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Abstract

This thesis presents a method based on fracture mechanics to predict the high cycle
fatiguelife of structures with induced compressive residual stress and to calculate the

minimum autofrettage pressure required to achieve crack arrest.

For high cycle fatigue life assessment, the total fatigue life of a component is
calculated as the sum of ckaimitiation life and crack propagation life. Three finite
element models are included in the proposed method. In the first model, the residual
stress distribution is determined using the tested monotonic-strass curve of the
material. The second meld simulates crack propagation, where the crack
propagation life is evaluated by superimposing the applied load and residual stress
fields. In the third model, an equivalent stress amplitude is calculated based on mean
stress correction and applied to abttéhe crack initiation life from a stressack

initiation life curve, generated based on an assumed crack initiation length.

For crack arrest analysis, these three models are employed to determine an effective
stress intensity factor. Crack arrest isrttuefined by comparing the effective stress
intensity factor with the thresholds of crack propagation from various models. Finally,
the minimum autofrettage pressure required to cause crack arrest is determined under

a given working load cycle.

Two types 6 doublenotched specimens made from 316L stainless steel and S355
low carbon steel are investigated to validate the accuracy of the proposed method.
Numerical results show good agreement with experimental observations for both
fatigue life prediction andrack arrest analysis. The proposed method is also applied
to practical components from literature, demonstrating good applicability in the

design of pressure vessels, valves, and pipes.
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Chapter 1 Introduction

Pressurevessels, pumpsvalvesand pipesare important components ofdiastrial
systems tcstore handleor transportliquids and gases at a wide range of pressures
and temperaturesin the design othese industrial structuresufficient strength,
stiffness and fatigue life are basic conditions that must be otterwise design
errorsmay havesevee impact on thesafety ancenvironmentFatigue failureis one

of the main causes of failure of engineering structu@esical equipmentis subject

to cyclic loading thermalfluctuationsand wind or seismic loads in special cases
througlout their service timeThese repeated loadingan lead to the nucleation of
cracks and the development of crack propagatiamhich can undermine the
structural integrity andhe safety of hese componentand ultimately disable the
entireindustrial systemsI'he maximumvalue of the cyclic load isftensmaller than

the safe load estined by static ductile fracture analysis.Therefore, the issue of
fatigue failure in these components has received considerable attention among
engineers and researchdesgineershavedeveloped severahethods for extending
the fatigue life of structurelsy inducingresidualstresssuch as shot peeningywage
autofrettage and hydraulic autofrettagéen, estimating the fatigue life becomes a

challenge for researchers.

Several standards have been proposedasssess thdatigue life of structures,
including the ForschungskuratoriunMaschinenbau (FKM) guidelinfl] developed

in Germany, ASMEBoiler and Pressure Vessel Cof# developed in America
Thesestructural safety assessment procedures have been successfully applied in
designby engineers. Howevehased onsome researchhe results of fatigue life
obtained by these standards may be conservi@iveAdditionally, for situations
involving induced residual stress, the approacimestandards may not be suitable
and require adjustment by introducing factors related to the residual stress. However,
as the residual stress is induced by different approaches, simply adding "residual
stress factors" to the standards may not be saitabl



1.1 Objectives

Autofrettage is one of thdatigue life extension methods whichn be appliewvidely

in industial fields such ashe aerospaeindudry, oil and gas industretc. However,

it is unrealistic to verifyor observe the influence of autofrettaiiprough experiments
due to the huge cosif experiments. Thereforehé purpose of this study is to
propose aaumericalmethodbased orfFinite Element Analysi¢FEA) to predictthe
influence of autofrettage on the fatigue life and the fatigue lifiatachieve the
purpose, doublenotched specimes were designedfor the fatigue testdo be
compared with the numerical resuftem the proposed method. Furthermore, the

proposed method is applied to some pracB8&astructuredor validation

1.2 Outline of the Thesis

This thesisconsists of eight chapters and the tomitthesechaptersare outlinedas

follows.

Chapter 2introducesthe definition of the fatiguesome fatigue life enhangent
methods and summarizégee main fatigue life assessment methddmag which,

thestressbased approach and the fracture mechanics approafdcased on.

Chapter Jresents thenonotonic stresstrain curve and the cyclic stressain curve
and some constitutive modelapplied to fit these curvebased on the obtained

experimental data.

Chapter 4proposes amethodology toassess thdatigue life under compressive
residual stressThe total life of structures with induced compressive residual stress
can be caldated by adding the crack initiation life with the crack @oation life.

The crack initiation life is obtained ke stressrack initiation life Y 0 curve
determined byan assumed crack initiation leng#md the simulation of the crack
growth on the smooth specimefhe crack propagation life with inded residual

stress isobtained by an effective stress intensity fa¢dy ) that consistof the
effect of the stress intensity factor of residual st(gss), applied forcegY0 ) and

the stress raticA new method based on theperposition method arfeEA is applied

to calculate th® 8



Chapter 5 focuses on the application of pheposed methodology, doubtetched
specimes are designedand testedo determined the fatigue life with and without
the residual stres$henumerical obtained fatigue life based on the proposed method

is thenvalidated by the experimental results.

Chapter 6 focuses on the application of the proposed method on the practical
structuresCross bore blockand injection system componentsliasé enginefrom
literatures are empyed to be investigated by the proposed metibéd.influence of

structure responsem the crack growth simulation is discussed.

Chapter 7extends thapplication of the proposed methtwthe determination of the
minimum autofrettage pressure. The effective stress intensity fashiesned from

various autofrettage pressures can be comparedhethresholds in different stages
of crack propagatioio find the minimum autofrettage pressuthat causes the crack
arrest The influences ofwo kinds of threshold modetsn the crack arrest analysis

are alsaiscussed

Chapter 8 summarizes the conclusions from each chaptergravides the future

work of this thesis.



Chapter 2 Fatiguelife Assessment

Fatigue liferefers to thenumber of cyclic load$o which a material or structure is
subjected until failurel-rom thedevelopment process of fatigue damage, fatigue can
bedivided intothreestagesas cracknitiation, crack propagatioandfinal fractureas
shown inFigure 2.1. The number of cycles from the start of loading to the crack
reaching a given crachiitiation length is the crack initiation life.Thereafter, the
number of cycles from the cradhitiation extending to the final crack length the
crack growth life In the last stage, the structigees through rapid fractuend the

life is significant short.

Final rupture

Crack
propagation

Crack initiation

Figure2.1" Three stages of fatigue life model.

2.1 Fatigue Life Enhancement Through Induced Residual Stress

Residual stress isnainternal stress in a component even when subjected to no
external loading. This stress can be induced in practical manufacture due to
mechanical processes (machining, cutting and grinding) and thermal processes
(welding). The presence of residual stress can have both negative and positive effects
on the fatigue life. For instance, in the welding process, the residual stress is induced
as a consequence of temperature gradients that result in compressive strain along the

welding path compared to other areas. Once the cooling process is completed, this



compressive stress is transformed into tensile residual stress on the critical points
which can decrease the fatigue life of structures. On the contrary, if compressive
resicdual stress is induced, the fatigue lifeay be increasedBased on thizoncept
engineers and researchers have developed various approaches to induce compressive
residual stress in regions prone to fatigue crack initiation and propagatemhance

fatigue life. This can be achieved through several different mechanical processes,
such as shot peening, laser peening, low plasticity burnishing, swaging and

autofrettage.

2.1.1 ShotPeening andL aserPeening

Shot peening and laser peening are both methods useétiuoe compressive

residualstress on the surface of structures to increase fatigue life.

Shot peening is a cold working procegiseresmall spherical media ampactedon

the surface to form small indentatiomghich can be regarded as plastic defornmeio
After shot peening, compressive residual stress is induced on the stlitfeadfsets

the tensile stressnderworking loadsto enhance the structure from the fatigue
failure. Forexample experimental investigationsf shotpeened surfaces in 316
stainless steel have shown that the number of cyddgsiredto form a crack
increased from 8000 to 500,000 after speéning intensitywith 12.2N and the
crack propagation rate was also decreadeel to the residual stresk addition,
peened specimensit have longer crack initiation lifdvan polishedspecimeng4].
Therefore, shot peening is widely applied inustares such as aircraft engine blades,

aircraftfuselage and transmission system parts in automobiles.

In laser peeninga laserwith high power density and short pulseemployedto
inducea strong shock wave within the metal. When the peak value chibhekwave

is larger than thejield strengthof the metal, plastic deformation occurs on the
surface, resulting in compressive residual stfggsZzhang et al. investigated fatigue
life improvement by laser peening-8AL-4V with a constant load rati¢atigue test
According to the experimental investigation, tFaigue life of laser peened
specimens wascreasedy 22.2% to 417% comparedo asreceivedspecimeng6].

Laserpeening can induce deeper and larger aesgive residual stress compared



with shot peening7] andcan maintaira clean surface finish. Therefore, it has been

used to extend the fatigue life of key aviation comp&sen

2.1.2 Low Plasticity Burnishing

Low plasticity burnishingdeveloped fromtraditional ball burnishing and roller
burnishing techniques. In comparison to these methods, low plasticity burnishing
controls the pressure applied on the structura $yherical flid bearing tool tqust
exceedthe yield stress of the materigB]. With this technology a layer of
compressivaesidualstress can be created by the plastic deformati@mtb@ancehe
fatigue life. According to experiments on the fatigue performancénfmonel 718
after low plasticityburnishing the surface roughness of specimens declneé4.3%

to 70.6% compared with the -ssceivedspecimensand according to the tested
resultsof specimens under thredifferent burnishing pressures, thiatigue Ife of
specimens was increaseddpproximately37.1%, 62.4% and 82.4% respectivily.
Low plasticity burnishing can extend the fatigue life without significantly changing
the shape antblerancesof components and has been widely appl@the repar of

commercial aircraftomponents

2.1.3 SwageAutofrettage

Swage autofrettage is widefpplied in the nuclear industry. In swage autofrettage,

an oversized taperedandrelis pushed through the bore of the tub@ucingplastic
deformation at the interior wall. After swage autofrettage, compressive residual stress
is induced on the internal surigcleading to increasd the fatigue life [10].
According to the experimentesultsof the fatigue life of thickwalled cylinders
through a hybrid rotationalwage atofrettage, the fatigue life of different cylinders
subject to a range of internal pressure cannbreased by 15.37 times for SS316
cylinder and 377.33 times for Al707K cylinder[11].

2.1.4 Hydraulic Autofrettage

Engineersmust explore alternative methods to enhance fatigue life to meet design
requirements. While increasing wall thickness can reduce maximum stress and
thereby ncrease fatigue life, this approach has limitations and can also raise costs.

Therefore, autofrettage as a localized surface strengthening method becomes a



favourable option for fatigue enhancement to eliminate the need to change the shape
and material ofthe componentDetailed numerical and experimental analyses of
hydraulic autofrettage have been carried out by many stlidtes4]. The method of
hydraulic autofrettage is commonly applied to pressure vesselshigkhwalls and
involves subjecting the components to an intense internal pressure through a
hydraulic liquid[15].

In hydraulic autofrettage, the component ibjsat to internal pressure great enough

to cause limited plastic deformation in highly loaded regions prior to service. When
this autofrettage pressure is reduced to zero, the elastically deformed regions of the
vessel seek to recover their original dimens but are prevented from doing so by

the permanent deformation of the plastically deformed material, inducing residual
compressive stress at these locations. Experimental investigations have shown that
this procedure can significantly increase the tatitjffe of components or vessels in
subsequent operationBlughrabiet al. found the fatigue limit can be increased by
more than 40% by autofretta§fs5]. Other autofrettage studies by Rees, Underwood

et al, Badret al, Lee and Koh, PoLzl and Schedelmaier, Thureseat, Sellenetal.

have reported fatigue strength increase in excess of BD%3].

For instance, half o& thick-walled cylinder is shown ifrigure 2.2, considering a

2D structure, the radial stressdahoop stress based on elastic analysis can be
calculated analyticallj24]. For elastieperfectly plastic material, the radial and hoop
stress can be calculated as well by equat{@5$ and the residual stress can be
describedy equation$26].

After hydraulic autofrettage compressive residual stress can beudedl on the
internal surface as shown kiigure2.2 (b). With the same internal pressure, the hoop
stress through the thickness can be changed Figre 2.2 (a) to Figure 2.2 (c)
where the maximum tensile hoop stress on the internal surface shbiguiia2.2 (a)
encounters the compressive residual stress andglietreased as shown kingure

2.2 (c).



