 18.3mm JSM 6500F SEI 10.0kvV  X2,000 10um WD 18.3mm

Figure 6-71: Fracture surface of the disc hole failure in U720Li C&W spin test at 600°C in air in
the planar region further ahead at ¢=9.3mm (Arrow indicates crack growth direction) a) at low
magnification showing stage Il crack growth (b) at high magnification showing slip traces and
secondary cracks (marked by circle)
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6.4 Summary

A number of tests from other workers have beenrevisited, as well as some component failures
fromrig tests at Rolls Royce, which showed some deflection.

Crack deflection can also occurfor a numberof other reasons e.g. due to mixed mode loading,
or tunnellingdue to creep processes. These effects are however negligible under 600°C [92].
Fracture surfaces have to be carefully analysed to confirm whetheradeflectionina
componentfailure can be classed as SMDCG, or whetheritcan be explained by adifferent
mechanism.

A template has been produced based on the definition of SMDGCin Chapter 5; this can be
usedto quickly determinewhether deflection can be considered to be SDMGC or whether they
are deflection due tothe plane stressregion forawiderrange of materials and test conditions.

The effect of temperature can be confirmed, SMDCG is observed at 300°C in air and vacuum,
and issustainedinvacuumto 600°C. If we ignore two unexpected results, the results of Loo
Morrey [50] confirmthe results of this work for onset of deflection.

Moreoverit was shown that R-ratio does not seem to have an effect, and the initial AK does
not matter, the onsetdepends onthe relevant AK, so deflection occurs earlierina sample if
AK;is larger.

The effect of long dwell fatigue seems toreduce the effect at high temperature in vacuum.
Deflection has been observed in some samples at high temperature (in vacuum), this could
howeverbe caused by creep.

Bithermal tests have shown that changing the temperature to and from a ‘critical’ temperature
and ‘switching’ the mechanism on and off resultsin very little deflection (overall planarfatigue
crack), possibly the low temperature crack does not have enough time to deflect, before
turning back.

Furthermore anumber of components fromrigtests carried out at R-R have shown some sort
of deflected crack growth, and have been studied in some detail, one on afirtree of an high
pressure turbine discand on a number of airholesin one high pressure turbine disc. Obviously
components can have more complex geometry/ loading conditions than test specimens, this
could give rise to more complex load states and mixed mode failure.

The firtree failure wasin the critical temperature range (at 300°C) for SMDCG, howeverusing
the PZS template on the fracture surface showed that significant deflection could be expected
there due to the plane stressregion atthe very high stressesin thisregion.

The airhole failure cannot be explained without further study of the stresses around the holes,
butitis possible thatitwas also caused by the plane stress region if stresses are high enough
or the complex stress state around the holes. Itis also possible thatitis SMDCG, as this test
was at 600°C in a partial vacuum, but the level of the partial vacuum andits effectonthe
SMDCG isunknown.
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Detailed fractography on samplesand both components has also shown secondary cracking, as
observedinthe tested specimen both at deflection pointsand in ‘ordinary’ crack growth

These alloys are prone to secondary cracking anyway, however undersome conditions
(Intermediate Temperatures and highertemperature (600°C) in vacuum, but suppressed by
room temperature or highertemperature in air) some of these secondary cracks get driven
quite a long way. This can be linked to the plane stress state.

To understand whetheracomponentis exhibiting SMDCG it is necessary to establish what the
crack drivingforce is, that causes the crack to deflectand how this could be applied to the
complex stress state ina component.
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7 Lifetime predictions

The effect of sustained deflected macroscopiccrack growth on the life should be determined
to compare whetherthe crack growth rates of the complex crack path (with deflected and
non-deflected regions) are slower (conservative) or faster (non-conservative) than the
expected non-planarcrack growth that models predict (e.g. SA16 at Rolls Royce plc. (R-R))

7.1 Lifing Methodology Comparison

7.1.1 Aa/AN approach from experimental data

The CNB samples to date have an experimentally determined lifetime, and also exhibit the
sustained macroscopicdeflected crack growth (SMDCG). In orderto assess whetherthe
current Stage Il dominated da/dN data obtained from the SENB samples can be used to predict
the lifetimeforthese samples a Paris law type incremental estimation has been adopted.

Initiation effects from the notches (which were not pre-cracked) might be expected tolead to
conservative predictions usingthis approach, whereas any significant acceleration of effective
da/dN due to SMDCG would make these predictions non-conservative.

A straightforward da/dN integration is difficult, as the K calibration for CNB (by Pickard [94]) is
avery complex function of a, which also varies significantly (as a ste p function) at various a/W
values, therefore an approach usingan estimated Aa/AN was used overa certain Aa interval.

With the respective AKvalues (from the Pickard calibration) for two values: a,and a,.;, across
a small crack growth increment:

Aa;= ap.4-a, Equation 7-1
the average crack growth rate
(da/dN) werage= (A0 p.1/dN .+ da,/dN,)/2 Equation 7-2

can be calculated using the Paris law (Equation 2-22) using C and m values for U720Li C&W
obtained fromthe SENBtestsand by Rolls Royce plc. from corner notchtestsin tension (CNT)
at 300, 600 and 650°C in air and vacuum [93]. Thus for each 4a; a corresponding AN, can be
calculated from the (da/dN )ayerage-

Usingan Excel spreadsheetthe continuing sequence of Aa;and their corresponding AN;values
were calculated. This was repeated up toa 4K of 50MPavm (as thisvalue is close to the plastic
collapse of the samples) and for 100MPavm (the fracture toughness of the material) [13] for
comparison. Thenthe total numbers of cycles tofailure were calculated as the sum of all the
AN values.

Initially a sensitivity study was performed tofind the mostappropriate value forthe 4a
intervals. Anapproach usingan estimated Aa/AN was used over Aa intervals where da/dN
varied by no more than a certain percentage. The respective number of cycles was calculated
between thesetwo da/dN values, by making an averaged da/dN assumption, and the da/dN
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values compared to determine the next Aa interval. This meantthat the 4a interval
decreased as 4Kincreased. Thissensitivityevaluation hasbeen carried out fora CNB sample
of U720Li C&W tested at 300°C in air with an assumed 4K=12MPavm, using C and m data
obtained froman SENB sample tested underthe same conditions (see Table 18) up to a 4K of

50MPavm. The da/dN values across the Adainterval were allowed to vary between 1% and
100%. It can be seeninFigure 7-1, where the lifetime is predicted as afunction of the allowed

da/dN difference, that the predicted lifetime increases slightly forfiner Aa intervals (i.e. where
less da/dN difference is allowed) but the predicted lifetime value approaches avalue of
~60815 cycles.

61000 \
60500
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59000

\ —4—Predicted Lifetimes
58500

N\
N

57000 T T T T T 1
0 20 40 60 80 100 120

% difference in da/dN across the Aa interval

Lifetime

57500

Figure 7-1: Lifetime prediction as a function of the allowed da/dN difference

Anotherapproach usinga constant 4a interval hasalso beentried, for4a values of 0.01mm,
0.05mm and 0.1mm. These approaches achieved similar results also approaching asimilar
lifetimeof ~60810 cycles, see Figure 7-2.
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Figure 7-2: Lifetime prediction as a function of the different da

A da/dN difference of 1% has therefore been chosento calculate the expected lifetime forall
samples.

Lifetime calculations forthe CNBsamples were then carried out using the Cand m values from
the comparable SENBtests carried out at the University of Southampton on U720Li C&W. The
SENB samples describeamore planarcrack behaviour, as most of the fracture surface was not
dominated by the sustained macroscopicdeflection. These results are compared to lifetimes
predicted using crack growth data given by Rolls Royce plc. (R-R) for U720Li (fromthe lifing
database) [93]. These were determined from Corner Notch tests in tension (CNT) tested under
a trapezoidal 1-1-1-1waveform (0.25 Hz), which would be expected to have alarger
proportion of deflected crack growth, and where more time -dependent crack growth
processes are likely to occur. Figure 7-3 shows the relevant crack growth Paris plots for all tests
and Table 18 summarisesthe crack growth law constants forthe material at the temperatures.
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Temperature/
Environment

C and m values (R-R) [93]

C and m values (SENB)

300°C air C=4.55x10" m=3.142 C=7.801x10"° m =3.657
600°C air C=6.04x10°m= 2.656 C=1.555x10° m = 2.922
650°C air C=6.89x10° m= 2.744 C=1.557x10° m = 2.983

300°C vacuum

C=7.57x10" m=2.783

C=6.063 x10" " m=3.615

600°C vacuum

C=2.52x10°m=2.617

C=9.274x10"° m = 3.649

650°C vacuum

C=2.46x10°m=2.66

C=1.662x10"° m =4.259

Table 18: Crack growth law constants from R-R [93] and the SENB tests

SENB and RR data
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Figure 7-3: Crack growth rates from SENB tests and R-R database
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7.1.2 Review of SA16: Rolls Royce lifing approach

A comparison was carried out with the automated lifetime prediction software SA16 that s
used by Rolls Royce plcto predictthe lifetimes of components.

SA16is run as part of the SC03 Finite Element software at R-R. It takes the stress state
calculated by SC03 fora 2D model of specificcomponent. Usually foraturbine disk, the hoop
stress (a,) and the radial stress (g,), and applies asimplified geometry (rectangle) with a
specificdefect (e.g. Cornernotch). Forthis geometry and crack type and size the appropriate K
calibrationis chosen, whichisthe Pickard calibration foracorner crack of the size used.

A line sectionthrough the FE model of the sample (or component) defines the stress field for
the maximum and minimum stress distance profile, which isthen written as a polynomial
function (with 9 coefficients). With the defined initial crack length, and the definition thatitis
a corner crack, SA16 uses the Pickard calibration to calculate the 4K.

Based on thisthe lifetime of the componentis calculated assuming a crack of defined size and
position. Itis not clearly documented within Rolls Royce what the software doesinthe
background, ituses a Runge Kutta integration for the complex K calibration. The software
iteratesthis until K., reaches the defined Fracture toughness K- (usually defined as
100MPavm for Nickel Superalloys) [13].

Valuesforthe crack growth rate, usually the Paris regime, are chosen, with Cand mvalues
available from CNT tests at 1-1-1-1 or otherdwell waveforms from the R-R database.

C and m values can also be defined manually; hence those fromthe SENB data have also been
usedinthiswork for direct comparison.

Modelling a CNB configurationis however ratherdifficultin SA16, as the Pickard solution used
by the software does not consider how the growing crack affects the bend stress state and the
simplisticloading assumptions for the sample means the crack stops growing as it reaches the
notional neutral axis. Butforthis model the equivalent stressintension has been calculated to
be such that a Corner Notch sample with the same crack size would have achieved the same
initial AKasfor the bend case, see Figure 7-4. This should show equivalent behaviourforthe
crack growth behaviouronthe top surface.

A Paris regime dominated crack growth is assumed from initiation to final failure. Thusasin

the Aa/AN approximation approach, initiation and final failure processes are disregarded.
Howeveritshould be noted thatthe C and m valuesforvacuum data from R-R values from
testsare onlyvalidfrom 19 to 40MPavm. [93]

The calculations also considervalues below 20MPaVvm, butthe C and m values fromthe SENB
have been determined above this value, and may not be valid in this lower AK regime.
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Figure 7-4: 2D model of a CNT sample in SC03 used for SA16 analysis of a corner notch defect
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7.2 Results and Discussion

Table 19 summarizes the predicted and actual N¢for each test. All tests show much higher
actual lifetimesthanthe predicted one, which indicates all lifing approaches are conservative.
The ratio Npregicted/Nactuar ShHOWS @ measure of conservatism for each prediction, where >1.0is
non-conservative and <1.0 is conservative.

Itisevidentthat using SENB crack growth rate data leadsto between 3-114% longer predicted
lifetimes foreither calculation approach compared to the R-R data, but with increasinglifetime
(of individualtests) values get more consistent.