Residual
stress

(a) (b) (c)

Figure 2.2. Theory of autofrettage: (a) Hoop stress of thiekdled cylinder with
internal pressure; (b) Residual stress distribution; (c) Hoop stress distribatien
autofrettage.

2.2 Fatigue Categories

Theload that causes a material or structure touiader monotonic loadinig called

the static strengthThe fatiguefailure occus due to the repeated stress or strain and
the number of timesr cyclesleading b failure is called fatigue lifeand he load

value that corresponds to the fatigue life is fatigue streirgttigue can be classified
from different perspectiveszrom the perspectivef the stress state at the critical
points, fatigue can belassifiedas uniaxial fatigue and multiaxial fatigugniaxial
fatigue refers to the stress state at the critical point of a material or structure that
experiences only one stress or strain component, as observed in a fatigue test, for
instanceln contrast, multiaxial fatigue refers tahe stress state that experientes

or threestress or straitomponerg thatindependentlyary periodically with time
Additionally, based on the types of cyclic loadinggplied to the structure, fatigue

can be classified intanechanical fatigue(structures only subject tmechanical
loadingg, thermomechanical fatigue (structures subject to thermal loadings and
mechanical loadingskreep fatigue qtructures undehigh temperature conditions)

andcorrosion fatigue (structures chemically corrosive environmentahd so on.



Thefatigue life of a structurat roomtemperature is derminel by thecyclic load
Based on thewumber of cycles to failure, tan be classified dsw cycle fatigue
(LCF) whenlessthanaroundp ttcydes,high cycle fatigue (HCRvhen greater than
aroundp Ttcycles up tg mcycles, whereafter it is classified asry high cycle
fatigue (VHCF).

In this chapterpnly mechanical fatigue isonsideredand uniaxial and multiaxial
fatigue critera discussed In addition, the fatigue life assessment method
appropriatefor different lengtts of fatigue life are introduced.There are three
common methods t@stimatefatigue life the stresslife method, the strainlife
method andthe fracture mechanicsmethod. The stresdife methods and fracture

mechanis methodsare focused ohere

2.3 ConstantAmplitude Stressing

When the maximum and minimum stress leveltheftyclic loading are constards

shown inFigure2.3, the cyclic loaing is callecconstant amplitudmadng.

O-.Il

Umax

O min

Figure 2.3. Cyclicloading with constant amplitude stressing

As shown inFigure2.3, ,, and, are the maximum and nimum cyclic stres.
Thestress cycle is characteriseddigess range/, ., is the stress amplitudg, is
the mean stresndR is the stress ratio. The relationships between these stresses are

shown in equation@.1) to (2.4).

Y, \ (2.1)

Y \ (2.2)
C



. , (2.3)

C
V. (2.4
Cyclic stressing can be specifigd terms ofthe stress ratiey. If Y P, » T
andthe absolute vaks of, h, are equalThis fully-reversed cyd is shown
in Figure 2.4 (a). When'Y T, is zero,, " ——. This stress cycléas

calledas zerebasedor zeroto-tensioncycling, as shown irFigure2.4 (b). These two

casesof cycling are the most common casemsidered in fatigue life assessment

methods.
a a
amux amax

am

0,=0

O min

(a)

Figure 2.4. Two specifieatyclic stressing (afrully-reversed cycling (b) Zerbased
cycling

2.4 StressLife Approach

When a structure is subjected to cyclic loading, fatigue cracks form and propagate
until complete fracture occurs. Higher stes®sult in a smaller number of cycles to
failure, while lowe streseslead to a larger number of cycles. To estimate the fatigue
life from stress, it is necessary to establish the relationship between nominal stress
and the number of cycles to failufer severaldifferent test stress levg] as
illustratedin Figure2.5 (a) wherethe stresslife data obtained from fatigue testse
included.LCF, HCF and VHE regionsaredistinguished by the number of cycles to
failure. The stresdife data can be fitted by a curve called las stress ersudlife (S

10



N) curve It can be applied to calculate thige if the nominal stress amplitude is

determined.
F 3
v A 4 Stress-Life data
©
-
.
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(a) 10% 106~107 N
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»
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=
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Cycles to failure

Figure 2.5. (a) Classicalstresslife curve.(b) Stresdife curveof HCFin log-log plot

Conmmonly, SN curvesin HCF regionare plotted on loginear or loglog scalesas
shownin Figure2.5 (b) so that the N data can be assumed to lie on a straight line

and can be fittedhathematically as:

, 6 0l ioc (2.5)

whereC andD are material constantsr log-linear scale

11



In log-log plot

" o0 (2.6)
whereA andB arealsomaterial constast

(2.6) canalso be expressed as:

, . c0 (2.7)

(2.7) is calledthe Basquin equatignwhich hasbeen widely adoptedoy researchers

where, and®are material constafur fully reversed cyclic loading.

2.4.1 Mean StressCorrection

Although, the stress rangetise main feature to affect fatigue fa#it can also be
influenced by the mean stre§ensile mean streseends todecrease the fatigue life

[27], butcompressive mean strassyincreasat [28-30].

The stresdife curve and stria-life curve are generated based on fatigue twéts

specific stress ratios. To apply these curves across various stress ratios, they are
typically converted to the fully reversed cyclic loading conditipn (Y P)

using mean stress correctidghthe mean stress is not zero, to apply these curves, the
mean stress is required to bensiderecby some mean stress correction method.
Fatigue strength varies with changes in mean stress. To estimatedimance limit

under different mean stress cdrmhs, varioussimplemodels have been developed.
Forthestress life methodhe three widely used models are Gerber model, Goodman

model and Soderberg mod8ll] as shown:

Gelber model o (2.8)
Goodman model ) L p (2.9
Soderberg model ) oo (2.10
where,, is the fatigue strength under fully reversed cyclic stress,and the

tensile strength, is the yield stress

12



All three models are shown igure 2.6, with the same mean stress, tw@rected
fully-reversedstressamplitude of Gerber model is the largest and t8ederberg
gives smallest value. herefore, compared with Gerber and Goodman nmdel
Soderberg model is the most consenator tensile meastresshat the mean stress
is positive [32]. In addition, all these three modeise employedtypically with
tensile mean stss as shown iRigure 2.6 andneeds tde updatedfor the situation

with negative mean stress

Gerber

"4

Figure 2.6. Gerber, Goodman and Soderberg mean stress correction model.

The Walkerequation(2.11) [33] maybe abetterchoice to be applied ithe negative
meanstress regiorcompared with previous three modadscalculate the equivalent

stress amplitude

p (2.11)

where] is a material constant.

A mean correction method included time FKM guideline [34] is availablefor a
wider range ofR ratios, as shown inFigure 2.7. The secalled Haigh diagram is

divided by four regimas by theR ratios asfollows:

1 Regime 1: The values & arelarge than 1, but the mean stressegative

In this situationthe maximum stress atite minimum stress are compressive.

13



1 Regime 2-tb Y 1, the minimum stress is negative or equal toTWo
specific casesre included in this regime thailly reversed cytic loading
(Y p) and zerebased cyclic loadingY ).
Regime 30 Y 1@, both maximum stress and minimum stress are tension.

Regime 408 Y p, thealternating stress in this regime is high.

For the four regimeshown inFigure2.7: the equivalent stress amplitudey P)

can be corrected from the mean sti@&ss

" " for Regime 1 and 4 (2.12
, ., U, for Regime 2 (2.13
” 0 jo, for Regime 3 (2.14)

p 0 jo

where,b is the mean stress sensitivity factor:

b &, o (2.15)

and & and® are material constants.

O A

R=-1

Figure 2.7. Four regimes in the FKMjuideline mean stresorrectiongraph.

Although mean stress canfluencethe fatigue life there aresomesituationswhere
the mean stress effect is ignored. For instamoe welded structurs where the
residual stress is induced after a hieéénsiveprocesg35], high longitudinal tensile
residual stresg presenin the weld[36-38]. Initially, researcherbelievedthat this

induced tensile residual stressutd lead to tensile mean stres®sulting ina

14



decrasein the fatigue life[39]. Howeverfurther researcfound that the mean stress
has nonotable effect onfatigue failure since with high tensile residual stress, the
stress in the weldeaints can reach the yield pojmven though the applied external
stress is not largenakingthe mean stressffect negligible[40]. Neverthelesssome
researchersargue thatthe residual stress effect on the mean stress in weld
structures should be considered due to ridlexation of the residual stress after
applied loadcycles,espeally duringthe first cycle[41-44]. Additionally, there are
some approadstrying to induce compressive mean strasshe weld to increase
thefatiguelife [45].

2.4.2 The Influenceof StressConcentration

Notchesin a structuresuch as a sharghangein crosssectional can increase the
stressand strainn the localregionof thestructure. This phenomenondalled stress

concentration and can be expressed by stress concentrationifaes(2.16).

» (2.16)

where,, is nominal stresas shown irFigure2.8.

Stress concentration is a common pheaoaon in structures. Compared with safety
design under static loading, the effect of stress concentration is more significant in
fatigue design under cyclic loading. This is because when a structure is subjected to
cyclic loading, even if the nominal streissless than the yield stress, plasticity may
still be induced in localegionwith high stress concentration factors, causing fatigue
damage. Therefore, the fatigue life of the entire structure is dependent on the local
stress and straisince the congs of stress concentration factwas proposednany
experimentshave beerperformedto obtainthe stressoncentration factoand the

longitudinal stresslistribution,, , shown inFigure?2.8.

15
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Distance from
the notch root

”

dcryy
dx

Figure 2.8. Stress distribution along the notch.

For instancein a single notched flat specimen, the stress concentration factor can be
affectedand determinedby the radius of the notch ropt6, 47] By multiplying the
nominal stress witthe0 , the maximum stress on the notch rogt in Figure

2.8 can be determinedThen,, of the vicinity of the notch tip can then be
estimatedfrom ,, by polynomial functions, but for more congx structures,

Finite Element Analysis is required.

Although, stress concentration hasgnificant influence on fatigue strength, the
theoretical stress concentration facborcan not fully describe those effects
application ofthe stress life m#hod to notched specimenif the maximum stress
calculatedfrom the stress concentration facte substituted intoSN curve to
calculate the fatigue life of the structumhe resultsmay be underestimaid For
instance, in welding structures, researshieave proposed the concept of-Bpot
stress, which is related to the stress distribution infribve of the weld toe rather
than directly on the weld toe, to estimate the fatigue[4i&. Therefore, a concept
called thefatigue notched factar has beemproposed as:

.Y (2.17)
-7
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where,"Y is the fatigue strength e smooth structure and is thefatigue strength
of the notched structureSeveral methods we proposedo determine the value of
0 . In the line method proposed by Neulj4®], a lengthL could be selectedas
shown inFigure2.8, andwhenthe average stressverthe length wasarger than the
fatigue strength, fatigue damage would octuithis theory, the) can be calculated

from they as:

v p (2.18
()

where, & is a function of yield stress and it mlled theNeuber factor’ is the
radius ofthenotch tip.Si mi | ar t o N e wsongs50] @assumed thatdhe vy Pe
fatigue damage occurred when the point stress at a distance from the notch tip was

larger than the fatigue strength of the smooth structure. Thean be presented as:

O P (2.19)

U is easier tobtainthan0 by experiments or finite elements analysis. Therefore,
the value oD is typically deerminedfrom 0 by assessing thatio of0 /0 inthe
FKM guideline[51]. ¢ is employed to represent the ratihich can be determined
by the related stress gradi€i®), the tensile strengtind the width at the notch net

section.

The related stress gradigatan important factor in FKIMand fora simple structure
it can be determined directly by the radius of the not¢62s However for more
complex structurg the values o0 have tobe obtained from thepractical stress

distributionin thevicinity of the ndchesshown inFigure2.8 as(2.20).

p T, (2.20)

where,w is the coordinate point where the streshé&maximum stress.
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Inbot h Neuber 6s aiesda ldagthmestbe deterdnged ttohcalculate

the average stress or the point strédssew theorynamed as the theory of critical

distance (TCD)was proposed by Tayldb3] to define a critical distance where the

average of stresses should be calculated. The critical disiacee be calculated by:
p 30 (2.21)

O &
3’))

where, 30 is the threshold of fatigue crack propagation andis the amplitude of

thefatigue limit.

TheTCD approah has been prowgo havehigh accuracy when employed to predict
fatigue failure[54]. However, thdengthl of (2.21) is mostly used in high cycle
fatigue prediction. In medium cycle fatigue region, the critical length is assumed as a

function of the number of cycles:as

R (2.22)

where, 0 is the critical length in medium cycle fatigue region @nds the number

of cycles to failure. A and B are material constamisered mandd T

Two methods can bappliedto determine th@alues ofA and B.The first method is
based on the static and fatigue lisniVhen thestress amplitudis equal to the static
limit loading, the life isO . The critical lengtth versusl relationship can be

determined as:

|©

0 (2.23)

where,b is the critical length ofhe static limit,0 is fracture strength and is the
ultimate tensile stres8leanwhile, when the amplitude stress is equah#&ofatigue

limit loading, the life i) . The critical lengthb versush relationship is
PO (2.24)

Then
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0o 00
The second method is dependent on §wé curves one fora plain specimen and
another fora notched specimerFor a given lifed , the corresponding amplitude
stres in plain specimens  should be equal to the strassthe critical length. In
addition, for the same given life, the result of the corresponding amplitude stress
in notched specimens ; multiplied byv , is equal to the mamum stress on the

notch root Then the critical length can be calculated by two or more selécted

shown inFigure2.9.

1;
Omax = Ogn* KT

Oap = amaxf(L)

ot
>

Distance

=
=]
-+
[}
\:‘/
~ fF—————

Figure 2.9. Critical lengthdeterminatiorin TCD.

2.4.3 Limitation of TCD Method

In (2.21), the critical length in TCD isleterminedy the values 080 anda, . As

both values arelependent orthe stress ratitr, a key premise of TCD is that the
stress ratio must be gstant However, after autofrettagevith the presence of the
induced compressive residual stress, the stressaradidhe mean stressevariable,

such that the TCD approach is not directly applicabhe approach mentioned in the
Section 2.4.2 can be applied to determine the critical length with a specific
autofrettage pressure by conducting experiments to generat&Nheurve for
autofrettaged notched specimens and plain specimens. However, a large number of

fatigue testamust be conducted for both autofrettaged notch specimens and plain

19



specimens. Moreover, the critical distance varies with different autofrettage pressures.
Therefore, conducting these tests for the determination of critical length can be

expensive

2.5 Strain Life Approach

Similar to the stress life approach,tire strain life approach the number of cycles to
failure is determined by the strain ranged the relationship between strain and the
fatigue life is expressed by the strdifie (--N) curve as shown ifkigure2.10. The

strain life data in this curve is collected by strain controlled fatigue test and for each
test, amplitudes of strain, stress can be obtained from a hysteresis loop as shown in
Figure2.10 as well and for longer fatigue life, the hysteresis loop is smaller with less

strain amplitude.

A

/

Plastic

log £,/Strain amplitude

Elastic

Cycles to failure

Figure 2.10. Classical straidife curve.

The--N curve can be described by the ManCoffin equation which is the most

widely usedn the form

(2.26)
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where,- is the total strain amplitude, is the elastic strain amplitude and is
the plastic strain amplitudg. and b are fatigue strength coefficients,and c are

fatigue ductility coefficientsAll these coefficients should also be obtained from the
fully reversedcyclic loading tesf55].

The MansorCoffin equation consistof elastic parts and plastic parés showrnn
Figure2.10, where,the red line is for plastiandthe blue line is for elastic. There is
an intersection point)( of the elastic and plastic lime WhenN 0 , the plastic
strain playsthe main rolein fatigue and whemN 0 , the elastic strain haskey

effect on fatigue.

2.5.1 Local Stress-strain Approach

For notched structuse fatigue failure arises fromthe accwmulation of fatigue
damage in localized argawhich is influenced by the magnitude of local stress and
strain.In response tthis, methods have been proposed to estimate the fatigue life of
notched structures by local stregginanalysis[56]. Thecyclic stressstrain curve
andthe Neuber ruletransformingthe nominal stress spectrum into the local stress
strain spectrum atthe critical areais included inthis method. Subsequentlyfe
estimation is conducted based the local stresstrain historyand theManson
Coffin equation(2.26).

Thelocal stressstrain method is predominapttmployed for evaluating LCRhere,
compared to the HCRhe area around the notch root mostly undergoes @lasti
deformation as shown irFigure2.11. The graientin (2.20) is smaller inthe plastic
zone so thatthe stress or straiat the notch root camepresent th&tress or strain
distribution around the nclh areaHowever, in elastic stress or strain distribution,
the gradient is largeandtheiaver age str esso camahend

represented by a singiéress or straiatthe notch root.

21

t

h ¢



pO0Ors
Plastic

Notch ' >

X0 Distance from
the notch root

Figure 2.11. Comparison of elastic stressrain distributionwith plastic stresstrain
distribution around the notch root.

The procedurdor estimating the fatigue life of structurdy applying the local
stressstrain methods shown inFigure2.12.

(1) Identification of critical poirtt Mostly, the points or areas on tlstructure
with high concentration factars

(2) Determinationof the nominal stress spectruand the cyclic stresstrain
curve for the material dhe structure.

(3) Calculationof the local stresstrain spectrunby FEA or Neuberppoximate
solution. In Neuber'sapproximate solution(2.27) with Neuberconstant,C

and(2.28) are employed to calculate thtress and strain raeg

.. 0 ¥YY | (2.27)
Y, Y- o) o]

YA v . (2.28)
¢ GO ¢

The Neuber approximate solution candescribed ashown inFigure2.13.

In eachcycle, nominal stresegither increasesor decreasesenabling the
calculation of the Neuber constant based on this chargs) by solving the
(2.27) and (2.28), the incremenbr decrementof stress and strain can be
determinedFinally, the stress and strain statéhe critical pointatthe end of

each cycle can be obtained
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(4) Calculationof the fatigue life by the strailife curve and the accumulation of

fatigue damage.

Critical point
Nominal stress - — Cyclic stress-strain
l
Local stress-strain
spectrum
Strain-life - l — Accumulated
Fatigue life
estimation

Figure 2.12. The procedures dbcal stressstrain method
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Figure 2.13. Neuber approximate solution.

2.6 Multiaxial Fatigue

SN curves are commdyn based on 1D stress. However, for real structures
experiencing 3D stress, the results from 3D analysis need to be relatednitdrial
properties Several multiaxial fatigue failure criteriahave beenproposed by
researchersamong which, the most swessful and widely used criten is the
critical plane approacfb7], which isrelated tothe Trescayield criterion Findley
proposed thawariable shear stressn the critical plane was the mainfactor to
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generate fatigue damagand thestressnormal tothe critical planeaffectedthe
ability of the materiato resistfatigue damageBased on this theory, hoposed a
linear function combiimg theshear stresamplitudeand normal stresasa fdaigue
criterion [58]. Kandil proposed strain critical plane criteriofp9] and McDiarmid
proposed a stressiterion[60]. Brown proposedhat the crak generated at thglane
with the maximum shear stress girdpagated alonthe orientation othe maximum
normal stain [61]. The influence of the mean stresstbe critical planeapproach

can be expressed on the normal strain or sineSssmefs wor62] as:

T (2.29)
C

ﬂ‘:

where,t is the shear stress amplitude on the critical plang, is the maximum
normal stress on the critical plane, andt are the fully reversed tensile and
shear fatigue limit.In summary in the critical plane approactthe shear stress
amplitudeand normal stress are employed for the estimation of fafajluge with
high accuracy63]. This fatiguecriterion is also included irthe ASME BPVC Vi

Div 3 [64] wherethe principal stresseseemployed to calculate the maximum shear
stress as show fRigure2.14.

Figure 2.14. Maximum shear stress arouagoint.

As shown inFigure 2.14, the maximum shear stressesthe thre@lanes are:
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(2.30)

where,t i are three maximum shear stressesh@planes ang  areprincipal

stresses.

The normal streses on planes are:

(2.31)

The procedurescluded in the ASMBPVC VIII Div. 3 are based oRigure2.14to

determine théatigue controlling stress components as foiow

f Determine thevalues ofprincipal stresseq, h, h, ) at the interest poirst

during the cyclic loading.

Determine thestress differences under the maximum cyclic loadiig

Calculate theprincipalstress differences:
ny
ny
my

(2.32)

)

and the stress differences under the minimum cyclic loadivig (). An

alternating shear stress ranye

difference

"0 Q plglo is defined for each stress

Then all the alternating stress can be calculated as:

v

All stress differences can be obtained™¥s:

™ Y

"y (2.3

Y Y
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1 The mean stress are the normal strees on the plans of the maximum

shear stress calculated as:

\ ™, (2.34)
where,, is applied to represent any one of these normal strekes.

mean normal stresses can be calculated as
» T |, ” For Y Y and Y (2.35
"y

) - For™Y Y

1 Finally, the equivalent alternating sts€¥ can be obtained by the mean

stress correction method includedieASME code as:

P (2.36)

Y Y o 1. Y

where] is a material constannd"Y is the amplitude of fatigue limit with zero

mean stress arpl Tt fatigue life cycles.
One of thelimitations of the critical plane approachnd Tresca criterioris that the
fatigue controlling stress is determined by the maximum shear,sire&h is not
invariant Whenthe principaldirectionschange during thivad cycle the maximum
shear stress amplitudsmnnotbe determined easily by the procedures aboMee
critical planemustbe obtainedconsideringthe changeof the shear stress pie [65,
66]. This problem can beasly resolvedif the fatigue controlling stress taken to
be the von Mises stress, which is invaridtdwever,when applying the Von Mises
stresscompressie stressannotbe represented as negative. To solvephablem, a

method with signed Von Mises strd63] is proposed as:

(2.37)
, ” O ” ” ” ” ” ”
S S q
where,, is the signed Von Mises stregs, is the absolute maximum pripel
stress ands usually defined as » In FEA. For compressive residual stress,
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although the value qf is negative, the absolute value,ofis larger than, , so the

” in (2.37) can bedefined by, and the value of is negative and in the

same way, the value of  for tensile residual stress is positivéowever, there are
concerns regarding the signed von Mises approach, as it may not provide as accurate

resultsas the critical plane approaf$8, 69}

2.7 Fracture MechanicsFatigue Method

Fatigue can be studied from various perspectives. Both -4tasesl and straibased
approachesire based ora continruum, focusing on the number of cycles leading to
failure and relating these cycles to stress and striwever, fom thenatureof the
fatigue mechanism, the process of studying fatigue is also the process of studying
cracls. Fatiguegenerallyrefers tothe damage of a structure under repeated loads,
which includesthe following stages:formation of crackscrack propagatiorand
fracture In more detail it includes theformation of slip bandssmall crack
propagation, long crack pragation andfinal fracture After crack initiation, the
typical fatigue crack propagation process of nlietahaterials can be divided into
three stage as microstructurally small cracks1SC), physicallysmall crackg§PSC)

and long crack$LC) [70]. The microstructurally small cracks aptystcally small
cracks can beonsidered to bsmall cracksThe study of fracture mechanics fatigue

methodis based othe analysis of crack length.

2.7.1 Crack Initiation

Traditionally, total fatigue life is considered to be the sum of crack initiation life and
crack propagan life. The crack initiation life is difficult taletermineif the crack
initiation lengthdoes not have an exact valaad the complexity of micro crack
monitoring methods. To predict the crack initiation life numerically, engineers often
assume the cck initiation length based on experience, émelvaluesusedareoften
different. The crack initiation length plays an important role in addressing the issue
of fatigue life prediction, as crack initiation life can be a significant part of the total
life, especially for high cycle fatigy&1]. It is therefore important to define at which
length crack initiation terminates and crack propagation starts.
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The typical fatigue process for metallmaterials can be divided into MSfLowth

PSC growth ad LC growth. Among these, the nucleation and MSC growth are
difficult to represent through a numerical model, but the rate of PSC and long crack
growth can be represented by the Paris [la2]. For engineering applications, it is

convenient to treat the MSC lengththsinitiation crack length.