Usingthe Ada/AN approach also predicts 8-37% longer lifetimes than the SA16approach for
both approaches calculated up to 4K=100MPavm (to be comparable).

Using 50 or 100MPaVvm as the final value forthe da/AN approach only increases lifetimes up
to 10%, making 50MPavm a reasonable assumption for final fracture of these specimens.

R-R data shows longerlifetimes only in the 300°C vacuum case cf. SENB data forthe SA16 and

the da/AN approach when calculating up to 100MPavm. Thisis due to the crack growth rates

for these conditions being lowerfromthe SENB data for lower AKand exceeding the R-Rrates
as 4K increases (i.e. ahigher m-value means steeperslope, see Figure 7-3).

It should be noted when comparingthe lifetime using the different Cand m values from the
SENB and the R-Rdata respectively, that the R-R data were produced inthe CNTsample, which
show more deflected crack growth. [t would be expected that crack growth will be more
retarded due to shielding compared tothe SENB crack growth rates. They have however
mostly higher crack growth ratesinthe airtests which could be explained by lower frequency
(0.25Hz vs. 20Hz), which when tested in airmight show accelerated crack growth rates due to
additional oxidation fatigue effects. In vacuum crack growth rates are similar forthe two
specimen geometries, forthe 300 and 600°C vacuum data the SENB even has highercrack
growth rates forthe higher Klevels. Claveland Pineau [102] have shown that higher strain
rates (so higherfrequencies) can promote more planarslip, thus may explain higher crack
growth rates forthe SENBvacuum tests (which were 20Hz).

Figure 7-5 a shows the lifetime of all tests using the SENB data and the 4a/AN approach. Figure
7-5 b excludesthe U720Li C&W at 300°C in vacuum, as itis very far out. The line throughthis
graph shows which conditions behave in aconservative or non-conservative manner. All
predictions clearly behave very conservatively; showing actual lifetimes are much longerthan
the predicted ones. Asthese tests were not precracked, anditshould be noted that initiation
cycles might have had a significant effect on the observed lifetimes. But this mightalsobe a
reflection of intrinsic shielding, i.e. reduction of crack driving force, which has been observed
to be caused by crack deflection itself, apart from any extrinsicshielding which may occur from
closure effects [84].

The vacuum tests showed significantly higher experimentally determined lifetimes than any of
the predictions, when compared to the tests performedinair;in particularthe 300°C in
vacuumtest. The resultfromthe testis an order of magnitude largerthan the results fromthe
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othertests. Itisalso the testthat is expectedto have the largestlifetime, howeveritis not
clearwhythereis such a large difference compared tothe testsinair. Delayed initiation
effects might be more significantin vacuum;itis possibly linked to reduced slip band initiation
due to enhanced reversibility of slip in vacuum.

The deflection sizes have been significantly largerin vacuum test, hence itislikely that
shielding effects might be more pronounced, butitshould also be noted that these deflections
inthe CNBsamplesstarted ata higher 4K level.
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Test condition | Nf Ny calculatedto | Nycalculatedto Ny calculated to N calculated to Ny calculated with | Ny calculated with
measured | AK=50MPavm AK=100MPavm AK=50MPavm AK=100MPavm | SA 16 (CNT) SA 16 (CNT)
R-R data R-R data SENB data SENB data R-R data SENB data
172000 48130 50862 60815 62702 43496 45743
300°C air
Norea/Nact 0.28 0.30 0.35 0.36 0.25 0.27
72656 13976 15494 24047 25395 14311 21164
600°C air
Nprea/Nact 0.19 0.21 0.33 0.36 0.20 0.29
46626 10067 11000 21514 23043 9577
650°C air
N prea/Noct 0.22 0.24 0.46 0.49 0.21
3332531 81359 88583 83666 86520 77388 66677
300°C vacuum
Nprea/Nact 0.02 0.03 0.03 0.03 0.02 0.02
747409 37460 41725 45307 46893 38770 39404
600°C vacuum
N prea/Nact 0.05 0.06 0.06 0.06 0.05 0.05
256138 36562 40278 46921 47650 34817
650°C vacuum
Nprea/Nact 0.14 0.16 0.18 0.19 0.14

Table 19: Numbers of cycles to failure for CNB tests and ratio of Npredicted/Nactual
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Figure 7-5: Number of cycles to failure Nf predicted against actual for each alloy and temperature

using crack growth data from the SENB tests (a) for all test carried out (b) in more detail excluding
extreme value (U720Li C&W at 300°C in vacuum) (Note different scale of axis)
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7.3 Conclusion

Based on the lifetime assessments of CNB using a Aa/AN integration and the SA16 software, it
can be seenthatthereisno indication from these test samples that the macroscopically
deflected crack growth hasled to decreased lifetimes (showing conservative behaviour). The
effects of initiation cycles has not been evaluated, and may provide part of the explanation for
the longerobserved lifetimes, as all the lifetime predictions assume immediate growth. The
expected decreasein crack driving force once the crack deflects has been assessed in greater
detail in Chapter 8, but additional effects of crack closure as these macroscopically deflected
crack surfaces startto contact may alsolead to additional extrinsicshielding effects reducing
the crack tip stress state and crack growth rates. It should be noted that this finding that
lifetime predictions based on planarcrack paths are still conservative is based onsimple
loading configurations. If the crack path deflected into ahoop stressfieldinaturbine disc
componentthis might resultinsignificant changesin crack propagation behaviourbecause of a
changein the stressfield experienced at the crack tip because it has movedinto a different
stress state inthe component. Crack path directionstill needsto be predicted toallow this
scenariotobe more fully explored.
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8 Crack Path Prediction

8.1 Introduction

Clearlyintermsof lifing the problem does not seemto be the lifetimes themselves, as shown
in Chapter 7, howeverthe crack path isimportant. Ina turbine disca deflected crack could
grow into the hoop stress field and cause discfailure (discussed in more detail in Chapter 6).
Understandingthe path this sustained deflected crack follows, is therefore important.

As discussedin Chapter 5.5, the crack path does not follow any obvious microstructural
features, nordoes the deflection seemrelated to a change in micromechanism, hencethis
chapter concentrates on establishing the driving force that influences the sustained
macroscopicdeflected crack propagation portions of the complexcrack front. The evolution of
the opening and shear (and twist) components at the deflecting crack tip, in terms of the local
stressintensity factors k;and k; (and k;;) needs to be determined. This should help toidentify
the crack tip stress state conditions required to produce sustained macroscopicdeflected crack
growth and to provide appropriate crack growth data.

8.2 Mixed Mode Testing

8.2.1 Methodology of mixed mode testing

The averaged crack growth data from SENB tests cannot fully describe the local crack growth
behaviourinthe terraced region as described in Chapter 5.2.2 and shown in Figure 5-49. This
fatigue crack growthis occurring under mixed mode conditions, i.e. acombination of mode |
(tensile)and Il (shear) and mode lll (twist) loading (whichisignored forthe moment). In order
to gain crack growth data for the deflected regions and to further quantify the crack driving
force changes, a testunder mixed mode conditions, (i.e.inanantisymmetricset up, see
section 8.2.1), can be used to produce crack growth.

As the plane stress condition seems to be importantto trigger the SMDCG, mixed mode tests
have been carried out usingthin SENB samples with awidth of 2mm, to promote plane stress
conditionsinthe specimen. The otherspecimen dimensions were as stated in Chapter 4.1.2.

To work out the mixed mode conditions (controlling the sustained deflected crack growth), the
relationship between the mode land mode Il component of the local stress intensity factor can
be calculated fora deflected cracktip, the angle of the deflection using Figure 8-1shows the
relationship between the local and global stress intensity factors and the deflected crack path
accordingto Suresh [77].
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Figure 8-1: A schematic representation of kinked crack geometries and the associated
nomenclature [77]

A range of typical valuesforthe tiltangle in the terraced region were measured in 3D maps
created from the fracture surfaces of long crack tests with the Alicona Infinite Focus optical
profilometerasdiscussedin 4.2.3.3in different regions of the deflected regions of the 3D
crack. Consideringthe highestandlowestangle arange of mixed mode conditions can be
calculated.

Usingstressintensity factorsolutions for kinked cracks that could be extracted from Figure
8-2, adapted from [77], for the relationship between tilt angle o and k/K;as well as k;/K, the
ratio k/k; can be calculated by fitting a polynomial function to the curves, where k;and k; are
the local mode | and Il stressintensity factors and K| is the overall Mode | stress intensity
factor.
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Figure 8-2: Variation of normalized k; and k, for b/a=0.1 as a function of a [77]

Usingstressintensity factorsolutions for kinked cracks that could be extracted from:

k.

K—' =10"°a® -2*10"*a* —0.0001c + 0.959

K..
K_" =-5*10"a® -7*10°a? +0.0152« — 0.0137

Equation 8-1

Equation 8-2
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These ratios can be used to setup an antisymmetric4 pointbend, asshownin Figure 8-3.
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Figure 8-3: Antisymmetric 4 point SENB after Reed et al. [86]

In symmetric4 pointbend, asshown onthe right hand side of Figure 8-3, with the notch in the
centre, the crack experiences no shearforce and a constant bending moment. In the
antisymmetric 4 pointbend (AS4P) the notch is offset from the centre by S,. For 5,=0, the
notch experiences pure shear, withincreasing S, the bending momentincreases, therefore the
opening componentincreases.

In this set-up anormal Mode | crack would deflect away from the centre towards the increased
opening moment. However fora sustained deflected crack, if the predicted opening to shear
conditions are right, the crack would grow straight through the specimen, thus providingan
opportunity togaina simple assessment of crack tip stress state and crack growth rate for
sustained macroscopicdeflected crack growth.

Accordingto Reed etal. [86] and with the geometrical relationship from Figure 8-3

Y M Y, PS .
| = BVIV = 3E;W 3(/’2 Equation 8-3
Ky = Y”Q = Ak Equation 8-4

Bwl/Z - 3Bwl/2

where Qis the shearforce, M isthe bendingmoment, Pisthe appliedload and Syisthe
distance that the notch is offset from the centre of the bend bar.

To calculate the load P Equation 8-4 can be transformed to:

202



3K, BW'?

P Equation 8-5
YII
So can be calculated from Equation 8-3:
3K, BW ¥? _
So=—""7"7— Equation 8-6
Y,P

The compliance functions Y; and Y, for antisymmetric 4 pointbend are given could be
extracted from a diagram given by He etal. [103] and are shownin Figure 8-4.
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Figure 8-4: Compliance Function Y;and Y, as a function of a/W after He et al.

Polynomial trendlines have been fitted to the compliance functions Y; and Y, after He et. al
[103] (Figure 8-4) and are described by the following functions:

3 2
v, =12373 2| —127.08) & | +53.127 2 |-1.2044 Equation 8-7
w w w

3 2
Y, = 2.4906(ij - 4.045(ij + 4.1157(3j +0.0125 Equation 8-8
w w w
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Alsofrom He etal. [103]

=)
K, :Yan‘[% :Yls°—3 f% Equation 8-9
3w:z2B

Therefore the compliancefunction Y, as used in Equation 8-3 (by Reed et al. [86]) is

7a
Y, ZYM/W Equation 8-10

and that correspondingto Y, as usedin Equation 8-4:

7a
Y, =Y21{W Equation 8-11

Kz can be calculated based on a simple strain energy releasecriterion [104]

K =+ K,2 +K, 2 Equation 8-12

Based on the range of deflection angles and using the calculations derived and the angles
measured onthe SENB sample in Chapter 5.4.3 we can assess some k/k;representative ratios.
For the lowerend of the measured angle range (i.e. an angle of 30°) the local stre ssintensity
factor has a low shearcomponent, with k/k;of 2.2. At the top of the range (50°) openingand
shearstressintensity factors are almost the same, with k/k; of 1.14. Two tests have therefore
been carried outin AS4P usingthe above equation, one forthe high shear conditionand one
for the low shear condition. The crack path underthese loading conditions would be expected
not to deflectif the K;and K, are chosen appropriately to reproduce the loading conditions and
overall driving force that promote sustained deflected crack growth. On the otherhand, if
stage Il type fatigue occurs thenthe crack would be expected to deflect to experience the
maximum openingload.