Investigatios of microstructurally small crack growfii3-75] have shown that in the

early stage, several fatigue cracks occur from persistent slip bands and then stretch
across one grain. However, most of the cracks sttpedtoundary of grains, and the
crack can only extend when adjacent grains have nearly identical orient&ion
observing the micraracks in the grains of 316L stainless steel, Obrtlik ¢7.3]

gave a crack transition lengtih ( which divided the whole fracture process into a
crack generation region and a crack propagation region. The crack generation was
limited by reachingd, which could be assumed as the crack initiatiod was the

length of one or two averageagms sizes. As the average length of grains in their
investigation was 100 @, the value ofd can be assumed as 20@. Similarly,
Angelika and Huand73] proposed that twsegment cracks were formed when a
micro-crack in a grain broke through the boundary and grew into another one, and,
likely, three or more kinks formed by crack growth. Pham and Holdswa@#h
proposed that the size ofi MISC was affected by the applied strain amplitude and
the temperature, by observing the first fatigue striation of material 316L steel, for

which the average grain size is about 668

2.7.2 Small Crack Propagation

The presence of a small crack implies that its dimensions are within the same order
of magnitude as the structural scale of the material. In such cases, the assumption of
a macrecontinuum can no longer be considered validtdbmining the precise size
range for what constitutes a "small crack” varies and is often drawn from
experimental findings specific to a given materidie KitagawaTlakahashi diagram

[76] wasproposed to define the range of cracks as shoviiguare2.15. The crack

growth length is divided into three stagm the KT diagram.Length’Q is the
microstructurally small crack length, frofd to'Q is physically small crack growth

and afterQ is long crack growth.
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Figure2.15. Kitagawa Takahashi diagranshowing the threshold

El Haddhd proposed that the structural scale of a materialéwasherew can be
determinedrom the stress intensity factor thresholdL&f (YO ) andthe fatigue
strengthamplitude at high number of cycles to fail¥e  as:

p YO (2.38)

o P
13 y”

A crack length less thaéd should be defind asa small crack The & in El
Haddedbds equation is same as the critica
of linear elastic fracture mechanics, Miller proposed the esrackaller tharQ

should be defined as small cra¢k7, 78]

KT diagram shown irFigure2.15is the most widely used tool to describe the short
crack threshold. There are two available models to describe the cutkie KT
diagram. One Ptheseis the El Haddad mode[79] whereY0 | is a function of

YO0  with crack size and the transition between PSC andQ.C4s:

. . & (2.39
Yo  Yu a

where,YU 5 is thecrack size depefent stress intensity factothresholdof PSC
The EI Haddad model has been successfully applied in the calculat¥in gf in
the fretting fatigue crack arrest analyf®, 81] Another modelwas proposed by
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Chapett In this modelthe nonlinear threshoid consideredin the Chapetti model,
the types of thresholds during crack propagation carubensrized ashe intrinsic

thresholdY0  andtheextrinsic thresholdY0 ) asin (2.40) andshown inFigure

2.16.

Yo & Yo W0 (2.40)
Threshold N
AKipo/M Paym Crack Propagation
o ey e e
[
[
= === = | A
C
o) |
V4 +—
s :S I AKinr
= I
— — I— e ——
MSC PSC : AK;p LC
| 4 >
0
d4 d, a/mm

Figure 2.16. Threshold of stress intensity factor rapgeéth crack size.

ForanMSC, only when the applied stress range is larger than the plain fatigue limit
rangey, , the nucleated crack can break through the miarastral grain barriers

and continue to grow as a PS®hereby theY) as the intrinsic threshold is
dependent on the plain fatigue limit and the transition between MSC and(PS5C (
as shown ir{2.41)

Y0 &, “Q (241)

whereis the geometrical correction factarhich can be assumed as 0.65in
Chapet t i[8]sHowavdr,in [71],@desearchers assumed a setfipse crack
with a specific aspect ratio aMyhere a (initial crack length) is the half length of the
minor axis and b is the half length of the major aairslproposedthat the value of
should be dependent on the aspect r&tory examp, it canbe assumed as 0.7#46

the aspect ratio is 0.8he value ofQ is defined as the strongest microstructural
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barrier of the materiakuch as the ferrite grain size in fersierlite micratructure,
but for engineeringapplicationsit is difficult to determine té value without
experimentsandit is commonlytakento be the average grain size of the material.

In PSC region, th&0 changesas the extrinsic component ¥b increases from
YO toY0 , as shown inFigure 2.16. The value ot j can be obtained by
(2.42).

o o o

Yo 5 YO YO YO p Q (242
where, Qis material constant to fit the curve(@42), and can be calculates(2.43).

(v

o P Y0 (2.43)
TQ YO YO

Finally, when the size ofhe crack is larger tha , the threshold is constant a
Y0
2.7.3 Long Crack Growth

The predominant focus in fracture mechanics lies in the analysis of long crack
growth, since the lemgth of such cracks comprises the majority of the total
propagation In typical fracture mechanics, various parameters are utilized to
characterize the energy release rate or stress amplitude at the crack tip, including J
integral, Stress Intensity Factd8IF), and Energyelease Rat€G). The prevalent
approach for simulating crack propagation and computing these paramméieear
Elastic Fracture Mechanics (LEFM)rwin [83] developed a solutiotior stress

distributionsuroundingthe crack tign an infinite plate as:

. N a.— —. O—
L Kidp OB
SRR ST
" M“_Ul — . =, O— (244)
, Z_Ri0p OEOEL
M1 G S
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where,, is the remotly applied stressandi and—are two arsin a circular

coordinate systemis the crack lengthas shown inFigure 2.17. When—=0, it

becomes, ML_ and note that all threestress equations contain the same

expression, W* @lrwin first usedthis to describe the stress stat the tip ofthe
crack. Therefore, ader static loading, the stress intensfgctor for cracked

structures can be determined as

0 OU @ (245
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Figure 2.17. Stresscomponents on a point around the crack length a.

Under cyclic loading, crack propagation is determined by the range of stress intensity

factor.

)

YO @, . R WY, o (2.46)

The crack growth rate— defined as increment crack growtlr poad cyclecan be

relatedto the YO asshown inFigure2.18, where thedong crack propagation can be
divided into three regionsn thefirst region, the crack can propagate owligen the
stress intensity range larger than the threshold of long cratk the second region
the crack growth rate is stabhnd follows linearlyith theY0 om loglog plot and
can be defined by Paris Ld&4]:
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Q o, .. (2.47)

where,C andm are material conans.

In the third regionp finally approachesa critical valueand Y0 achieves a
critical valueY0 . The crack propagaterapidly, and the crack growthate is
unstable.

da |

dN II

Paris Law

logC|.-

v

AK

Figure 2.18. Crack growth rate witlstress intensityange.

In LEFM, the energy release rateé represents the rate at which potential energy is
releagdfrom aelasticstructure as a crack propagat@ss given by:

.0 (2.49)

For a singldracture mode,hte SIF can be related G by:

- % (249
The Jintegral is one of the most widely used parameters in fracture mechanics. It
represents an integral equation that quantifies thegygmeleased per unit area as the
crack surface extend® the context of the first law of thermodynamics, when the
system is in a static state at ambient temperature, the work performed by external
forces equals the sum of the mechanical strain energthandissipated mechanical

energy resulting from crack growtBy integral calculatio85], the Jintegral can be
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determined The Jintegrd can be appliedn both linear elastic and elas{itastic
materials. Itdepends omuantifyingthe energy release rate, distinguishing it from
SIF which can be obtained through different modes and possess directionality.

2.7.4 Effect of Stresslntensity Ratio, R

The crack growth rate majepends tdhe stress ratjosuchthat with samé/v, an
increase in the stress intensity ratio may caulseger crack growth ratdhe Paris
Law, therefore,needs to be correctedr different stress rat® One of the mds
widely used methagis theWalker eqution [33]:

)

. Y0 2.

Yu — (250
p Y

where, YU is the equivalentstress intensity range whehe stress intensity ratio

Y p.

The crack closure and opening concept was proposed by [Bjewho suggested
that cracksould propagate only when the correctedess intensity range was larger
than thecrack opening stress intensity factor

K’nax ————————————————————————————————————— -

Crack opened

AKepg

Crack closed

Time

Figure 2.19. Definition of crack closure and opening

In the crack closure concephe effective stress intensity factor rang® ) is

obtainedrom Y0 by theU ratio of YO = andYV as:

)

Y0 0 0 (2.51)
) Y0
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where,0 is thecrack opening stress intensity factr.addiion, according to the
study ofElber, the value ol dependn R [87] and an improvedunction to relate

U to R was proposed byNewman[88]. The effective stress intensity factazan be
treated as a function &0 and R and the traditional— againstY0 curves with

differentR can be replaced by a main curve.

Kujawski [89] addressed the crack closure effect by correlating the fatigue crack
growth rate with a variable stress raWo The driving force for crack growth may
depend on the material properties, temperature, and environment. For example, in a
ductile material the driving force is dominated ¥ay, but in a brittle material it is
controlled byyd . Kujawski proposed a new form of crack driving foroé,

combiningY\ andv

9]

0F 0 ¥ (2.52)
where| is a correlation parametéf) YO0 when R mandY0 0  when

R 1

On this basis, the stress ingity factor rang&0 in the Paris equation is replaced by

0*, and the effect diis incorporated by:

)

Yo 0°p Y For'Y m (2.53
Yo 0'p Y ForY T (2.54)
and the Paris law isorrelatedas:

)

goo 5 Yo ForY m (2.55)
Q0 p Y
Q. 5 YO For'Y m (2.56)
Q0 p Y

2.7.5 Crack Tip Plasticity

Due to the high stress concentration inducethleygrack tip, even though the remote
stress is low, the high value of stress around the crack tip may cause plasticity. LEFM
is only valid if thesmall scale yielding criterion is satisfisdichthat the crack tip

plastic zone is much smaller than the crack size. Therefore, it is important to
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determinethe plastic zonsize Irwin [90] assumedhat ina plastic zone around the

crack tip, the stress equals the yield stress of the matanidloutside the plastic

zone, the stress distribution is still elaséis shown irFigure2.20. I n I rwinos
the crack tip plastic zone %% and to calculate the value 8f, a fictitious crack tip

is proposed at x= The force represented by area A should be equal to the force
represented by area Bo that the effect of the elasptastic stress zone around the

real crack lengthois also equivalent to that of the elastic stress zone around the

fictitious crack lengtlwo  —[91].
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Figure 2.20. Crack tip plasticity region.

To calculate-hassumingthe areaof A is equal to that of B, an equation can be

proposed as:

(2.57)

For two conditions:
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, h naoiEd Qi i (2.58)

P Rhaoiea oq:
P q
Theni is solved as:
i P U (2.59)
¢,
Meanwhile, we can also get i , and hence,
p o (2.60)

Yoo o=

Based on this theorygoncepts of effective crack lengtéd ( ) and adjusted stress
intensity factor were proposed by Irwiwho assumed the rule of smattale plastic
crack growth is the same as that in LEFAssuminginducing an effective crack
length which equalshe physical crack length plus the half size of the plastic zone
(aH

0 (2.61)

)] " w " w | ” W —
C

where,b s the $ress intensity factor determin&@m plasticity.

The shape plastic zone is differdat different yield criteria and plane stress case or

plane strain case. Based @44), threeprincipal stresses can be calculated as:

0 ~ Tz - s~
., —=A1-0p OEI]
M- 1 G 3
- — (2.62)
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According to the Tresca yield criterion and von Mises yield criterion, the plastic zone
estimated by plane stress and plane strain can be shokrgure 2.21 and Figure
2.22.

(a)

Figure 2.21. Plastic zone based dtanestress (a) Tresca yield criterion (b) Von
Mises criterion.

2 x 2 X
2oy 2oy

(a) (b)

Figure 2.22. Plastic zone based dtanestrain (a) Tresca yield criterion (b) Von
Mises criterion.
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Chapter 3 PlasticityModelling

3.1 Monotonic Stressstrain Curve

The nonotonic stresstrain curve is a major fundamental graphical representation
within the field of materials gdence and engineering tdefine the mechanical
characteristics of materialsnder external forcesMaterials deform under external
forces in two main ways: elastic deformation and plastic deformai®ishown in
Figure3.1. Elagic deformation occur&/hen the stress Isss than the yield stress

and refers to thability of a material to return to its original shape and size after
being subject to a certain amountd#formationfrom external forces, making the
process of elastic deformation reversibiethe elastic region, the responegstrain
tothetensilst r ess i s | i ne g therefooebtieeyelastiqgdefbirnatidn 6 s
can be represented by a linear segment with a slope equal to the elastic n@dsilus,
shown inFigure 3.1. Plastic deformation ocecs when the stress exceeds the yield
stress causing a material to be unable to fully return to its original shape and size.
Unlike elastic deformation, plastic deformation is irreversible and results in
permanent changes to the shape of the matdimed.response is nonlinear itne
plastic regionand the strain in the curve increases faster than the,dtremsn as

strain hardening.

A
True stress-strain curve
g

Engineering
stress-strain

Oy curve
>

E

Figure 3.1. True stresstrain curve and engineering strestsain curve
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The monotonic stresstrain curvdas generatedby tensile testEngineering stresand

strain arecalculatedbased on the original specimgeometryas:

(3.1)

0

” 6
O 0

0

where 6 and0 are thecrosssectional area andngth of the original specimen and

0 andd arethetransient lengttand crosssectional ared is the tensile load.