Two symmetric3 pointbendtests have been carried out previously on thin SENBs which are
described section 5.2.

All tests have been performed at 300 °Cin air on a thin SENB sample with anR ratio of 0.1 with
an initial notch size of circa a/W = 0.25, that has been precracked in symmetrical 3pointbend
inair at room temperature at a constant AK of 20MPavm. Tests and precracking were both
done at a frequency of 20Hz. For the initial AKfor the test of 25 MPavm was chosen, as it was
assumed this was afterthe onset of the deflection based on CNB and SENB test observation, as
discussedin Section 5.3.
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8.2.2 Mixed Mode Testing Results

Two tests have been carried outin AS4P usingthe above equation, one forthe high shear
condition and one forthe low shear condition. Fora AK.; =25MPavm, at which the deflection
isexpected to have started already, according to the measurements for the AK onset.

8.2.2.1 Low shear

The first mixed mode test was carried out with a K/K, = 2.2. Figure 8-5 shows how the crack
deflected through the sample. The crack has clearly deflected away from the centre towards
the increased bending moment. Figure 8-6 shows the fracture surface with the notch and
precrack and thenthe crack grow-outthatshowsa planarStage Il region and deflected
terracesthat joininthe centre. When observingthe fracture surface directly from the top of
the Stage Il region (Figure 8-7), itis similartothe mode I test inthe thin sample.

8.2.2.2 High Shear

For the mixed mode test with ahighershearcomponent (K/K,=1.14), a similarresultcanbe
observed. Figure 8-8 shows how the crack deflected through the sample, from the side. The
crack has clearly deflected away from the centre towards the increased bending moment.
Figure 8-9 shows the fracture surface with the notch and precrack and then the crack grow-out
that shows a planar Stage |l region and deflected terracesthatjoininthe centre. When
observingthe fracture surface directly fromthe top of the Stage Il region ( Figure 8-10), itis
similartothe mode | testin the thinsample.

8.2.2.3 Fractography

The mixed mode sample with high shear condition has been observed inthe FEG-SEMundera
tilted angle sothatthe flat stage | region could be seen. Figure 8-13 shows the positions
where SEM pictures were taken. The SEM fractography of the ‘Stage II’ region shows similar
behaviourasinthe Mode | samples, slip traces and corresponding secondary cracks. With
increase incrack length, i.e.increasein AK, the slip traces get deeperand secondary cracks get
largerand merge, as observedinthe mode | samples. Inthe terraced region afterthe deflected
crack growth regions have met, the same phenomenon can be observed. Estimations for the
AK levels were difficult to make forthe deflected crack length.
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Figure 8-5: Low shear mixed mode fracture from the side

Figure 8-7: Low shear mixed mode fracture surface showing the stage Il region
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Figure 8-8: High shear mixed mode fracture from the side

Figure 8-10: High shear mixed mode fracture surface showing the Stage Il region

207



Figure 8-12 Figure 8-13 Figure 8-14

JSM 6500F SEI 10.0kvV X500 10pm WD 13.7mm

- B I
JSM 6500F SEI 10.0kV  X2,000 10pm WD 13.9mm

Figure 8-12: Fracture surface of U720Li C&W in AS4P thin SENB at 300°C in air in the centre of

the sample in the region before terracing at a distance from precrack of 0.24mm (Arrow indicates

crack growth direction) (a) at low magnification showing stage Il growth (b) at high magnification
showing sliptraces and secondary cracks

JSM 6500F SEI 10.0kV  X2,000 10pm WD 13.7mm

Figure 8-13: Fracture surface of U720Li C&W in AS4P thin SENB at 300°C in air in the centre of
the sample in the region before terracing at a distance from precrack of 1.54mm (Arrow indicates
crack growth direction) at low magnification showing stage Il growth (b) at high magnification
showing sliptraces and larger secondary cracks merging over seweral grain size
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Figure 8-14: Fracture surface of U720Li C&W in AS4P thin SENB at 300°C in air in the terraced
region at a distance from the precrack of 2.12mm (Arrow indicates crack growth direction) (a) at
low magnification showing stage Il growth (b) at high magnification showing slip traces and
secondary cracks

8.2.3 Discussion

The causes of crack deflection can be described by deflection mechanicsin three stages (orat
three different scales), which are schematically presented in Figure 8-15. (a) Firstly in a crack
undermode | loadingasmall local deflection can emerge caused by planarslip processes or
otherlocal deflections triggered by the microstructure. (b) Secondly this small deflection from
the parentcrack can develop more significantly, but still be contained within the crack tip
plasticzone. (c) Finally the crack could deflect to become a macroscopic mixed mode crack,
which can be described by linear elasticfracture mechanics (LEFM) (with alocal k; and k,
controlling the crack propagation). The two first cases occur regularly during the growth of a
crack, but do not necessarily develop into a macroscopically deflected crack.

The prior crack morphology determines the near-tip conditions, and mixity and netdriving
force evolve rapidly at deflecting tip, therefore the failure processes become path dependent,
hence the k; and k, evolution need to be assessed by extracting crack path features. These can
be taken from the profilometry results.

Figure 8-15: Stages of crack deflection
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Based on assessment of the k;/k, levels at the deflected crack growth areas seeninthe SENB
samplestested, two mixed mode test conditions were also defined with K/K,=1.14 and 2.2
respectively and were carried outin thin samples (to promote plane stress conditions)

In a successful mixed mode test, asustained deflected crack would have grown straight
through the sample (assumingthe correct K/K, conditions were achieved) as shown by the
yellowlinein Figure 8-16and Figure 8-17, where it can be seen how the crack deflected during
growth through the low shearand high shear sample, respectively. Sustained deflection has
clearly not been achieved. A pure Mode I crack would be expected to grow alongthe
estimated Maximum Tangential Stress (MTS) fracture angle, based on Figure 2-7in Section
2.3.1, whichinthis case is estimated to be 41° inthe low shearcase and 53° inthe high shear
case, as shown by theredlinein Figure 8-16 and Figure 8-17, respectively. This crack has
however gone off atan even higherangle.

The pointwhere the shearlips meetin the centreis also of interest, the openingto shearratio
isnow estimated to have changedto K/K,=3.6 inthe low shearsample and K/K,=2.2 inthe
high shearsample, sothere is much more openingthanshearin this position. The AKsat this
point (and the k/k; ratio) can be estimated by assumingthe crack had grown straight down
froma crack in this position with aninitial crack and precrack of the same proje cted
perpendicularlength as the actual crack, indicated by the green line. The estimated AK.4is
approximately 49 MPavm for the low shearand 48 MPavm for the high shear, whichis similar
to the AK of 45 MPavm inthe thin Mode | sample where the shearcrack regions were found to
meet.
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Figure 8-17: High shear mixed mode fracture from the side

Figure 8-18: High shear mixed mode fracture surface view on the teardrop region with the red
arrow indicating a turn back into the shear direction

211



Figure 8-18 shows the fracture surface of the high shear test with the notch and precrack and
thenthe crack growout that shows a planarStage Il region and deflected terraces thatjoinin
the centre. A slight turn down into the highersheardirection can be observed, wherethe
shearlips meet, asindicated by the red arrow. It seems that that crack startedto try to grow in
the self-sustained direction at this AK.¢, howeverit might not have the required self-sustaining
K/K, ratio.

At this pointthe shearcomponent wastoo low to achieve sustained deflected crack fora high
enough AKlevel (for overall deflection). Since both mixed mode tests did not achieve
sustained shear deflection, itis possible thatahigher AK.; is needed. As suggested by the
onsetof terracing for U720Li C&W at 300 inair the AK value is between 25-28 MPavm, so
slightly higherthan the value usedinthese tests. However the value wheretotal deflection
has beenobservedinathinsampleisabout45 MPavm, thisis howeveralready nearthe level
for final fracture.

It seemsthereforehigher 4K levels are required for these tests; however the necessary loads
were too high for such a thin specimen geometry toremain stable duringsetupinbend.

Itisalso possible thatthe twist component (mode IlI) which has beenignoredinthesetests
may play an importantrole forthe sustained macroscopicdeflection, considering the tilted
and twisted shape of the deflection. The SEMfractography showed the same competition
betweentwo cracking modesin both the deflected and Stage Il region, that had been
observedinthe mode | samples.

212



8.3 Crack Path Modelling

8.3.1 Introduction

As describedinsection 8.2.3, the K/K, conditions used to set up a mixed mode testdid not
produce a simple sustained deflected crack growth behaviourunderwell-defined K/K|,
conditionstoallow unambiguous crack growth rate determination. The hope was that this
approach might both help to clearlyidentify the crack tip stress state conditions required to
produce sustained macroscopicdeflected crack growth and to provide appropriate crack
growth data. Thisapproach had been successful in previous workin analysingthe factors
controllingextended ‘simple’ Stage | crack growthin Ni-base single crystals along particularslip
systems [86]. Clearly the conditions controlling sustained macroscopic deflected crack growth
inthis polycrystalline system are not simply controlled by the rather simplistic2D analysis of
the stress state conducted thus far, hence a finite element modelling approach has been used
to characterise the crack path observed. Itis necessarytorun a 3D model, asthe 2D analysis
from Suresh does not considerthe twist element of this 3D deflection. Inadditionthe plane
stress state (which appearsto playa critical triggeringrole) is hard toreplicate throughout an
entire specimen.

This section concentrates on establishing the driving force thatinfluences the sustained
macroscopicdeflection and the planar crack propagation portions of the complex crack front.
The evolution of the opening, shear and twist components at the deflecting crack tip, interms
of the local stressintensity factors k, k;and k; needsto be determined.

8.3.2 Methodology

A decision has been made torepresentthis behaviouras a simple overalldeflection at the
appropriate angle atthe specimen sides, ratherthan reproducing each individualangle and
terrace, in definingthe overall crack path.

To determine this crack growth driving force, the 3D crack surface data points from the Alicona
Infinite Focus map of the Single Edge Notch Bend sample tested at 300°C in air (see Figure
8-28) have been used to create a simplified 3D Finite Element Model in ABAQUS. A simpler3D
model based onthe measurements of the deflection on the side of the sample hasalso been
created.

Zencrack has then been used to model the deflected crack growth stages and extract the
relevantk; k; and k;; components. Zencrackis a software that can easily create acrack by
replacing the elementsinthe location of the crack tip by a predefined crack block. The results
have been benchmarked against simplerapproachesin 2D (using Franc2D) where
simplifications of the observed crack deflections have been examined and compared with the
3D results.
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8.3.2.1 Franc2D Methodology

Franc2D is a free two dimensional FE software for fracture mechanics evaluations developed
by Cornell University [105]. Acrack of a specificlength and direction can be inserted, afterwe
have defined an uncracked mesh, and is automatically remeshed as the crack extends. Figure
8-19 shows the uncracked mesh and how the crack tipisremeshed afterthe crack length has
been defined foran SENB sample with a planarcrack. All units had to be convertedinto
imperial unitsin, ksi and ksivin for Franc2D. The plane stress condition was defined, as we
wished to considerthe behaviour of the free surface (from where the deflected behaviour
appearsto be triggered). Ak;and Ak;values can be calculated atthe crack tip usinga
displacement correlation technique, a J-integral technique ora modified crack closure integral
technique. These methods are all described in more detail in Wawrzynek and Ingraffea [105].
These all showed similarresults forthe K-levels as shown in Table 20, where they are
comparedfora planarcrack inan SENB sample, and have also been comparedtothe K
calibration fromthe British Standard (BS) and the results from a planar crack in Zencrack (for
the edge and the centre of the sample) . Although the Franc2D analysis was carried out under
plane stress conditions, they vary significantly from the values from the edge of the 3D
Zencrack model, while they are similar to the centre of the Zencrack model (which should be
more plane strain dominated) and the analytical solution from the BS (again plane strain
dominated). The results forthe J-integral method match most consistently with the analytical
K calibration from the BS; hence this value has subsequently been used.

Figure 8-19: Franc2D model of an SENB sample (a) uncracked (b) with remeshed crack tip
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Franc2D:

Displacement Franc2D: Franc2D: Modified
Correlation (plane J-Integral Crack Closure Zencrack (Edge) Zencrack (Centre) BS (plane
stress) (plane stress) (plane stress) (plane stress) (plane strain) strain)

A Ak; Ok; Ak; Ok; Ak; Ak; Ak; Ak; Ak; Ak; AK
Mm | MPavm MPavm MPavm MPavm MPavm MPavm MPavm | MPavm MPavm MPavm MPavm
4 18.1 0.0 20.4 0.0 20.1 -0.3 17.4 0.0 20.7 0.0 19.9
5 25.6 0.6 25.5 0.5 25.1 0.3 21.0 0.0 25.4 0.0 24.6
6 30.5 0.2 31.3 0.4 31.3 1.4 25.7 0.0 31.5 0.0 31.0
7 39.3 0.3 40.9 -0.7 40.8 0.7 33.1 0.0 40.9 0.0 40.3
8 52.3 1.0 54.8 0.8 54.9 2.1 43.8 0.0 54.4 0.0 54.9

Table 20: Ak; and Ak;; for different crack lengths in model of a planar crack in SENB sample from Franc2D (using different methods), Zencrack
(for the edge and the centre) and 4K from BS
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8.3.2.2 Zen Crack Methodology

The 3D model has been developed using Abaqus and Zencrack. The ZenCrack software works
within Abaqus FEsoftware, andis a tool that remeshes the crack tip automatically, by
replacingindividualelementsinthe defined mesh atthe crack tip location by a crack block,
whichisa defined meshed crack tip from the Zencrack crack block library. [106]

These crack blocks can be specified with different refinement levels of the mesh, i.e. different
numbers of elements and for different crack geometries e.g. cornerand though thickness
cracks, asinour testsamples. The direction of the crack is defined using the node numbers
and the crack lengthis defined fortwo sides of the crack block as described in Figure 8-21.

There are two types of crack blocksinZencrack, standard and large, where alarge element has
to be linked tothe surrounding mesh using surface tiesin Abaqus to be replaced by alarge
crack block. Figure 8-22 show a model of a CNB sample, where large elements have been
linked tothe surrounding mesh with surface ties, and been replaced by a ‘large’ crack block.

Figure 8-20 shows examples of the 4 different crack block types. Usingthe large crack blocksis
an easierway of creating (and growing out) a crack, howeveradeflected crack front nearthe
surface cannot be created using these.
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Ezample of standard “quarter cirenlar” crack-block Ezample of standard “through™ crack-bleck
s I T I s l et}
Ezample of large “quarter circular” crack-block Ezample of large “through” crack-block

Figure 8-20: Examples of the different Types of crack blocks in Zencrack [106]

1 o 1

Figure 8-21: Corner and through thickness crack, the direction of the crack is defined by the
numbers of the nodes from 1 to 2 as marked, and the size of the crack is defined for edge 1 and 2
[106]
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Surface tie between crack block Crack tip
and surrounding mesh

Large crack block replacing one
large brickelement

Figure 8-22: Large crack blocks in Zencrack in model of CNB sample

Zencrack has been chosen as remeshingthe crack tip manually (as we extend the crack) would
be very time consumingand also difficultto doin any other FE software.

For longer cracks, as in the SENB case, the SPLIT functioninZencrack [106] can be usedto
separate the elements behind the crack tip, to create a deep crack or the crack wake. Figure
8-23 shows an SENB sample with such a crack block. Arrows show how crack blocks are used
on eitherside of the crack and replacing each elementalongthe crack front and how SPLIT
elements are used to create the crack wake.
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(b)

SPLIT function
usedto divide
elements

Crack block

Figure 8-23: Zencrack model of SENB sample using crack blocks on either side of the crack and
split elements for a deep crack (a) whole model (b) detailed view of crack tip

Zencrack usesa simple code in which the crack tip is specified in terms of size and direction. It

opensthe Abaqusfile, inserts the crack blockinthe mesh, and then runs Abaqus for the
analysis.

K values are calculated using from relative crack tip opening displacements V, V;, V;;for the

opening, tilting and twisting using Westergaard equations (valid for linear elasticisotropic
materials) [106]

_EVi [Z=m .

I~ g - Equation 8-13
_EV, ||27r

= 4p T

Equation 8-14
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Equation 8-15
where risthe distance fromthe crack frontand v isthe Poisson’sratioand:

B=1-7v? for plane strain Equation 8-16
E=1 for plane stress Equation 8-17

From thisthe equivalent energy release rate Gis calculated with

E. . " 1+v
G=—(K; +K; )+ —Kj;
E E Equation 8-18

which can be used grow the fatigue crack, and hence calculate the lifetime of the model using
an integration of dG/da. This can howeveronly be used fora model of a planarcrack, as
discussed below.

Appropriate Cand m values fromthe SENB tests have been used as well as data from the Rolls
Royce database (from CNT tests), as described in Chapter 6. The load ratiois defined as 0.1.

The integration scheme assumes that the rate of change in energy release rate dG/da is
constantas the crack grows. At the end of each load block the estimate of dG/da and the crack
growth are used to update the base value for G for integration of the nextload block.

G & + (dg)d
final = Ginirial —_— @
ina initia da Equation 8-19

The crack growth directionisdetermined by assessing the local out of plane angle with respect
to the maximum openingstress, which is calculated using the Maximum Tangential Stress
criterion, hence growing out a sustained macroscopicdeflected crack is not possible using
Zencrack as it will always deviate back to experience the maximum opening mode direction
(i.e.itisgrowingthe crack as if it were propagatingin normal Stage |l fashion) Hence forthis
study the use of Zencrack to predict the crack growth behaviouris notthe aim, ratherwe can
use the Zencrack capability to reproduce the observed experimental crack path trajectory
(including the regions of sustained macroscopiccrack deflection) and assess how the local
components of the stressintensity factorsk, k; and k;; evolve.

Howeverwe can predictthe lifetimeforaplanar crack. Zencrack has a function for Boundary
transfer, which allows the crack tip to be moved tothe nextelement, ifit cannot grow any
further. This allows the crack to grow through most of the SENB model. The sample failsin
Zencrack, when da exceeds the maximum allowed value between two analysis ste ps. Thisis
the size of the smallest crack block.
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8.3.2.3 Specimen and crack path modelling in Franc 2D

A 12.5 by 80mm rectangle was created and meshed with square elements of 2.083 mm length
inFranc2D. Young's modulus was setto 214.7GPa and Poisson’s ratiowas setto 0.281
representing U720Li C&W at 300°C inair [93].

A Pcqan Of 2.646kN forthe SENB and of 13.144kN forthe CNB was distributed equally in the
positions of the top tworollers, representingidealised specimen dimensions for the tested
conditions. Atthe position of the bottomrollers constraints were setinthe Xand Y direction,
with a central rollertorepresent 3 pointbend forthe SENB, and two innerrollers to represent
4 pointbend forthe CNB. All units had to be converted intoimperial unitsin, ksi and ksi vin for
Franc2D. The plane stress condition was defined, as we wished to considerthe behaviour of
the free surface.

From theinitial crack length 5 different crack fronts are modelled for both deflected and non-
deflected crack and for each 4k; and 4k; are calculated, modelled forasimplified crack front
without anyterraces usinga measured angle of 20° for the SENB and 15° for the CNBsamples,
as measured on the free surface of each sample at 300°C in air fromthe onset of deflection to
the maximum deflection before plasticcollapse. Figure 8-24 shows the SENB sample witha
deflected crack for the final crack front calculated. The results forthe 2D case are used for
benchmarking of the ZenCrack 3D results (and to compare to Suresh’s analytical models [77] as
discussedinsection 8.2).
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Figure 8-24: Franc2D mesh for an SENB specimen with a deflected crack for crack length a=8mm

8.3.2.4 Specimen modelling in Zencrack

To develop the models for SENBand CNBin the firstinstance 3D models of the bend bar
specimens have been created and meshed using PATRAN to create a 12.5x12.5x80mm
specimen. 20-noded brick elements have been used with alength of 0.962 mm. 20-noded brick
elements are needed forthe elements to be replaced by Zencrack crack blocks.

For the Corner Notch samplein 4 pointbend the applied P,.., was 13269.6N for a sample with
a notch of 0.35mm and a 4K; of 12 MPavm based on Pickard’s calibration [94]. This load was
distributed on all the nodesin the positions of the two top rollers, and constraints set at the
location of the two innerbottom rollersin the Zdirection.

For CNB a large crack block model has been used, whichisrelatively easy to model compared
to using standard crack blocks, however this does not allow for more complex 3D deflected
crack growth to be modelled, soasimple deflection of the entire crack plane has been used. A
model with a planar crack has also been modelled for comparison. On eitherside of the crack
plane a large element (with dimensions of 12.5x12.5x12.5mm) for the crack block has been
linked to the rest of the mesh usinga surface tie, which is the suggested method [106]. This
may have an effect on the results of the stress analysis to some extent, but might not affect
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the crack tip stress so much, as it is 12.5mm away from the crack plane, where the maximum
crack deflectionfromthisplaneis1mm.

For the SENB the plain rectangularbendbaris thenloaded in 3 pointbend (the same loading
conditionasinthe tests foran idealised crack length of 4mm), using a P,,.., of 2646N with the
load distributed on all the nodesin the positions of the two top rollers and constraintsinthe Z
direction setat the location of central bottomroller.

Both models have been constrained in the Xand Y directions ata single node (inthe location
of the bottomroller) to avoid the model moving unrealistically.

An ABAQUS inputfile was created from this mesh (without the notch) and the material
properties from the Rolls Royce data base for Alloy 720Li were added. Ananalysiswasrunin
ABAQUS for the uncracked models and Figure 8-25 shows the meshed CNB model and Figure
8-26 shows the meshed SENBsample, with the FE results for the maximum principal stress,
showingthe maximum tensilestress onthe surface.

The results of the Abaqus stress analysis of the plain rectangular uncracked sample forthe
tensile stresses onthe top surface are again similar (within ~10%) to the calculated values
based on simple beamtheory, based on

3PS
o= 5
BW Equation 8-20

For 4 Pointbendsetup 565.6MPa was predicted with FEand 555.8MPa for beamtheory for
maximum stress (dependent on specimen geometry, not material properties)and forthe 3
Point bend configuration 177.5MPa was calculated from the FE and 184.8MPa for simple beam
theory forthe maximum surface stress.

Stresses aroundthe rollers are expected to be large (and cause local deformation on the actual
samples), butcanbeignored, as crack growth always initiated from the defectsin the centre
region. Basedon thisinitial evaluation the far-field loadinginthe FE simulation was
considered areasonable approximation to whatisassumedinsimple beamtheory.
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Figure 8-25: Abaqus model of CNB sample with 2 large elements showing maximum principal

Figure 8-26: Abaqus model of SENB sample showing maximum principal stress
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8.3.2.5 Crack path modelling in Zencrack

To create a crack in the CNB model, acrack block103_q112x4 was used from the Zencrack
crack block library [106], see Figure 8-27, to replace the large elements. 4K levels at 7 different
crack fronts have been calculated, starting with an initial crack of 0.35mm (correspondingto
theinitial notch), andtheninintervals of approximately Imm. Forthe deflected model asingle
deflection of 15° has been used forthe entire crack plane. Thisis representative of the angle
measured at the sample edge between onset of deflection and the final deflection from the
CNB sample tested at 300°C inair. As thisis not representative forthe planarbehaviourinthe
centre and the ‘shearlip’ nearthe edge, which will also have twist component, only the edge
of the sample has been considered in analysis.