However, since thelength and crossectional area of the specimen are constantly
changingduring the tensile test, the engineering stress and strain cacmottely
reflect the true stress strain responses of the matkenislg deformation. Therefore,
the concept of true stress and strain is propdSiedethe volume of the specinmeis
constant asO 6 0 0 , the true stress and strain can be calculatesn the

engineering stress and strain as:

- ITp - (3.2)

” ” p -

The difference between the engineeringstrand strain and the true stress and strain
is small unless the large deformation is considered. Therefore, in this thesis, only
engineering stress and strain eo@sidered.

3.2 Bauschinger Effect

The stressstrain response in the loading procésslescriled by the line OAB in
Figure3.2. After extensionto point B, the material is unloaded, and reloaded in the
reverse direction to the opposite plastic regisinown as the BCD curvéfter
tensile or compressive demation, the reversed load may cause the yield strength of
the material to be lower than continuous deformatiorHere,the yield stress at the
reverse yield point C is decreased, to, compared with the tensile yield strests
point A. This prenomenon is the Bauschinger effebb. quantify theBauschinger
effect, the Bauschinger effect factor (BEF) is proposed to define the ratio of the

40



reversed yield stress to the initial yield stresiich can be a function of plastic
strain[92].

o
B
A7 T A' h
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Figure 3.2. Engineering 8essstrain curve with Bauschinger effect.

3.3 Cyclic Hardening and Softening of M etallic M aterials

The stressstrain curve ofa material under cyclic loading isalledthe cyclic stress
strain curve This plays a vital role in describing the stredgin behaviourof a
structure under cyclic loadingVhen thestressstrain responsen the material is
within the elastic region ofthe material, there is no plasticity induced ,aatier
unloading no residual strain. However, when the external load on the material causes

plastic deformation, the repeated cyclic loading can fahysteresis loopas shown

in Figure3.3.

a4 b
1 Monotonic curve
]
I
1

0 /2 pe

Hysteresis Loop

Figure 3.3. Stressstrain hysteresis loop for cyclic loading.
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The shape of the hysteresis loop depemitghe Bauschinger effect of the material

andwhen cyclicloadis applied to a materiatausing plastic deformation, the plastic

flow behaviour of the metal can lobangéd due to the repeated plastic deformations.
This phenomenoran either increase or decrease the abdftynaterialto resist

deformation known as cyclic hardening and sofing

The cyclic hardening or softening properties of materials can play a critical role in
calculation of the fatigue life of cyclically loaded structur@kerefore, a large
amount ofwork has been conducted toneasue these properties. Mansoand
Hirschberg describedthe hardening or softening behavioby the ratio of the
ultimate tensile strengtho the yield stress. If the ratits larger than 1.4, the
behaviour of metalks cyclic hardening and if the ratio is less than 1.2, the behaviour
is cyclic softening93]. Lopez and Fatemi ®&d to predict the cyclic softening
behaviour from the ultimate strength and the hardness of .st€eéy found
approximate 90% of steels with greater than 920 NéPaile strength and 250HB
hardness had softening behaviard proposed a method to predie cyclic stress

strain behaviour from the monotonic stres®in curvg94].

The behaviour of cyclic hardening and softening materials differs under-stress

controlled cyclic loadig and straircontrolled cyclic loading.

1 Under stressontrolled cyclic loading, forcyclic hardening material, the
strain range decreases, but for cydimftening material, the strain range
increases.

1 Under straircontrolled cyclic loading, for cyclic drdening material, the
stress range increases, but for cyclic softening material, the stress range

decreases.

Commonly, the behaviour of cyclic hardening or softening of materials is significant
at the beginning of the fatigue test, then gradually weaked$ecomes stabl€his
phenomenons seenin the shape of the hysteresis loop. The steady cyclic stress
strain curve of a material describes the stetssn relationship when the transient
behaviour reaches a relatively stable stage connecting theusps of the steady

hysteresis loops at various straiontrolled levelsas shown irFigure3.4.
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Steady cyclic stress-strain curve
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Figure 3.4. Steady cyclic stresstrain curve.

In contrast to the monotonic steestrain curve, significant differences can be found

in the two kinds of cyclic steady stresisain curves as shown Kigure 3.5 where

for cyclic hardening material, the steady cyclic stsain curve is higher than the
mondonic curve but for cyclic softening material, the steady cyclic curve is lower

than the monotonic curve. However, whether the material is cyclic hardening or
softening, Youngdés modulus of the mater:i
are the sae as the slope itme monotonic curve.

3

o Cyclic hardening curve

Monotonic curve

Cyclic softening curve

LE

»
>

&

Figure 3.5. Cyclic steady stresstrain curves with monotonic stresgain curve

Compared to the steady cyclic stresin curve, the transient cyclic stresdgin

curve is more complex because the shape of the hysteresis loop varies with the
number of cycles until it stabilizes. To generate the transient cyclic-strags curve

with different numbers of cycles, the yield stress is adjusted to describe the cyc
hardening and softening behaviour in ea
curve in the plastic region can be assumed to be constant. As the number of cycles
increases, the yield stress is adjusted to increase in hardening materials or decrease in

sdtening material$95].
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3.4 Shakedown andRatchetting

When subjected to cyclic loading above the yield point, a struafilir@ot fail in the
first load cycle adong asthe induced plastic deformation is lower than the static
failure threshold. However, additional plastic deformation may accumaititesach
load cycle leading to an expansion of the plastic zone. This inenérof plastic
deformation can eventually cause failusdich is commonly named as ratchetiag
shown inFigure3.6 (a). If no increment plastic deformation is induced, two types of

shakedown may occuelastic shakedown andgsitic shakedown.

For elastic shakedowrafter the first few cyclesthe structure exhibits a purely
elastic response throughout the loading cyaieBigure 3.6 (b). In contrast, plastic
shakedown occurs when the plastic deforominduced in the loading parts equals
the reverse plastic deformation in the unloading parts within the cycle, resulting in a

netzeroplastic strain over subsequent cyckes shown ifFigure3.6 (c).

Ratcheting Elastic shakedown Plastic shakedown

T 4 . ag 4 T 4
Incremental plastic

deformation

12/ /R /A

(a) (b) (c)

Figure 3.6. (a) Ratcheting response. (b) Elastic shakedown response. (c) Plastic
shakedown response.

These states of structuraésponsge under cyclic loading can occur under both
thermemechanical load conditions anekchanicabnly conditions. For the situation

of thermemechanical load, the Bree diagram can describe the states
comprehensively where the structural responses are divitedlifferent zones as
pure elastic, elastishakedownplastic shakedowrratchetingand plast collapse.
Throughcalculatingthe normalized cyclic thermal stress and the normalized constant
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mechanical stress, the unique zone for the statestrofturalresponses can be
obtained For the conditions witlboth thermemechanical loaéndonly mecharcal
loading, the states of structural responsasbe determinedby FEA as well Based

on thedefinition of these responses, the equivalent plastic strain is applied to be

investigated in FEA to obtain the states as shoviigare3.7.
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Figure 3.7. Time dependent equivalent plastic strain (a) Elastic shakedown (b)
plastic shakedown (c) Ratcheting.

For elastic shakedowrgs no plastic strain is induced afténe first few cycles,
therefore, the equivalent plastic strain is constant with, tameshown irFigure 3.7
(a). For plasticshakedown, the net plastic straszero, therefore, no additional

equivalent plastic strain is induced, but for edmddng and unloading processhe
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equivalent plastic strainhangesas shown irFigure 3.7 (b). For ratcheting, thenet
equivalent plastic strain increases for each cycle as showigume 3.7 (c). It is
necessaryto determine the states of structural responses by FEA since the residual
stress distribution after the first cycle may redistributed which will be shown in

thefollowing section.

3.5 Constitutive Model

Constitutive model is a major area of interesthin the field of materials science

and mechanical engineering. It has been the subject of studies in describing the
mechanical behaviour of materials under various loadings by a mathematical
framework that relates stregsdstrain.The constitutive nedel plays a critical role in
ensuring the accuracy of numerical analysis, so it is essentisetoonstitutive
models tailored to specific materials. Since materials exhibit different characteristics
on cyclic hardening or softening, a number of coustie models aravailable In

this section, materialthat dominde selection in pressure vessel manufaetare
discussed Among these materials, cyclic hardening is the most commonly
investigated material behaviowmder cyclic loading. According to thealifferent
hardening rules, constitutive models can be developed as isotropic hardening model
and kinematic hardening modeind the most significant difference between these

two constitutive modes is thevolution of theyield surface.

3.5.1 Isotropic Hardening Model

For the isotropic hardening models the posyield load is increasedhe yield
surface remains the same shape, but expands with increasing stress as shown in
Figure3.8, where the yield surface expands from the inital curve to the final blue

curve and the value of yield stress also increases,from, by adding,
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Figure 3.8. Yield surfaces in isotropic hardening.

The yield function is applied to describe the yield surfacéQas 0 , wherev is

a hardening pameterrepresenng the expanded part of the yield surfaceomfy
isotropic hardening model is appligu calculatingthe cyclic stresstrain loop, the
hysteresidoop will expanddue to thecontinuumexpansion of thgield surface as
shown inFigure 3.9 (a). This behaviouiis unrealistic.lf the objective of FEA is to
calculate the stresstrain response under static loading to predict the residual
stress distribution after the first cyatmly under without the considerah of the
Bauschinger effect, isotropic hardening is acceptablewever, to predict the
structural responseunder the continuum cyclic loading, the isotropic hardening
model may not suitablegndthe kinematic hardening in the Secti8b.2may be a

more accurate selection.

/’
/ /
/s A/e

(a) (b)

Figure 3.9. Cyclic stressstrain curve simulated by (a) Bilinear isotropic hardening
model. (b) Bilinear kinematic hardening model.

a7



3.5.2 Kinematic Hardening M odel

In isotropic hardening, only the expansion of the yield surfacensideredcand the

shape of the yield surface is constadbwever,due to the Bauschinger effect, the
yield surface cannot remain the same shape as shadwgure3.10 where the initial

yield surface remains the same size, but transforms from the red curve to the blue
curve. The yield function for the kinematic hardening model istgn | , where

| is the back stress tensor, applied to describe the transformation of the yield surface.
In the linear kinematic hardening material model proposed by Pf@@jrthe back

stress tensor was related to the plastic strain as:

o S50 (3.3)
(0]

where,0 is the initial hardening modulus aiftl is the plastic sain tensor.

In FEA, two types of linear kinematic hardening madate included which are
bilinear kinematic hardening model andultilinear kinematic hardening modehs
shown inFigure3.11. The distirction betweerthem is thafor the bilinear kinematic
hardeningnodel| the plastic curve after the yield pointdsscribedoy astraightline

with a tangent modulus, but for the multilinear kinematic hardening model, the
plastic curveis representethy severallines. The accuracgf these two models is

dependent ohow well they fit theexperimentaplastic response of the material.

03, Transformedyield o4
,surface .
Initial yield |oy Plag:lc
surface \ _~1 ~~ \ T ===
_____________ | ___ Elastic
Oy
oy 20y = 20y
/_Y_____?_l ______ -___/ _l €
Oy

Figure 3.10. Yield surfaces in kinematic hardening model.
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Figure 3.11. Linear kinematic model (a) Bilinear kinematic model (b) Multilinear
kinematic model.

The bilinear and multilinear kinematic hardening models are commonly used to
accurately represent the monotonic st®sain curve and effectivelgimulate the
stress and strain response following the first loading and unloading cycle. However, a
limitation of the linear hardening model is its inability to predict ratcheting behaviour
under uniaxial loading conditions as showrFigure 3.9 (b) sincetheQ| in (3.3) is

proportional to th& which means the back stress increases withritreaseof

plastic strainEven under large cyclic loading conditions there is still no incremental

plastic deformation, only plés shakedown may occur.

The cyclic hardening behaviour of material is commonly strong at the first few loops,

then gradually weakens and stabilizetil a hysteresis loop occurs. To reflect this
phenomenon, Armstrong and Frederif%7] i mpr oved t he Prager 6
proposing a fading memory term as:

C

Q| 56 Q rQ g (34)

where] is used to define the rate where the hardening modulus starts decreasing
and'Q , is an increment of accumulated piesstrain that represents the

development of plastic straiWith the development of the plastic strain and the
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accumulation of the plastic strain, the valu&»t, increases tanodify the back

stress.