Figure 8-27: Zencrack large crack block 103_ql112x4 used for model of CNB [106]

For the SENB configuration a planarcrack has been created and also two deflected crack paths,
by offsetting nodes from their original positioninthe firsttwo element rows nexttothe edge
in PATRAN, to recreate and simplify the observed deflectionin the SENB sample based on
coordinates measuredinthe Aliconainfinite focus map forthe 300°C air SENB test (as
describedin Chapter5.4.3), see Figure 8-29 and Figure 8-30. The adjacentnodes were moved
as well tostop the nodes overlapping.

Two deflected models have been created. Model Ais most simplified showingasingle
deflection (thatisinthe same direction on both edges), based on the measurements of 3
coordinates from the 3D map, as markedin Figure 8-28 inred. Model B is an asymmetric
model, one edge deflects to a particular point, and then the deflection goesin the opposite
direction, while onthe second edge itis the same as model A. Thisis based on coordinates
measured from the otherside of the 3D map, marked in blue in Figure 8-28.

The deflections have been modelled from the sample up to a crack length of 9mm, and then
they are setback to the original centre line to allow forthe constraints to be fixed in the
position of the bottom roller. Inthe original sample the deflection would furtherincrease from
this pointon, but the 4K levels above 9 mm are close to plastic collapse (4K=~80MPavm), so
thisareais not consideredin the crack path analysis.
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Figure 8-28: 3D map of SENB fracture surface indicating the positions measured to define the
simplified deflected crack shapes in model A and B

Figure 8-29: PATRAN model of SENB sample showing both halfs of the deflected crack plane
(model A) and also the force representing the upper roller applied loads and constraints
representing the bottom roller

Figure 8-30: PATRAN model of SENB sample showing both halfs of the deflected crack plane
(model B) and also the force representing the upper roller applied loads and constraints
representing the bottom roller
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Zencrack was then used for remeshing of the crack tip for 10 different progressive crack-fronts
every 0.5mm, starting from a=4mm, the length of the precrack. K levels were calculated for
each of these crack fronts. The standard crack block s04_t35x1 from the Zencrack library was
chosen [106], see Figure 8-31. Itis a crack block with a relatively coarse mesh, which seems
appropriate asthe elements are relatively small and there are 14 of them along each crack
front. The crack fronts were assumed to progress as projected straightlines onthe fracture
surface based on the results of Loo-Morrey’s beachmark test [50] that showed that planarand
non-planarcracking occurs along one projected crack front (i.e. the shearlip regionis part of
the crack growth process). The edge of the smallest element at the crack tip was measured to
be circa 40um. This measure might decrease if the crack tip meshis gettingdeformed. This size
issimilartothe largergrainsize of the material, which hasamean of 16.4um, but a range of
4.5 - 45.3um.

Figure 8-31: Zencrack crack block s04_ t35x1 usedfor model of SENB [106]

The analysis was run for maximum and minimum load from the defined load case, and the 4K
values were calculated from AK = K.« - Knmin fOr each case. Results of the AK values were
combinedina spreadsheetforall crack fronts, which each consisted of 13 elements, providing
14 results across the crack front (taken at the edge of each element).

As already mentioned, Zencrack also offers the possibility to grow a crack and calculate the
lifetime, assuming mode | crack growth. This has been done forthe 300°C inair CNB and SENB
model, to compare the predicted lifetimes with the test results. Cand m valuesfrom both the
SENB results and the Rolls Royce database were used, atan R-ratio of 0.1 and thisis compared
later withthe simple lifing approaches discussed in Chapter 6.
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8.3.3 Results and Discussion of Modelling

Comparisonforthe different specimen typesand 2D and 3D modelsforplanarand deflected
regions are made, interms of local stress intensity factors Ak, Ak; and Ak;; and the effective
stressintensity factors Ak, In the following the Ak s used is based ona coplanarstrain energy
release rate criterion [104]

Ak =JAK? + Ak, + Ak, Equation 8-21

8.3.3.1 Results of the CNB model

A CNBsample hasalso been modelledin Zencrack and Franc2D.

A Franc2D model has been created forthe planar and deflected crack and compared to the
analytical model from Suresh. For both the onset of deflection atabout 25MPavVvm, i.e. a crack
length of 1.5mm, was chosen. The results for Ak; and Ak; are compared in Figure 8-32. Ak; for
deflected Franc 2D and Suresh analyses are very close together, however Ak;is significantly
largerfor the Franc2D model. The deflected Franc2D modelis slightly below the planarone. As
expected the Ak;for the planar Franc2D modelisO.
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Figure 8-32: Results of 4k; ;i vs a from the Franc2D and analytical anlysis after Suresh for the CNB

A 3D model of a planarcrack has also been modelled with Zencrack and Abaqus and has been
used for comparison. Figure 8-33 and Figure 8-34 show the model of the planarcrack in the
CNB sample, forthe firstand the final (6) crack front, respectively. Then the crackin this
sample was deflected atan angle of 15°. Figure 8-35 and Figure 8-36 show the model of the
deflected crackin the CNBsample, forthe firstand the final (6™) crack front, respectively.

For theinitial very small notch in the first crack frontit can be seenthat the meshis deformed
strongly, soinitial Kvalues might be inaccurate, howeverthe meshimproves forthe larger
crack length. They are lowerthanthe Pickard K calibration predicts; when comparingthe CNB
results forthe 3D case with Pickard’s calibration, it can be seen that the initial 4Kis
10.1MPavm, where we would expectittobe 12MPavm.
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In the CNB 3D modelsonly the values atthe top edge are describing the actual crack as the
entire crack planeis deflected at the angle measured from the surface, so only this position
has been evaluated.

(a)

(b)

 ul

Figure 8-33: Zencrack model of CNB sample with planar crack using large crack blocks on either
side of the crack for crack front 1 (a) whole model (b) detailed view of the crack
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(a)

(b)

Figure 8-34: Zencrack model of CNB sample with planar crack using large crack blocks on either
side of the crack for crack front 6 (a) whole model (b) detailed view of the crack
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Figure 8-35: Zencrack model of CNB sample with deflected crack using large crack blocks on
either side of the crack for crack front 1 (a) whole model (b) detailed view of the crack
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(b)

Figure 8-36: Zencrack model of CNB sample with deflected crack using large crack blocks on
either side of the crack for crack front 6 (a) whole model (b) detailed view of the crack

The results of A4k;;;; for the edges of both the deflected and the planar crack are shownin
Figure 8-37, and they are compared with the nominal 4K fromthe Pickard calibration. As
definedthe deflection started immediately not only afterthe measured onset 4K (circa 25
MPavm)

As expectedforthe planarcrackthe 4k; and 4k; components are O, while theyincrease with
crack length forthe deflected crack. As this model does notrepresent the 3D shaped crack
deflection, the 4k;;component does not describe the real twisting of the crack. For the planar
crack the 4k;isidentical to the dk.g, while for the deflected crack the Ak;is below the Ak.. It
can be seenthatthe 4k forplanar and deflected crack are both below the Pickard
calibration. The deflected crack has a slightly smaller Ak.sthan the planar crack, indicating that
thedrivingforceislowerinthe deflected region. This could be areflection of intrinsic
shielding, i.e.reduction of crack driving force, which has been observed to be caused by crack
deflection itself, apart from any extrinsic shielding which may occur from closure effects (inan
actual fatigue test) [84].
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Figure 8-38 shows the evolution of Ak;/Ak; and Ak;i/ Ak; over Ak Again the twist component
Ak;; might not representthe actual crack very well. Ak;/Ak; decreases, before itincreases
almostlinearly again, after circa 24MPavm, whichis about the measured level of onset of
deflection.
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Figure 8-37: Results of 4k; j;;ii v a from the Zencrack 3D analysis for the CNB for the planar and
deflected crack, compared with the 4K from the Pickard calibration
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Figure 8-38: AKc \5 Akii/ Ak; and Aki;i/ Ak; for deflected CNB sample
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8.3.3.2 Comparison of 2D and 3D CNB models

Figure 8-39 compares the results forthe deflected cracks fromthe Franc 2D and Zencrack for
the CNB with the analytical solution after Suresh and the Pickard K calibration. The Ak;forthe
Zencrack does start immediately, not only after the onset of deflection level, which was
defined forthe others, anditis negative, i.e. the shearisinthe opposite direction, butit
increasestoa similarlevel (below 10MPavm), eventhoughthe othersachieve thisvalue ata
shortercrack length. The Ak; is below the Pickard derived AK, Ak;fromthe Suresh analysisis
slightly below this curve, and the Ak;fromthe Franc2D is initially similar, but thenincreases
faster.
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Figure 8-39: Results of 4k; j; vs a from the deflected Franc2D and the Zencrack 3D analysis and
analytical anlysis after Suresh for the CNB, compared with the 4K from the Pickard calibration

Figure 8-40 shows the Ak, fromthe Zencrack, Franc2D and Suresh analysis compared with the
Pickard AK. The Ak of the analysis after Sureshisidentical to the Pickard calibration, as the

Ak;and Ak; were calculated usingthe AK from Pickard.

The Ak, from the Zencrack analysis of the deflected crackis always below the Pickard value,
indicatingareduced drivingforce, possibly due to shielding, howeverthe Ak.sfromthe
Franc2D analysisisinitially identical with Pickard’s calibration, butfor 4K above circa
20MPavm, inthe region of the onset of terracing, itis above the Pickard value, indicatinga
highercrack driving force. Howeveritshould be noted thatthe cornernotchis lesswell
established interms of K calibration asthe SENB, and that the 3 differentanalyses show very
differentresultsindependent of any deflection, anditis hence not straightforward to compare

themto each other.
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Figure 8-40: Results of 4k Vs a from the Franc2D and analytical anlysis after Suresh and the
Zencrack 3D analysis for the CNB, compared with the 4K from the Pickard calibration

To get more accurate results and to model the deflection in the near surface region, it would
be necessary to use standard crack blocks and hence to build up a circular mesh, in which they
can replace the elements. This mightimprove the crack tip mesh by creatingless deformed
elements, and could hence lead to betterresults forthe Klevels. The deflected planarregions
could also be modelled by movingindividual nodes, so comparison to the SENB samples could
be made.
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8.3.4 SENB 2D results

The results of the Franc2D model of the SENB have been compared with results from the
analytical solutionin Suresh’s work [77] fora measured overallangle of 20°, whichis
equivalenttothe angle onthe free surface in the 3D model and the observations of the SENB
test specimen. Both Franc2D and Suresh’s analytical approach show similar results for 4k;to
the nominal 4K;predicted fromthe BS standard. The 4k; values have similar behaviour after
the onsetcrack length, but Suresh’s solution is always slightly higher, see Figure 8-41.
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Figure 8-41: Results of 4k; ;; s a from the Franc2D and analytical anlysis after Suresh, compared
with the 4K from BS ISO 12108

8.3.5 Analysis of the 3D Zencrack model of the SENB

At firsta planarcrack was modelled. The Zencrack analysis gives the Ak, Ak;and Ak;; levels as
outputs foreach node position spaced along the crack fronti.e. going through the specimen
thickness (thisisrepresented as a variationin b, the specimen thickness, which varies from 0
(indicatingone edge) to 12.5 indicating the otheredge). A series of crack fronts are also
defined, from Crack front 1 to Crack front 10 as the crack is progressively lengthened.

Figure 8-42 shows the relationship between 4k, Ak;and Ak;; and Ak for alternate Crack
fronts (i.e. Crack fronts 1,3,5,7,9) to show the evolution of the stress state as the crack
propagates.

As expected forall crack fronts 4k; and Ak;; are 0, and Ak.yis equal to 4k;. Alowerdriving force
can be observedinthe nearthe surface again, indicating thatitis not necessarily caused by
shielding due to the deflected crack growth.
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Figure 8-42: Ak, Ak;i, Ak;;; and Akes; along 5 different crack fronts in the planar SENB, and the
respective mesh (the deflection is scaledto ca. 20x)

The results of the analysis for different progressive crack fronts are shown schematicallyin
Figure 8-43 forthe symmetricdeflected SENB Model A. The deflection has been exaggerated in
thisrepresentation, by scaling any deformation up by a factor of circa 30, in this figure to
bettershow the crack and deflection.
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Figure 8-43: Zencrack model of SENB sample using crack blocks on either
side of the crack and split elements for a deep crack using a scaling factor of
30x for the deflection
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Figure 8-44 shows the relationship between 4k, 4k;and Ak;; and Ak for alternate Crack
fronts (i.e. Crack fronts 1,3,5,7,9) building up progressively to show the evolution of the stress
state as deflectionincreases as the crack propagates.

For Crackfront 1 thereis no deflection yet, hence 4k;and 4k;; are 0 and hence 4k; and 4k, are
the same. The drivingforce is lowerinthe plane stress area(nearthe free surface, aswould be
expected). The deflection starts at crack front 3, where the Ak.yis about 25MPavm.

At longercrack lengths and with a developinglarger deflection, 4k;and 4k;; values are seento
increase inthe deflected region, whilst remaining negligible in the (planar) centre.

Howeverthe Ak is still lowerat the edgesthanin the centre, possibly due tointrinsic
shielding, or extrinsicshielding due to closure effects. It should be noted that the plane stress
state at the specimen surface itselfwill stillgive areductionin crack driving force fora planar
crack.

However by the g crackfront, the 4k of the edge hasincreased tothe same value as inthe
centre, due to the larger 4k; and 4k;; at this deflection contributing to the proposed crack
drivingforce. This may indicate why the deflection becomes sustained.
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Figure 8-44: Ak;, Ak;j, Aki;; and Ak along 5 different crack fronts in the first symmetric deflected
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Figure 8-45 compares the 4k for these crackfrontsin the planar and deflected model A.
Accordingto thisthereis not so much influence of shielding on the driving force atthe edge,
but the effect seemsto be caused mainly by the plane stress region. The deflected edge had an
even higherdriving force thanthe planarone forhigh K levels, while for the second position,
which might be more effected by the twisting component, shielding may have alarger effect,
as for the deflected model the driving force always seems to be below the same position for

the planar sample.
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Figure 8-45: Akq for planar and deflected model A for different crack fronts

In the next representation of the evolution of crack driving force for model A we can evaluate
how the 4K values develop as the crack grows, considering different positions along the crack
front. Figure 8-46 shows these positions along the crack-front, Position 1was measured
directly onthe edge, where there is the largest deflection, Position 2is the second row of
elements, the next set of measurementsistakenin Position 7, inthe centre of the sample,
where crack growthisplanar. Figure 8-47 shows the variationin 4k, 4k;;, 4k and Ak
againstthe projected crack length a foreach crack position.
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Figure 8-46: Deflected crack plane of SENB model A showing 3 crack front positions
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The K calibration forthe projected crack length from British Standard BS ISO 12108 has also
been plottedin Figure 8-47. The planar crack growth (position 7) in the centre of the sampleis
very consistent with this (until significant deflection is established at crackfront 3). This gives
confidence thatthe results of the FE model are correct. The Ak, of Position 1 (surface) and
position 2 (near-surface) are lowerthanin the centre (position 7), again showing alower
drivingforce inthe deflected region, as mentioned earlier.

In Position 14k; increases significantly to more than 75% of the respective 4k;, while in
Position 2it issignificantly smaller, less than 20% of the respective 4k;. However Ak;;can be
seentobe evenhigherin Position 2than in Position 1, ~40% of the respective 4k;. Position 7
has almost no 4k; and 4k;; components as expected for planar crack growth. It can be seen
that the 4k of Position 1 (surface) and position 7 (centre) become equivalent at the longer
projected crack lengths.

Figure 8-48 describes the evolution of A4k; /Ak;and Ak;; /Ak;with the nominal AK (calculated for
the equivalent projected crack length) forthe surface position (Position 1). Such ratios could
potentially be used to predict the crack path ina component (if we can make crack path
iterations follow such pre-defined ratios). It can be seen that both 4k; /4k;and 4k;; /4k;
increase up to circa 40 MPavm, from where they start decreasing again. It should be noted
that crack growth rates at 4K levels above 40 MPavm are very fast and inthese specimens
such 4K levels are nearthe plastic collapse point of these samples.

When we compare this to Figure 8-38, which shows the evolution of Ak;/Ak; and Ak;/ Ak; over
AK for the CNB Zencrack model, ignoring the twist component Ak;; which might not represent
the actual crack in CNBvery well. Ak;/Ak; shows very different behaviour from the SENB
sample. Itsvalue decreases, beforeitincreases almost linearly again, after circa 24MPavm,
whichis about the measured level of onset of deflection. It should be mentioned that the SENB
model only started ata 4K of 20MPavm. Howeverthe maximum valueis much lowerthanfor
the SENB samples which showed almost 80% for the Ak;/ Ak;, while itis between 15-20% for
the CNB, as shownin Figure 8-38.
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Figure 8-48: AK \s Ak;i/ Ak; and Aki;i/ Ak; for SENB model A for Position 1

For the asymmetricmodel Bthe same comparisons have been carried out, as shownin Figure
8-49 to Figure 8-52. This model has a more complex crack shape on one side of the sample at

b =0mm, where the crack changes direction (thus showing a simplified version of the terracing
observedinthe actual specimens). Accordingly at this position, where the crack changes
direction, k;decreases as the crack path moves back towards experiencing more mode |, k;also
increases and the overall crack driving force is clearly higher on this side.

The main differences we can see compared to model A are as follows:

Before the turn (crack front 7) the A4k; is almost equivalent to Ak;at b= 0 mm. And forthe g
crackfrontthe 4k at the edgeis higherthaninthe centre, indicatinga higherdriving force at
the edge afterthe crack has turned, this provides an explanation for why the terracingis
promotedinthese samples.
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Figure 8-49: Ak, Akii, Akij; and Akegs along 5 different crack fronts in the second deflected SENB,
and the respective mesh (the deflection is scaledto ca. 20x)
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In the next representation of the evolution of crack driving force for model B we can evaluate
how the 4K values develop as the crack grows, considering different positions along the crack
front. Figure 8-50 shows these positions along the crack-front, Position 1was measured
directlyonthe edge, where there is the largest deflection, Position 2is the second row of
elements, the next set of measurementsistakenin Position 7, inthe centre of the sample,
where crack growthisplanar. Figure 8-51 shows the variationin 4k, Ak;;, 4k and Ak
againstthe projected crack length aforeach crack position. Atthe edge of the sample, we can
see an increase of deflected 4k.soverplanaras 4k; increases strongly as 4k; drops.

Figure 8-52 describes the evolution of A4k; /4k;and Ak;; /Ak;with the nominal AK (calculated for
the equivalent projected crack length) for the surface position (Position 1). It shows stronger
increase of Ak; /4k;compared to model A, and then the change in direction causingasudden
drop.

Figure 8-50: Deflected crack plane of SENB model B showing 3 positions
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8.3.6 Comparison 2D and 3D SENB models

Ak;and dk;results have been compared from the 2D models and from the 3D models on the
specimen surface in Figure 8-53. It can be seenthat Ak; is significantly largerinthe 3D case
than inthe 2D case, while 4k;is always lower.

The Ak; combining Ak;and Ak;; in these two calculations also behave similarly to the nominal
K;, so the mode Il deflection does not seem to have produced asignificant shielding effect for
the 2D case. Ritchie [84] mentions thatthe twistingin the deflection could possiblyincrease
the shielding effect. The overall lower 4k forthe 3D case can be explained by amore
significant shielding effect caused by the twist component required to maintain crack front
continuity c.f. the assumptioninthe 2D case that the deflection continues throughout the
specimen thickness.

This lower overall driving force would indicate alower crack growth rate for the 3D deflected
crack which would be expected forsuch a crack (inthe deflected region atthe sample edge).
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Figure 8-53: Results of 4k; ;; s a from the Franc2D and analytical anlysis after Suresh and the
Zencrack 3D analysis, compared with the 4K from BS ISO
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Figure 8-54: Results of 4k Vs a from the Franc2D and analytical anlysis after Suresh and the
Zencrack 3D analysis, compared with the 4K from BS ISO 12108

Comparison of the BS K-calibration with the planarcrackin 3D and the planarcrack in 2D are in
good agreement as shownin Figure 8-54. Again the deflected crackin 3D shows a loweroverall
driving force.

8.3.7 Lifetime prediction

A planarcrack hasbeengrown out inthe SENB and CNB using Zencrack, using the Cand m
valuesfromboththe SENB testand the R-R lifing programme values (as shown in chapter 6)
for 300°C inair.

The lifetimes from the Zencrack grow out forthe CNBare 89135 when usingthe R-R Candm
values, failing at about 84MPavm and 122465 cycles; when usingthe Cand m valuesfromthe
SENB tests, failingatabout 88MPavm, compared to the 172000 cyclesforthe lifetimefromthe
actual test.

As in Chapter 6 the predicted Nyis much lowerthan the actual, whichis possibly due to
initiation ordue to shielding effects. However the values predicted by Zencrack are higher, i.e.
less conservative, than by the other methods used previously, namely Aa/4Napproach and
SA1l6.

Table 19 revisits the lifetime prediction for 300° in air calculated by Aa/4N approach and SA16,
showingthatthe Zencrack values are in some cases 2x as large as for the otherapproaches
usingthe same crack growth rates. This could be because Zencrack allows fora plane stress
(lower) K, while the analytical solution does not.
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N¢ Nycalculatedto | Nycalculated to Nycalculated | Njcalculated with
measured | Ax=50MPavm AK=100MPavm | WithSA 16 (CNT) Zencrack
R-R SENB R-R SENB R-R SENB R-R SENB
data data data data data data data data
172000 48130 | 60815 | 50862 | 62702 | 43496 | 45749 | 89135 | 122465

Table 21: Numbers of cycles to failure for CNB testat 300 °C inair

For the SENB the Zencrack approach predicted that the sample failed after 30019 cyclesat a
crack length of 8.8mm, that is at a 4K; of ~70MPavm, for the crack growth data from the SENB
tests. Whenthe lifingwasrepeated usingthe R-Rdatathe lifetime was predicted to be 26851

cycles (failingata 4K; of 64MPavm at 8.6mm)

The results forthe SENB compare well with the actual lifetime from the testat 300°C in air of
29318 cycles, in particular with the SENB crack growth rate data which makes sense as they
come from this exact same sample (with some deflection). Howeverthe amount of deflected
crack growthinthe SENB set-upisrelatively limited and so unlikely to affect lifetimes much.
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8.4 Summary

Fracture surfaces have previously been shown to exhibita competition between opening and
shear modes of crack growth, with macroscopicdeflection beinginitiated fromthe free
surface; howeverno clearunderlying microstructural or micromechanisticdifferences have
been foundto explainthis. Hence an attempt has been made to more fully characterise the
stress state at the crack tip, which the complex crack path follows.

In the firstinstance two mixed mode tests have been carried outin antisymmetric4 point
bend on thinplane stress SENB samples, to attempttoreplicate the stress state of the
deflected crack and to gain crack growth data for deflected regions. The local shearto opening
ratio (one higherand one lower) that may promote prolonged deflection were identified near
the surface from the range of tiltangles measuredin optical profilometry.