By integrating th&3.4) with respect t€) , the back stress can be calculated as:

0 0 35
| o= | +—=A@DBr - - (39

[ [
where,» defines the flowdirecion, for tension ¢ is 1 and for compression, it §.
Assuming zero initial plastic strain and zero initial back stress, the back stress
becomes:
(3.6)

| F)—p Aobr -

Findly, through (3.6), for uniaxial loading case and namtial plastic strain, the
stress based on the nonlinear kinematic hardening can be calculated as:

(3.7)

For the case of cyclic loading, tvanispsof the hysteresis loops shown kigure3.3
are applied, and the equation with stress amplifudend plastic strain amplitude
- isas:

OAT E (38)

—blo:

According to the nonlinear kinematic hardening model proposed by Armstrong and
Frederick, the saturation value of the back stress is given by. However, for

some realistic materials, no saturation effect is observed with plastic strain. Therefore,
Chaboche i mproved this mo d el by i ntrodt
superposition ob termsin (3.9) andfor describing cyclic stresstrain curves(3.8)

then becomes

(3.9)
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The Chaboche kinematic model showr{39) is applied in the following chapters to

fit the cyclic stresstrain curvesHowever,when applying the Chaboche model to
cyclic loading conditions, ihasa propertythatthe mean back stress tends to relax to
zero to make he stressdistribution stake [98-100]. This behaviour is purely
mathematical. Actual material behaviour cdmowredistribution phenomena such as
ratcheting and mean stress relaxation, which the standard Chaboche modeltt may
properly predict. Consequently, numerous modifications to the Chaboche model have
been proposed to capture these phenorfigig. Therefore, for accurately capturing
stress redistribution after autofrettage, more advanced models should be employed.
While the Chaboche model can still provide a preliminary estimation, caution is
advised in intgoreting the results. The predictions may either be overly conservative,
overestimating the redistribution, or nroanservative, underestimating it. This
depends on the ratio between the initial yield stresafid in the model, as well

as the loading ratio of external loading.

3.5.3 Mixed Hardening Model

Cyclic hardening behaviour of most materials can be described by the superposition
of isotropic and kinematic hardening rulas shown irFigure3.12, where the initial

yield surface expands and moves. The Chaboche kinematic hardening model
mentioned in SectioB.5.2can be applied for the motivation of the yield surface. In
addition, the expansion of thgeld surface can be described by the nonlinear

isotropic hardening rule as:

QY ©Y YQR (3.10)
where 'Y is the saturation value of the vyield surface amis the speed of

stabilization.

If 'Y is negative, thenitial yield stress will be reduced with plastiefdrmation
which means that material softeri§ it is positive the initial yield stress will be

increased with plastic deformatiamdmaterial behaviouwill harden.
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Figure 3.12. Yield surfaces in mixddnematic hardening model.

The mixed kinematic modedf the Chaboche kinematic model and the nonlinear

isotropic model can be expressed as:

(3.11)

, QY p Q8 OATE

—¢|O:

where, k is the initial yield stress anglis the accumulated plastic strain by the

integral calculation of the aremental plastic strain.

Assume theanonotonicstressstrain curve and the stable cyclic strefigin curveare
obtained by tests, théollowing procedures can be appligd determine the

parameters in the mixed hardening model

f Theinitial yield stressk, can be assumed to be constant, the vali@ of
Y p Q 8 should be adjusted as small as possible in the stable cyclic
stressstrain curve.

1 The parameters included in the Chaboche kinematic hardening nvbe@) (
can be determined based on decomposed back stressed  which have

the same strain rangasthe stable loop as shownkigure3.13 by:

[(’)_ [(’)_ 5 (3.12)

where [ is typically determined between 2000 and 10000, and the

experimentatiataof plastic strain rangé/- in the domain 0.02%o 1% is employed
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to obtaind , 0 andr [102]. The third back stress can be linear and pass the

original point[103].

1 After determinng the parameters irthe kinematic model, the parameters
included in the isotropic model can be obtained by plotting the normalized
maximum stress as a functionmfas shown irFigure3.14.
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Figure 3.13. Parameters of Chaboche kinematic hardening model (M=3).
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Figure 3.14. Parameters of nonlinear isotropic hardening model.
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Chapter 4 FatigueLife Assessment with Residual Compre&iness

The fatigue life of components subject to repeated or cyclic loading can be enhanced
by inducing compressive residual stress in regions prone to fatigue crack initiation
and propagation. This can beh#éeved by several different mechanical processes,
such as shot peening, laser peening, low plasticity burnishing, swagidg
autofrettagg104-107] mentioned in SectioR.1 These proesses result ia self
equilibrating residual stress system in the component at zero load, with compressive
residual stress at critical locations. The resulting increase in fatigue life can be
described in terms ointer alia the stress life analysis arfdacture mechanics

approaches to fatigue.

Traditionally, low cycle fatigue of components is assessed using the-lg&ain
method, while high cycle fatigue is evaluated using the slifessnethod. For
autofrettaged components, high cycle fatigue is soremon Therefore the stress

life method, whichdepend®n linear elastic calculation of nominal stress at the point

of investigation and fatigue data in the formSaN curves, is employed. To account

for notch effects, methods such as Neuber's ruler§n's method, and the Theory

of Critical Distances (TCDjliscussedn Section2.4.2are utilized.However, when a
component has been subject to autofrettage prior to operation, the compressive
residual stresshanges the stress gradient at the notch. Conseqéwdifes over

the characteristic length and the TCD approach is not directly appl{¢éa@e

Therefore,methodology presented here offareewapproach the fatigue analysis of
notched components with compressiesidual stress. It combines smooth fatigue
specimenSN data, a fracture mechanics crack growth model, and Finite Element
Analysis through the ANSYS SMART crack growttiodellingtool and so onThe
method uses three Finite Element Analysis, FEA, maethown inFigure4.1.

The first stage in the analysis is to determine the residual stress distribution in the
component after autofrettage. This is done using FEA Model 1, which has an elastic

plastic material model based on a motonic material stresstrain curve. The
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calculated residual stress distribution is then exported as an initial stress state to two

other finite element models.

Model 2 is an elastiplastic model based on a cyclic strsg®in curve. This is used

to cdculate the stress amplitude,, resulting from the combined applied pressure

and residual stress, and mean stress correction is applied to determine the equivalent
stress amplitude, . The fatigue assessment point is identified as the location of the

maximum value of , where of crack initiation is assumed to occur.

Model 3 is used t@nalysecrack propagation from the identified initiation location
using the ANSYS SMART crack growth tool. SMART is used to calculate stress
intensity ranges with increasing crackdgh@with and without residual stress. A
superposition method is then applied to calculate the stress intensity range for the

applied pressuré/0  and theresidual stress SIB, , from whichthe effective

stress intensity rang®p) s calculated.
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Figure4.1. Flow diagram of analysis methodology.
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For the life prediction the methodology assumes a crack initiation length based on
the material's average grain size. A st@sgk nitiation life curve is then developed
based on this assumed crack initiation length, allowing for the calculation of the
crack initiation life. By adding the numerical results obtained from the crack
propagation simulation, the method successfully prediet total fatigue life of the
specimensCompared witlthe traditional stresgife method used in fatigue analysis,
this methodology considers the influence of compressive residual stress
adequatelhby applyingfracture mechanicby advanced simulain tools to provide

an entireframework for predicting the fatigue life of notched components, making it

availablefor thefatiguedesign and assessment of such structures.

4.1 Calculating the S .Curve by SMART Crack Growth Tool

Several approaches /& been proposed to estimate the crack initiation fiiden
variousfactors such as stra[i09], stresq§110], a combination ofstrain range with
crack length[111] and shear stress rangél12]. Here a newmethodis proposed
where the crack initiation life is determined by a stréis method based on a
derived stress vs number of cycles to crack initiat®f, hcurve for smooth fatigue
spe@mens. A conventiong®N curve defines the total number of cycles to specimen
failure, encapsulating the crack initiation life and crack propagation life. Here, the
crack initiation life is determined by subtractitige calculatedrack propagation life,
considering amssumed initial crack length, from the total fatigue. lifae crack
propagation life is calculatday finite element method by ANSYS shown in the next

sub-section.

4.1.1 Crack Growth Simulations by SMART

Numerical modelling of crack propagatioarcbe achievedithin a Finite Element
environment, using methods such as Cohesive Zdoeelling (CZM) [113],
Extended Finite Element Method (XFEMWL14, 115] and Asys Separating
Morphing and Adaptive Remeshing Technology (SMARI)6-119]. In CZM, the
crack growth path must bpredetermined by adhesive attachment between two
surfaces XFEM allows for crack growthby splitting existing elements, which
increases the number of elements awmthsequentlyslows down the simulation,

causingcomputationalnefficiencies SMART is the newedbol innovated by Asys
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Compared with XFEM the Unstructured Mesh Methadtilized in SMART can
regeneratéhe mesheson the crack frontluring crack growthio save computational
effort.

In the SMART crack growth toolgither stress intensity factors einiegrak can be
calculated As the model 0 and moddl 0 can not be distinguished in a single
value of Jintegral stress intensity factors amgsed as fracture créria here. In
SMART, the stress intensity factoo$ two modesare obtainedby interaction itegral

methodwhich includes the application ahauxiliary field on the dntegral[120].

4.1.2 Calculating the S ~curve of 316/StainlessSteel

AISI 316L stainlessteel isselected for an examplef the calculation of th&-0

curve In the context oAISI 316L stainless steel, the average size of two grains can
be selected as the crack initiation lengtised on experimental observations from
[74]. As a resultthe initial crack length is assumed to be 20f) a value also
consistentwith the TCD methodology [6], where cracks are assumed to emanate
from a length equal to two material characteristic lengths' (22#6r AISI 316L).
Additionally, 0.2mm assumed crack initiation length is also suitable toldhe
carbon stedl121].

Huang et al[122] performed fatigue tests for 316L with load ratio T, usinga
plain cylindrical tensile test specimen following ASTM E4@&&3]. The resultsvere
presented in the form ofa maximum stress'Y  -total fatigue life O curve.
From the dataa corresponding-0 curveis derived fora 200 dcrack initiation
length bycalculating the crack growth life using the ANSYS SMART tool.

A finite element model of the test specimen of Huang et al. created in ANSYS
Workbench is shown ifrigure4.2. An initial semielliptical crack of length 200 &

is located in the gauge section. From previow&stigations of the shape of surface
cracks in round bars under constant axial loadi, 125] the crack minor to

major axis aspect ratio was defined as 0.6. The entire model is meshed by SOLID
187 with 33283 nodes and 20991 elemeitse materiapr oper ti es wer e

modulus ©O=2 00 GP a, Poi’'s st@nadds Paris allaw @@onstants
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VP @ Tt andd o& U56]. The specimen is fixed at the bottom end

and uniformly distributed cyclic foeds applied at the top end as 70MPa.

Figure 4.2 Finite element model of cracked smooth specimen, showing the overall
finite element mesh and zoomed view of the crack region.

The SMART facility was sed to compute the number of cyclé®m theassumed
initial cracklengthto the finalfailure (0 ) during the process of crack growth under

an axial cyclic stresw ,, . Subsequently) was determinedfom the™y -0 curve
provided n [29], such thath 0 0 . To generate th& 0 curve, multiple
SMART analyses were conducted for various load magnitudes. Alternatively, a more
computationally efficient approach involves performing a single SMART analysis to
capturethe evolution of the stress intensity factor raigewith increasing crack
length a for a nominal stress range . Y0 can then be defined as a continuous
function ofby fitting a polynomial equation of ordérto the numerical results,

such hat:

(4.1)
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whered 5 B D are constantsA corresponding function for configuration
factor®is thus defined as:

p __0c 4.2

The fatigue life for any stress range can then be determined analytically from the

Paris law in the form:

QR , .. (4.3)

where

7

Y0 OO U &Y, (4.4)

The crack growth lifé) for stress range, is thus:

p (4.5)
60

where® and® are initial crack length and final crack length respectively.

0 is plotted against the corresponding maximum streg$gure4.3. It is seen that

with the proportion ofcrack initiation life to total life declines with increasing of
maximum stress. This trend agrees with results from Santus and Taylor, who
calculated th@® through physically short crack propagation in several mé§fals

From this trendl T (C can be assumed to vary linearly with maximum stress in the

high cycle fatigue range.

59



540 .