Theinitial 4K in the mixed mode tests used to try to replicate thislocal stressstateina
specimen (which had been chosen based on the onset of deflection measured forthis
temperature), seems notto have been high enough to achieve sufficient sustained deflection
immediately, to gain crack growth data for these deflected regions. At higher 4K saslight
growth in the ‘deflected’ mixed mode direction could be observed, howeverthe overall K/K,
was likely to be too high forthe deflection to be sustained. Tests with higherinitial 4K levels
could not be performedinthe setup with thinsamples. This also providesanimportant
indication thatthe AKlevels at which such macroscopicdeflectionis produced throughoutan
entire sample are very close to the final stages of fatigue crack growth before failure.

Fractography of the mixed mode samples showed the same competition between the two
modes as observedinthe mode I samples.

Afterthe mixed mode testing did not achieve full macroscopicdeflected crack growth and so
did not clearly identify the complex stress state controlling the sustained deflected crack
growth, the evolving crack-tip stress state as the complex 3D crack path developswas further
evaluated. To understand this further2Dand 3D Finite Element Models were used to assess
local crack tip 4k evolution.

Crack tip modelling has been carried out using: (1) 2D FE modelsin Franc2D for CNBand SENB
based on the angle at the free surface (2) 3D FE modelsinZencrack/Abaqusfor CNBbased on
the 2D angle measured onthe free surface (and then applied through the entire 3D sample as
a deflected plane) and (3) Fully 3D models based on a simplified 3D crack path from actual
crack shape of SENB sample based on angles measured from the Alicona Infinite focus maps.

The deflection atthe surface in the SENB 3D analysis has been shown to generate anincreased
local 4k, at the surface compared to a planar crack, although the opening component
reduces. Modellingasimple terracing (switch back in crack growth direction at the surface
deflected crack) shows higher Ak, than the simple deflection.

Looking at overall driving forces at the deflected crack tip, a 2D assumption (where the crackis
deflected throughoutthe specimen) in Franc2D and the CNB Zencrack model shows no
intrinsicshielding (neither does the Suresh 2D analysis used for comparison), whereas the 3D
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case forthe SENB in Zencrack(with deflection confined to the surface region) shows some
shielding, indicating that the twist (mode Ill) component has significant influence on shielding .

Evaluatingthe local crack tip driving forces has shed some light on why these macroscopic
deflections becomesself-sustaining, but not what triggers them. This could be used as an inp ut
intoa more sophisticated lifing model forarepresentative component. The relationship of AK:
AK;: AK;; could be applied toa more complex componentand stress state to evaluate the crack
path, and whetherthe crack mightgrowintoa e.g. hoop stressfield.

Lifetime prediction for planar cracks with Zencrack approaches shows approximatelytwice as
high lives for CNBthan the analyses carried outin Chapter 6, but these are still below the
lifetimeforthe actual (deflected ) CNBsample (these could however have alonginitiation life,
as they had no precrack). Comparison with SENB planar cracksin Zencrack is howeverin good
agreement with lifetime of the actual sample; this sampleis however much more dominated
by planar crack growth.

8.4.1 Potential Applications to Lifing Methodologies

To use the outcomes of this work in future componentlifingitis suggested that R-Rneed to
developalLifing Toolkit. This could initially define when deflection starts, based on the
definition of onset of terracing as the 4K range, as described in Chapter5.3.

Thenfollowingaconservative approach, a ‘deflected crack growth calculator’ can be
developed that, based onthe FE results fora simplified crack shape, defines crack path to
follow typical AK;: AK;: AK;;ratios. This will start to grow the angle under a suitable deflection.
AKgrwill be used to calculate da/dN eitherin terms of arelative da/dN for various specific
positions (which will have to be defined and cross-checked) or a simpler approximation of an
overall da/dN. After acertain growth interval, the crack path and overall applied stress state
should be checkedtoseeifitis goingtowards any hoop stress region.
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8.5 Crackgrowthrate for deflected crack

Afterestablishing the Ak, Ak;, Akiand Ak, a crack growth rate da/dN can be calculated, using
the measured da/dN (assuming planar crack growth is dominant). Considering that
beachmarking has shownin Loo-Morrey’s samples, that the deflected crack grows alonga
circular crackfront, as one would expect from a planar crack, the actual crack length can be
calculated, usingthe angle forthe deflection measured, atfirstinstance in 2D for the edge.

Projected da/dN =A4K,controlled da/dN (from SENB tests) Equation 8-22
Actual da = projected da * cos a Equation 8-23
assuminga single deflection angle from 2D (ca. 20° for SENB)

The actual da/dN vs 4K (nominal ), cf. projected da/dN vs K,can then be calculated.

A 3D approach is more complicated, thereforethe same approach has been usedinthe first
SENB model forthe edge Position (Position 1) and forthe 2" row element (Position 2).
Position 7is the planar crack growthinthe centre.

The crack growth data is slightly lowerthe more deflected the sample s, butthe difference is
very small, see Figure 8-55.

It would be possible to recalculatelifetimes based on these crack growth rates (using da/dN vs
Kesy), but itwill not make a significantdifference,as the rates are very similar, and itwould only
represent the deflected or planarregion, nota combination of both. It should also be noted
that this does not consider the twist component, so might not describe the shielding caused by
the 3D crack growth, butit shows that crack growth at the edges will be slowed down.
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Figure 8-55: Crack growth rates for deflected crack, at Position 1,2 and 7 in the first SENB
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9 Discussion

SMDCG has been observedin fine grained superalloy U720Li at intermediate temperatures
(200-500°C) in airand vacuum, but notat room temperature. Inairit was not observed above
600°C, whilstinvacuumitwas observed at 600 and 650°C. The local crack tip driving forces of
the resultant complex crack shape have been evaluated via 3D FEA and this has shed some
light on why these macroscopicdeflections becomeself-sustaining, butitisstill not clear what
triggers the initial deflections.

This material is clearly prone to secondary cracking, as the slip traces and secondary cracks
observedinthe FEG-SEM suggest, this can be linked to planarslip in this material at these
temperature ranges, whichis promoted by the shearable y' precipitate.

As discussedinsection 2.3.5, the Aluminium alloys AA7050and AA2297 showed similar
deflected crack growth behaviourinfatigue. The deflection from the expected nominal crack
plane has been linked there to either strongly textured alloys with high volume fractions of
shearable &' (Al;Li) precipitates whereslip band crack growth has been promoted or specific
alignments wheregrain boundary failure processes (principally shear controlled) have
dominated fatigue failure. [90]

These alloys are however highly textured while the variants of U720Li in thiswork did not
show any texture, so clearly planarslip processes cannot be the only explanation for this
deflection.

In addition, planarslip processes would be expected to operate at room temperature as well
as between 200-500°C, and previous work showed SMDCG only occurred above 200°C. This
influence of temperature could be explained by increased diffusion of interstitial atoms (boron
and carbon) inthe alloy. Increased ease of diffusion of interstitial atomsinthese alloys may
resultin DynamicStrain Ageing (DSA), as mentioned in section 2.1.4.4, whichis commonly
assumed to be caused when solute interstitial atoms are able to diffuse fasterthan
dislocations travel through the latticeand are hence able to catch up withthemand
repeatedly pinthem. The stress mustincrease to tearthe dislocations away from the pinning
atoms, and subsequently the dislocations can move ata lowerstress, until asolute atom
catches up again. Thisoccurs manytimes, which resultsinaserrated stress-strain curve during
plasticdeformation. [36] DSA iscommonin Nickel based superalloys atintermediate
temperatures and was observedin U720 at temperatures above 300°C, but was mostintense
at temperatures between 500 and 600 °C, and it istherefore somewhat unclear how it
contributesto the observed deflected crack growth at intermediatetemperatures.

SMDCG has beenseenin U720 and the low interstitial variant U720Li, which raises the
guestion whether diffusion of interstitial atoms could be an explanation for this effect.
Howeverwhen comparing the content of interstitial atoms, this version of U720Li may not be
infact a verylow interstitial alloy. Table 22 shows the sum of the contentsin weight % of the
interstitialatoms Carbon and Boron, which indicates thatitis slightly lowerthanforthe
normal variant, however there is still a significant amount of interstitial atomsin the alloys.
Pang’s U720Li PM alloy still has 3.9%, the alloy U720Li C&W from this work still 3%, while the
contentinthe ‘normal’ variants exhibiting SMDCGis about 5%. This means that there are still
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interstitialatomsinthe U720Li alloy that could diffuse through the alloy atincreased
temperatures, potentially enabling DSA effects which may contribute to the deflecting cracks
becoming self-sustaining.

To study this further, future work could include tests using a model alloy that has minimal
interstitialatoms (Cand B), to study in greater detail what the effect of these elementsison
the deflected crack growth, and whethertheirabsence would suppress SMDCG.

Diffusion would stillbe expected at highertemperature, an explanation of the difference
between airand vacuum at highertemperature (600°C and above) could be thatin a high
temperature testin airthe effect of oxidation during fatigue could become more dominant
overthe sustained deflected crack growth, and the deflection could be suppressed, while in
vacuum only SMDCG would be present without any oxidation effects.

Sum of
Alloy B ¢ interstials
U720 PM (as tested by M. Loo Morrey [49]) 3.0 2.0 5.0
’Normgl?%griants U720 PM FG (as tested by R.R. Brooks [90]) 3.1 2.2 5.3
U720 PM CG (astested by R.R. Brooks [90]) 50 19
(SHOWS NO SMDCG)
Low interstial U720Li C&W (astested by R.R. Brooks [90]) 1.1 2.1 3.2
variant U720Li C&W [92] 1.6 | 14 3.0

Table 22: Contents of interstial elements in wt.% in different variants of U720Li and U720
(materials in bold hawe been tested in this work)
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10 Summary and Conclusions

In this thesisthe phenomenon of sustained macroscopic deflected crack growth (SMDCG)
duringfatigue in Nickel based Superalloys is discussed, this has also beenreferred to as
‘teardrop’ crackingin previous work. Ina corner notched specimen afatigue crack usually
growsin a quarter-circular plane perpendicularto the stress axis, the sustained deflected crack
however exhibits considerable deflection from this plane at the free surfaces, so thata central
planarregionisenclosed by large shearterraces. This raises concerns about the lifing
methodology foraeroengine components based on assumptions of planar fatigue crack
growth. A deviation from the expected crack path ina componentcould resultin significant
changesincrack propagation behaviourbecause of achange in the stressfield experienced.
Hence the aim of thiswork isto develop an understanding of the mechanism and develop
assessment methodologies for componentlifing.

Microstructural characterisation (usingimage analysis and also EBSD) has revealed grain size,
primary and secondary y’ size and volume fraction of U720Li C&W, and U720Li PMin a fine
grain (FG) and a large grain (LG) variant, which have been usedin this workand U720PM,
which has beenused in previous work on sustained deflected crack growth.

The measured grain size forthe U720 PM and the U720Li C&W were similartothe U720Li PM
LG, but significantly largerthan U720Li PM FG, howevertheirsolution heat treatment
temperature was below orthe same as the one of the FG material. While the U720Li PM FG
showed consistent grain sizes, the otheralloys showed agreatervariationin grain size, this
potentially hasimplications on the range of microstructure/grain sizes sampled by afatigue
crack tip. Some variation between the EBSD and Image analysis measurements for grain size
has been observed. Studies with EBSD on all the materials considered have shown that none
of the materials studied show any significant texture.

Initial fatigue testing has been carried out on Corner Notch samplesin bend (CNB) on U720Li
PMFG and LG at 300°C in air. Further CNBand Single Etch Notched Bend (SENB) testing have
been performed on U720Li C&W at 300, 600 and 650°C in air and vacuum. All testingin this
project was performed at 20Hz with a sinusoidal waveform and at an R-ratio of 0.1. Two thin
(plane stressdominated) SENB samples were also tested for comparison at 300°C in air.

All tests showed some deflected crack growth at the free surface. The fracture surfaces of the
CNB showed a central flat ‘teardrop’ region and terraced regions starting from the top and side
surface, where flatand deflected crack growth mode were alternating. Teardrop cracking
really only describes the particular geometry producedinaCNB sample and also refers to the
planarregion, whichisthe region where the crack growth is behaving as expected. Since this
deflection was also clearly seenatthe free surfaces of SENB samples, the phenomenonis
betterdescribed as sustained macroscopic deflected crack growth (SMDCG).

A method has been proposed to characterise the onset of this deflectionin a systematic
manner, independent of sample size ortype, notch size andinitial AKlevels. The onsetof
deflection has been given asarange of nominal AKvalues where the deflection exceeds the
monotonicplane stress plasticzone sizedistance from the free surface (defined as the range
between Rice and Dugdale approximation). Thisis believed torepresentthe plane stress
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dominated regionin which some deflection (typical shear lip formation) might be expected. In
the C&W material an increase inonset AKvalues can be seen with increased temperature in
air testsforboth CNB and SENB tests, indicatingthe SMDCG effectis reduced at higher
temperature or completely suppressed. In vacuum testing onset AK values are relatively
independent of the test temperature assessed in this study. The AKy,,.: rangesinvacuum for
the CNB samples are howeverhigherthanthose observedin air, but exist overasimilarrange
as seenforthe SENB.

A number of testsfrom other workers and some aeroenginecomponent failures fromrigtests
at Rolls Royce plc., showing some deflection, have been assessed in terms of this AKgpse:
approach. An Excel template has been developed to calculate the variation in monotonic plane
stress plasticzone distance from all free surfaces and to overlay this on the fracture surface.
Thistemplate can then be used to determine whether deflection can be considered to be
SMDGC (i.e. exceedingthe monotonicplane stress plasticzone ata relatively low AKo,.: range)
or whetherthe deflections observed are simply due to shearlip formation in the expected
plane stressregion ora result of complex loading conditions forawider range of materials and
test conditions. The effect of temperature has been confirmed, SMDCG s observed at 300°C in
air and vacuum, and is sustained in vacuum to 600°C. The results of Loo Morrey [50] confirm
the results of this work for a consistent onset 4K for deflection. R-ratio does not seemto have
an effect, and the initial AK does not matter, the onset occurs at the relevant AK, so for
example deflection occurs earlierin asample where the initial AK;is higher.

Assessing the results of otherresearchers: The effect of long dwells in fatigue seemsto reduce
the effectat high temperature in vacuum. Deflection has been observedin some (but notall)
samples withverylongdwells at high temperature (in vacuum), deflection (or tunnelling) could
howeveralso be caused by creep (a quite different mechanism). Bithermal tests have shown
that changingthe temperature to and from a ‘critical’ SMDCG temperature and ‘switching’ the
mechanism on and off resultsin very little deflection (overall planar fatigue crack), possibly the
low temperature crack does not have enough time to macroscopically deflect, before turning
back. Giventhatthisalternationintemperatureisclosertothe expected “peanut”
temperature and stress cycle typically seenin turbine discservice conditions this may indicate
the SMDCG will not occur to any significant extentinaturbine disc.

In terms of components: cracks which had initiated from afirtree rootin a high pressure
turbine dischad occurred in the critical temperature range (at 300°C) where SMDCG might
have been expected, however usingthe monotonicplasticzone size templateon the fracture
surface showed that significant deflection could be expected thereanyway due to the
expected extent of the plane stress region forthe very high stressesinthisregion. Deflected
fatigue failure inairholesinahigh pressure turbine disctherefore needs further elucidation of
the stresses around the holes before an assessment can be made as to whether SMDCGis
beingobserved.

Detailed fractography with FEG-SEM on tested specimens from the different test geometries,
test conditions and components has also shown slip traces and secondary cracking, in both the
macroscopically deflected and planar crack growth regions. This could be evidence of local
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competition between opening and shear crack growth modes, and the shear crack growth
predominating may then trigger the macroscopicdeflection.

The predominance of shear crack growth modes could be linked to planarslip processes, which
are more pronouncedinvacuum, as slip becomes more reversible, whilst they are suppressed
at 600°C in air, where usually wavy slip would be promoted. Howeverin previous work the
SMDCG effect has notbeenseenatroom temperature, where planarslip would be more
prevalent, so the origin of SMDCG cannot be solely due to anincrease in planarslip processes.

Furtherdetailed analysis of secondary deflected crack tips with focussed ion beam (FIB) serial
sectioning combined with EBSD analysis has allowed a detailed 3D reconstruction of the
SMDCG crack tip interaction with local microstructure. This, together with TEMfoils extracted
viaFIBinthe same region, have confirmed that the SMDCG in these systemsis not linked to
any local texture effects or surface microstructural differences. The deflected (secondary)
crack behaves similarly to a planar crack growing both transgranularly and occasionally
intergranularly throughyandy’. There isalso no observed texture /grain orientation effect
that influences the deflection.

These alloys seem prone to secondary cracking, however under specificstress state and
temperature conditions some of these secondary cracks become quite self -sustaining. This
appearsto be triggered by the plane stress state, but clearly deflects beyond the planestress
region.

In the SENB tests PD measurements were used to gain Paris law crack growth data. The crack
growth rates from these tests compare well to the crack growth data obtained by Rolls Royce
plc.from Corner Notch testsintension (CNT). Alifetime prediction has been carried out for
the CNB samples (which showed the most significant SMDCG due to the higher AKlevels
achievedinthe test), usinga Aa/AN integration approach and the SA16 software at R-R, based
on the C and m valuesfromthe SENB and CNT testrespectively. Comparingthese predictions,
which are based on assumptions of planar crack paths, to the observed lifetimes of the
deflectedtest samples, there is noindication that the macroscopically deflected crack growth
has led to shorterlifetimes. It should be noted that there may be some effect of initiation
cycles, that may provide part of the explanation forthe longerobserved lifetimes, as all the
lifetime predictions assume immediate growth. Moreover additional effects of crack closure
(from macroscopically deflected crack surfaces contacting) may also lead to additional extrinsic
shielding effects reducing the crack tip stress state and crack growth rates. Thus itappears
that for these test specimen geometries SMDCG has notreduced lifetimes.

To be able to predict crack paths incomponents, itis necessary to establish what the crack
drivingforce is, what causes the crack to deflectand how this could be applied to predict
lifetimes forthe complexstress state inacomponent.

3D maps of some CNBand SENB fracture surfaces have been created usingan Alicona Infinite
Focus profilometre. The systemis a microscope that scans overthe fracture surface and
automatically focuses onthe height of the sample, and works out a 3D height profile. From the
3D map tiltanglesinthe deflected areas could be measured, and from the range of tilt angles
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measured the openingtoshearratiothatis assumedto promote prolonged sustained
deflected crack growth was calculated.

Mixed mode tests have been carried out on thin SENB samples fortwo openingto shearratios
(K/K;) in antisymmetricfour point bend. The aim was to replicate the stress state of the
deflected crackin a specimen and get crack growth data for SMDCG. If the K /K, was chosen
correctly the sustained deflected crack would be expected to grow straight through the
sample, which would allow explicit measurement of crack growth rates with PD. Howeverboth
mixed mode tests did not achieve fullscale deflection, the crack deflected towards the mode |
(opening) direction. AKsseemed to be too low to triggerthe deflection and as the crack grew
towards the mode | direction, the AKsincreased, howeverthe shear component decreased, so
that sustained deflection could not be achieved, as the complex stress state controllingthe
sustained deflected crack growth could not be replicatedin such a simple specimen set-up.

To furtherunderstand the evolving crack-tip stress state as the complex 3D crack path
develops, Finite Element Models wereused to assess local crack tip 4k evolution. Crack tip
modelling has been carried out using: (1) 2D FE modelsin Franc2D for CNB and SENB based on
the angle at the free surface (2) 3D FE modelsinZencrack/Abaqus for CNB based onthe 2D
angle measured onthe free surface (and then applied through the entire 3D sample asa
deflected plane)and (3) Fully 3D models based on simplified 3D crack path from actual crack
shape of the SENB sample based on angles measured from the Alicona Infinite Focus 3D map.

Lookingat overall driving forces at the deflected crack tip, a 2D assumptionin Franc2D andthe
CNB Zencrack model shows nointrinsicshielding, whereas the 3D case for the SENB in
Zencrack shows some shielding, indicating that the twist (mode 1) component has a significant
influenceonshielding. Evaluatingthe local crack tip driving forces has shed some light on why
these macroscopicdeflections become self-sustaining, but not what triggersthem. The
outcomes of thiswork could be used as an inputintoa more sophisticated lifing modelforan
aeroengine component, using the relationship of AK;: AK;: AK;; fromthe 3D FE analysis. This
could be applied toa more complex component and stress state to predict the deflected crack
path.

The factors that influencethe SMDCG are summarisedin Figure 10-1.
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Figure 10-1: Factors influencing sustained macroscopic deflected crack growth, based on current and previous work [4, 5]

263




264



11 Future Work

Evaluatingthe local crack tip driving forces has shed some light on why these macroscopic
deflections becomesself-sustaining, but not what triggers them.

The outcomes of this work could be used as an inputinto a more sophisticated lifing model for
an aeroengine component, such as a turbine disc. The relationship of AK;: AK;: AK;; could be
appliedtoa more complex componentand stress state to evaluate the crack path, and
whetherthe crack mightgrow intoe.g. a hoop stressfield.

In the firstinstance a manual approach could use the decision flow chartin Figure 10-1in
Chapter9 and a simple rule of thumb approach to work out how far it will grow.

To develop this further, a Lifing Toolkit could be developed, that at first defines when
deflection starts, based on the definition of onset of terracing from the AKrange, as described
in Chapter5.3. Then following a conservative approach, a ‘deflected crack growth calculator’
can be developedthat based onthe FE results fora simplified crack shape, defines crack path
to follow typical AK;: AK;: AK;; ratios. This will startto grow the angle underadeflection. AK
will be used to calculate da/dN eitherthe relative da/dN for each specific position orthe
overall da/dN. After a certain growth interval, the crack path and overall applied stress state
should be assessedtoseeifitis growingtowards a higherhoop stress region.

The model could be furtheradvanced by considering the effect of changing temperaturein
components, based onthe work with bithermal testing, and how such changes may reduce the
effect of deflection.

Furtherwork to improve the understanding of SMDCG, should involve studying any further
component failures and specimens, that are showing deflected crack growth, in the same
manner (using AKo.se: template and fractography using SEM). This would allow creation of a
fuller database of failures to be complied for better characterisation and to build confidence in
the AK onsetvalues.

To identify the crack growth rates of a deflected crack, furtheranalysis of the existing PD data
from the mixed mode tests could be performed by cutting the observed deflected crack shape
(fromthe side of the mixed mode samples) in afoil analogue to scale, and measuringthe PD
readings to get a betterPDcalibration, asshownin Figure 11-1. 3D analogues could also be
replicatedinaconducting medium, but this would have to be done on a specimen by
specimen basis.

These crack growth rates could then be compared to the ones estimatedin section 8.5, to
furtherstudy the influence of shielding from the deflection on the crack growth rates undera
more complex applied loading state.
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Figure 11-1: Schematic of apparatus arrangement for foil analogue calibration of wltage to crack
length [107]

Furtherinvestigation onthe effect of vacuum on the onsetin CNB/SENB could be confirmed
and further studied by additional vacuum testing overagreater number of temperaturesto
more precisely identify the temperature regime where SMDCG is dominant, and the effect of
the stress state in the different specimen onthe onset of deflection.

Moreoverthe effect of grainsize and y’ size distribution on the occurrence and the onset of
SMDCG could be studied in more detail, using various heat treatments of the material to

achieve varyinggrain sizesand y’ size distributions and fatigue these variants toidentify
whetherthereisathreshold grainsize for SMDGC, and how the degree of slip planarity

(alteredviay’ size distributions) affects SMDCG.
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