O Calculated crack initiation life

520 *  Total fatigue life test data 4
g 500 - _
= 480 T
- N’s,
n 460 *G\ -
E TN R=02
E 440 RN .
¢>\§ \\

~
= 420 AON 4
\Q
\Q
\Q
400 ) i
380 e
10° 108

Number of cycles

Figure 4.3. Total life curve (R=0.2) and proposed stresack initiation lifeof 316L

The same method caalso be applied to other materiaBegues et a[126]
investigated micraracks in 304L stainlesge®l by interrupted high cycle fatigue
tests, under a fully reversed load wahstress amplitude of 330MPa. Tests were
interrupted every 10,000 cycles to observe nucleation of rerercks byscanning
electron microscope (SEM)and then interrupted ever$0005000 cycles to
investigate the propagation of MSC until cracks were approximately 20@here

the crack nucleation and MSC growth were completed. Results showed a total
fatigue life0 of aroundv p mcycles, and a combined life of nucleation and MSC

crack growth, here taken to be the initiation {if¢ of around 1 p Tcycles.

In the present investigation, the specimen fri86] was modelled in ANSYS
Workbench usinghe SMART crack growth method to simulate crack growth. The
results showed that whe¥ is taken as 0.65, the predicted initiation Ife is

approximatelyp& p 1T, which is close to the value given[iR26].

The same procedures are also applied to S355 low carbon steel to geneBaie the

curveas shown irFigure4.4.
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Figure 4.4. Total life curvgR=-1) and proposed stresgack initiation life 0fS355.

4.1.3 Influence of Physically Small Crack

If the long crack (IC) growth is directly linked to microstructurally small crack
(MSC) growth, the development of physically small cracks (PSC) is included in the
LC. However, it's important to note that the crack growth rate in PSC cannot be
characterized using the same iPdaw parameters typically used for LC growth.

Therefore, the iftuence of PSC on the total life is discussed here.

When considering thmfluence of PSC, the threshold of P& ) is induced in
theParis Law as:
g—l‘f 6V Y0 (4.6)

When the PSC regime is neglected, the variable threshold of P§IB)rcan be
replaced bythe constant intrinsic thresha¥b . Santus and Tayld71] constructed
multiple curves for the propagation d?SC and crack initiationwith stress
amplitudesbased on the Chapettiaaiel. In this context, the curves for-GAl-4V at

a stress ratio of 0.hre selectedo exemplify the impact of PSC life on crack

initiation life. The material properties utilized for calculating PSC propagation life
are provided irmmable4.1.
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Table4.1. Material properties of F6Al-4V (R=0.1).

Q/mm Q76 @ c/—r— m YO /00 @a
i

0.02 0.2 2.7e9 1.54 4.3

The results of PSC propagati life and crack initiation life froni71], the calculated
PSC propagation life and the calculated life neglecting PSC are shduguine4.5.

450 . .
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PSC prop cal

V  PSC prop ignored cal

Santus S-Ni curve

400
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200 ———— T
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Figure 4.5. Predicted propagation life with and without PSC against initiation life
compared with71].

The calculated PSC propagation lifeRigure 4.5 is similar to the results of Santus

and Tayloy and shows that the difference in calculated fatigue life with and without
the PSC increases with reducing stress amplitude. The maximum difference of 8,190
cycles, 2.4% of the correspondirmgack initiation life, is relatively small. This
indicates that the-8 curve created by assuming the PSC is included in the LC is

acceptable.
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4.2 Residual StressEffect

Two approaches have been proposed in the literature to represent the influence of
on crack propagation: the crack closure metf@&j 127131] and the superposition
method [132, 133] Here, the superposition method is utiliséithe total stress
intensity factor,b , is typically decomposed into two components: the applied
stress intensity factoy, , and the residual stress intensity factor, known as
The maximum stress intensity factor,  , and minimum stress intensitgdtor

0O [ arethus:
0 j 0 0 4.7
0 5 0 5 0 (4.8)
The total fress intensity factor rang& is therefore:
YO (VI 0§ VI 0 VI 0
which is independent of the residual stress and equal to :
Yo 0 0 5 Y0 (4.9

The effective stress intensity ratd6  can then be obtained as:

5%
= xi

v (4.10)

0%«
C-|lc
= xi

According to the Paris Law and the superposition method, the gragkh rate can

be defined as function ofY0  and'Y

Qv |, . (4.11)
-— O Yu
Qu
where andd are the Paris law parameters corresponding to stress ratio

Y

The value ofY varies throughout the process crack growth,requiring the

determination of Paris law parameters for different R values. In the SMART crack

growth method, the Walker equation is employed to establish a correlation between
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the Paris law an®, calculating the&/0  fromY0  while disregarding the effects

of crack closure. However, whamcludingthe impact of compressive residual stress,

it is important to note thathe valuesof 'Y in the compressive residual stress

region turn negative. In such cases, th&ues ofv provide a more suitable
representation of the crack closure and opening effects when compaiedased

on the crack closure concept.

Kujawski's equationsconsider the crack closure effect. Following Kujawski's
equationstwo additimmal equationsire proposetb estimate crack growth lifehich

include the values ofd and0 while considering various ranges & To

determine the crack growth rate in the presence of induced residual ¥iress,
from equation(4.9) and’Y  from equation(4.10) can be sustitutedinto equations
(2.55) and(2.56).

The number of cycles to grow a crack fromne initial lengthw to final length® is

thus:
5 p p Y n (412
5 YO
pY 5 °
U
P9 U
" p P Y m (413
9] —_— T
5 Yu v )]
p Y 0 U
P9 U

4.3 Determining L, and >U’IL.II

Several models have begroposed for crack growth analysis in the presence of
induced residual stress. These approaches mainly focus on determining the stress
intensity factor for the residual stress fiahd, [132, 134, 135]

0 may be calculated by a weight function approach, proposed by Bug@di36ér

as:
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) (4.14)
0 , G Qe

where,, is residual stress arid ¢hd is the weight function. The basis of the
weight function method is to calculate the stress intensity factors directly from the
stress distribution around the crack, rather tt@nremote loading. Weight function

for edge crack§l37] or a corner crackl38] can be obtained by constaand linear
crack face pressure fieldsnd weight functions for different combinatgof cracks

and structures have been obtaifieg8B-141].

As the weight function method is difficult to apply in complex 3D niedinerefore,
the effect of induced residual stress on crack growth is determined using the
superposition methotiere This requiresthe evaluation ofy0 Y0  (4.9) and
Y  (4.10). a nunerical method based on the superposition method is proposed to

calculatey

The residual stress distribution in the component under investigation is evaluated by
elasticplastic FEA for a given initial autofrettage overload. As the SMART tool is
restricted to linear elastic material behaviour, it cannot be applied in a plastically
deformed model. However, the effect of residual stress on crack propagation can be
represented by importing the calculated residual stress distribution into a similar

linear elastic model as an initial state of stress.

Two linear elastic models with identical meshes are used to deteth@nstress
intensity factor of the residual strass. The first model considers the component
with no autofrettage. The elastic model is subject to an applied cycliddload
representing the operating conditions of the component. The stress intensity range
calculated with increasing cradkngth using this model 0 . In the second
condition,the residual stress calculated in the elgskstic solution is imported into

the elastic model as an initial state of stress,@etic loadd  applied. The stress
intensity rage calculated by this model Y& 0 . The variation of the stress
intensity of the residual stress with crack lengthiis then evaluated by stress

superposition, by subtracting  from the second condition results.
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After determining the , the'Y-ratio correction method proposed by Kujawki and
Dinda [89] was applied to calculate th8 . This'Y-ratio correction method is

based on the crackosure concept, in this method, the crack driving force as the

0”is dominated by eithéf0 or0 , and Y0  can be calculated as shown in
(4.15).
. Y0 '
Vo 0r — 20 For'Y L (4.15)
p Y
o R, Y0 For'Y T
Yu ) ) —_—
p Y
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Chapter 5 Fatiguel.ife of Double Notch Specingen

The proposedrocedure for calculating the fatigue ligad the fatigue limiin a
notched component with an induced residual stress systsitown schematically
Figure4.1. The effectiveness of this approach is demonstrated threxjgtrimental
investigationof the fatigue lifeandfatiguelimit of preloaded doubl@otch uniaxial
test specimens made from AISI 316L austenitic stainless ateeS355 low carbon

steel.

The test specimens incorp@at feature where compressive residual stress can be
induced in the notched region through limited axiaértnading prior to fatigue
testing. This preloading results in a localized compressive stress distribution at the
notch intersectiongesembhg the stress distribution typically found at stress raisers

in pressure components after autofrettage processes.

Crack propagation in notched elastic components with no residual stress can be
calculated directly by FEA SMART analysis, in the same way as the plain fatigue
specimenof Chapter 4 When more than one load level is considerseparate
SMART analyses can be performed for each load level considered. Alternatively, a
polynomial representation of the stress intensity rgddg can be determined from

a single SMART analysis and a contimgofunction for configuration factq@.2)
obtained. This can then be substituted into the Paris(4&i?) and (4.13) and
integrated for each individual stress range considéried.latter approach requires

less FEA computing resource and is used here to determine the fatigue life in regions

of compressive residual stress.

5.1 NotchedSpecimenand M aterial Properties

The geometry and dimensions of the square esesBon specimens&a shown in
Figure5.1 and Table5.1. The doublenotch specimen imorerepresentative of the

3D stress distribution in pressure components with local stress raisers, such as
pressure vessds, pumpbodies and valve housings, than a single notch specimen. It

can also be designed to include a larger stress concentration factor, leading to higher
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residual stress when experimentally investigating the influence of residual stress on
fatigue life Two types of doublenotched tensile test specimens, Type A and Type B
areconsidered108, 142] Among these, Type A ifil42] is designed and tested by
author.The geometry and dimensions of the specimens are shokigure5.1. For
specimen type AWis 14mm and. is 150mm and for specimen type W®,is 21mm,

L is 180mm.

(
W
| 4

[y

Figure 5.1. Doublenotchfatigue test specimen.

Table5.1. Double notch specimemmensions.

Dimension Type A Type B
\W 14mm 21mm
L 150mm 180mm
Radius of notch 3mm 3mm

A monotonic stresstrain curve for the 316L material was obtained by tensile test.
Following ASTM E8[143], the tensile test specimen was designed as shown in
Figure 5.2. Two monotonic stresstrain curves were obtaindoy two standard

specimensvithout heat treatmenas shown irrigure5.3.
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Figure 5.2. Tensile test spanien geometry [mm].
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Figure 5.3. Monotonic stresstrain curves for two 316L specimens.

Figure5.3 shows the 316L stainless steel exhibits continuous yielding. As there

is no distinct yield point and vyield stress is usually defined with reference to a
specific plastic strain offset, such as the 0.2% proof stress used in general
engineering. The 0.2% offset definition is not suitable for a detailed efdastic

analysis as presented h¢td4]. Alternative definitions of the offset straib45-147]

have been reviewed by Abde€hrim, ranging from 0.01%ot 0.1% [148]. In the

present studyto identify the plastic behaviour more accurat@l¥1% offset strain

was selected, giving a yield stress of 2256MP&.ungés Modul us was
200GPa.

To calculate the crack initiation life in the presence of compressive residual stress,

the cyclic stresstrain curve for the material is required for use in FBA&re, the
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Chaboche model parametéd9) are determined from data from stable cyclic stress
strain tests of Dutta et §149]. The fourred data points used to fit the model are
shown inFigure 5.4, along with the monotonic stresain curve from the present
investigation Figure5.3). Comparison of the monotonic and cyclic stresain data
illustrates the cyclic hardening behaviour of 316tainless stee[150]. This
hardening phenomenon can also be investigat&B&b low carbon steel as shown
as the blue pointand line inFigure 5.4 representing the stable cyclic strassin

data and the monotonstressstrain curve.

450 T T T
400 | o e 1
350 +
300 -
©
o
s 250 -
»
7]
g 200
n
150 -
100 L 316Lss monotonic stress-strain curve | |
S$355 monotonic stress-strain curve
O 316Lss stable cyclic stress-strain data
50 ® 8355 stable cyclic stress-strain data
0 1 1 1
0 0.005 0.01 0.015 0.02

Strain

Figure 5.4. 316L monotonic stresstrain curve and cyclic stresgtrain data from
[149], showing material cyclibardening.

As shown in therigure 5.4, the yield stress and the Yc
stees aresimilar. The material propertied these two materialare summarized in
Table5.2.
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Table5.2. Material properties ofwo stainless stegl

Material S355 low carbon steel 316L stainless steel
Youngbés Mod ¢ pT ¢ pTt
Poi ssonos 0.3 0.3
Yield stress/ MPa 255 255
Paris Law parameté pg8 o p T Vp pTt

(reference unit m)

Paris Law parameter m 2.75 3.25
Chaboche mterial constant 30489 63400
0 /MPa
Chaboche raterial constant 135.41 303.41

[

The preload force and working force amplitude applied to the modetsespond to

the full-specimen test values givenTiable5.3.

Table5.3. Preloads and working cyclic loady 1t for specimen Types A and B.

PreloadQ0 Working Force Amplitudé®
Specimen A 21 7.5,8,85,9
Specimen B 75 21, 22,23, 24, 25

5.2 Notched Specimen withoutResidual Stress

The doublenotch specimen was modelled in ANSYS Workbench usingtMART
crack growth tool, using SOLID 187 Itbde tetrahedral structural solitements
with the mesh refined towards the crack frdrite crack initiation can be determined
by experimentsFigure 5.5 illustrates the comparison betwetTe intact specimen
andhalf of the fractured speciman which the crackinitiation can be investigated

on the notch root.
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An initial semtelliptical crack with an aspect ratio of ddcated at the intersecting
notch root of the model was considered, as showAigare5.6. A coordinate system
defined at the crack ha®in the direction of the crack path atgerpendicular to

the crack surface.

Preliminary finite element investigations showed a lengthwise quanmemetry
model of the specimen gave similar results to a full model with the same mesh
density for the crack growth range consideMth the same crack growth length,

the results obtained based on these two modeld@ewhen the mesh size is same.

A quarter model was therefore used in the analysis to reduce computing requirements.

The material properties were as given in Sectbh.2 for the smooth fatigue
specimen model. The quar®wodel was fully fixed at one end and symmetry
boundary conditionsvere applied on the planes of symmetry. Cyclic axial éorc
varying between zero to a maximum value was applied to the free end of the model.
Analysis was performed for three maximum force values, corresponding to 8kN,
8.5kN and 9kNas showrin Table5.3 on a full test spcimen.

A convergence study was performed by investigating the effect of mesh density on
the calculated configuration factay (4.2). Results ofodistribution for two mesh
densites are shown irFigure5.7: Mesh 1 had 28525 elements (42727 nodes) and
Mesh 2, shown ifrigure 5.8, had 14532 elemen{22580 nodes)Figure 5.7 shows

that the values ab calculated for a range of relative crack depths are similar for both
meshes. Mesh 2 was therefore selected for analysis to minimise computing

requirements.
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Fracture
surface

rack initiation

Figure 5.5. Comparison of intact specimen with fractured specimen.

Crack initiation

Figure 5.6. Failed test specimen and quarter symmetry model showing the location
of crack initiation.
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Figure 5.7. Configuration factor Y for a crack in the doulsletch specimen for two
different mesh densities.

Figure 5.8. Finite element mesh used in analysie¢hi 2).

Figure 5.7 shows that in the notched speciniedecreases with increasing crack size,
possibly due to the stress gradient, and then has a slight increase at the end. As the
stress decreases with distance from the notoh the nominal stress, in (4.2)

varies with crack propagation and must be updakee. trend ofvin Figure 5.7 is
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similar to that of Schijvg151], who determined the stress intensity factor of cracks

at notches by considering the influencet@stress concentration factor.

The same procedures agpliedto the type B specimensith the loadings shown in
Table5.3 as well The numerical results fof0  obtained for the applied loads are
shown inFigure5.9. As the values o0  are thus determined, the crack growth

life without the residual stress can be calculated from the Paris law.
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Figure5.9. Variation in of stress intensity factor range  with increasing crack
lengtha) type A b) type B.
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5.3 NotchedSpecimen wth Residual Stress

Residual stress can be induced in doutd&ch specimens by tensile preloading prior
to fatigue testing, causing local plastic deformation at the notch root on loading and

inducing compressive residual stress on unloading.

5.3.1 Residual StressCalculation

The notch root residual stress was calculated by elalststic Finite Element
Analysis in ANSYS workbench. A quartsymmetry finite element model was used,
with a mesh similar to the crack growth model of Section 4 prior to insertidreof t
SMART crack. A multilinear kinematic hardening plasticity material model based on
the monotonic stresstrain curve ofFigure 5.3 was used. The finite element model
was fully fixed at one end and symmetry boutrydeonditionswere applied on the
planes of symmetry. The preload was simulated by applying a uniformly distributed
axial tensile force equivalent to 21kN on a full specimen to the free end of specimen
A and75kN to specimen Bthen reducing the force tem.

When the axial force was appligalastic deformation occurred locally at the notch

root. When the force was then reduced to zero, a compressive residual stress system
was established at the notch root due to elastic recovery of the elasticafinettfo
regions of the specimen. The distribution of minimum principal residual stress in the

notch region and along the predicted crack path are shokigune5.10.
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Figure 5.10. Minimum principal stress distribution (residual stress) at the notch root
after preloading and local distribution along the crack path [MRxkype A b) type
B. (c) Residual stresses along the bisector.
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5.3.2 Stresslntensity Factor of Residual Stress

When thedistribution of residual stress is known, can be calculated by treating
the residual stress field as an initial condition in Finite Element Analysis. Here, a
superposition method is proposed to calculatetthe using the SMART crack
growth method. First, the calculated residueéss distribution is exported from the
elastieplastic solution and imported into a similar LEFM model as an initial state of
stress prior to SMART crack growth simulation. The initial crack cannot propagate
with only residual stress, so crack propagaisosimulated using an applied arbitrary
axial load. With the arbitrary load, the value Yaf 0 with changing crack
lengtha is obtained and based on the superposition method, the value an be
determined by subtracting) . The calculated variation of with crack length

is shown inFigure5.11. The values ob can also be represented by a polynomial
equation(4.1), and combined with the values obtained Yor  (Figure 5.9) to
determine thecrack growth life with induced residual stress from equat{dri?)
and(4.13).

Specimen A
0r Specimen B

0.5

Krs/MPa.m

0 0.5 1 1.5 2 2.5 3
Crack length/m %103

Figure 5.11. Stress intensity factor of residual stress against the deagkh.
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5.3.3 Crack Initiation Life Prediction

Both specimedype A and specimen Type B are discussed in this sethieType A

is taken for an example to show {@cedures to predict the crack initiation liféne
crack initiation life is determined frorthe stresgrack initiation curve shown in
Figure 4.3 by calculating the equivalent stress amplitude experienced by the
specimen during cyclic loading’he equivalent stress is calculated from a FEA
model similar to the preload rdel, but with a Chaboche kinematic hardening
plasticity material, obtained by curfié of the cyclic stresstrain data ofigure5.4.

For specimenA with a preloadnduced residual stress field, the residual stress
distributionis exported from the original preload elagtiastic finite element model
and imported into the cyclic load model as an initial stress condition. Three different
cyclic axial force amplitudes of 8kN, 8.5kN and 9kire applied to investigate the

cyclic stess behaviour for specimens.

Results for 8kN force amplitude with and without residual stress are shdviguire

5.12. The maximum stress amplitude of 240.1MPa occurs at the notch root. The
mean stress for the ngmeloaded spémen is 74.4MPa. When the preload is
included, this reduces t®.1MPa. In the stredfe method, the decrease in mean
stress leads to a lower equivalent stress amplitude, increasing the calculated fatigue

life of the specimen.
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Figure 5.12. Stress amplitudand mean stress in notch region.
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For no residual stress, the equivalent stress is calculated using the maximum stress
amplitude shown as the red linefkigure5.12. When resdual is present, the mean
stress shown as the yellow line kigure 5.12 is used.The crack initiation life is
calculated from a proposed crack initiatior Scurvein Figure 4.3, based on von

Mises equivalent stress amplitud€onsidering the multiaxial fatigu¢he effective

mean stress is assumed to be proportional to the hydrostatic[SBEsEhe stress

amplitude, and effective mean stress can be calculated %.1) and (5.2).

L
i

ot 1t (5.1)

, ” ” " (5.2

The Walker Equatiorf2.11) is used to correlate ¢hinfluence of mean stress. The
calculated, for force amplitude of 8kN, 8.5kN and 9kN are then substituted into
S0 curve to obtain the crack initiation life with and without induced residual stress.

Similar procedures are applied $pecima B.

5.4 Experimental Investigation

Three 316LSS doubleotch specimens with no induced residual stress and 5
specimens with a 21kN preload were tested under 8kN, 8.5kN and 9kN force
amplitude R=0) cyclic loads on a 100kN sertydraulic fatigue testing maaie as
shown inFigure5.13. All tests were under force control at 20 Hhe test fatigue

life results for the specimens with induced residual stress are shdviguire 5.14,

along with the fatigue lifealculated using the proposed method.

In traditional stresdife fatigue analysis, prediction is based on stress at a point.
Averaged or nominal stress may be used at notch locations to account for stress
gradient effects, but it is difficult to determitiee appropriate characteristic length to
obtain the average stress when residual stress is present, due to the variation in stress
ratio. In such cases, the maximum stress is selected for substitutiothe SN

curve, rather than an average stresghéf maximum stress amplitude is directly
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substitut e dSNicuanteothe Hhredicted fifes is calculated as shown in
Figure5.14.

Figure 5.13. Fatigue tests b§00kN servenydraulic fatiguetesting machine.

Both the proposed method and conventional siifsssnethod were also applied to

the fatigue life evaluation of specimens without residual stress. The numerical and
experimental results are shownRigure5.15, whichillustrates the beneficial effect

of induced compressive residual stress on the fatigue life of the specimens. All
numerical and experimental results are summariz&agure5.16, which shows that

the traditonal stresdife method results in underestimation of fatigue life and the
proposed fracture mechanics method gives a closer approximation of the measured

fatigue life.

The experimentalesults fortype A are tested by auth¢gi42] and type B are
collected from[108], These results show good agreement between experiment and
prediction based on S355 low carbon steBbwn inFigure 5.17, indicating that the
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numerical fracture method based on ANSYS SMART crack growth simulation is

suitable for calculating high cycle fatigue life with induceddeasl stress.
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Figure 5.14. Calculated and experimental fatigue life for doubt®ch specimewith
induced residual stredsr type A
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5.5 Discussionof Fatigue Life Prediction Method

In the present experimental investigation, consttlaras limited to 316L stainless
steeland S355 low carbon sted¢flowever, the method extends established fracture
mechanics methods and is therefore expected to be appropriate for a high cycle
fatigue analysis of other materials under a cyclic loadirggnre where LEFM is

valid. The analysis procedure requires definition of a material dependent initial crack
length, proposed to be equivalent to the length of two material grains. Fagr ttisel
length was assumed to be 206. The assumed crack initiation length for other
materials will vary depending on material grain size but may be defined in a similar

manner.

The method currently incorporates Physically Short Crack growth in the Caadk

growth model. More detailecbnsideration of the PSC would be expected to improve
crack initiation life prediction. A further area for investigation is the use of
polynomial equations to define variation in stress intensity factors with crack length.
This approach enablesrelatively simple application of the superposition method
when calculating crack growth life for a varying stress ratio. However, minor
differences in fracture parameters in the compressive residual stress region can
significantly affect the calculated fatigue lifand further work is required to
investigate the most appropriate fitting technigunel to investigate the validity of

the method when applied to other materials and component configurations.
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Chapter 6 Fatigue Life #sessment of 3D Components

This section focses on validating the accuracy ofthe proposed methodby
modifying the autofrettage loading from a tensile loading, as seen in the double
notched specimen, to an internal pressuneh iscommonin industrialcomponents.

In addition,the validation procesalso incgoorates considerations of the material.
Furthermore, focomplex components, more details such as the redistribution of the
residual stres, the structure response after autofrettage andfthence of the crack

tip plasticity will be discussd. Likewise, thecalculated total fatigue life includes the
crack initiation life and the crack growth lifend the fatigue life obtained by the
proposed method isompared to the tested results to investigate the accuracy of the

method.

6.1 High-cycleFatigue Life Estimation of Autofrettaged Blocks

The structural configuration of many valve and pump bodies can be simplified to a
solid block of material with intersecting cross bofdgerefore crossboreblockscan

be selected asa suitable instance to applyne methodology. Furthermore, the
geometry of these blocksn also resemblhe valve bodyor pump bodyTherefore,

the tested notched blockBownin [31] is employed tosalidate the proposed method.

6.1.1 Notchedblocks andM aterial Properties

The geometry of the tesd blocks in[31] is shown inFigure6.1, whichis a fluid end
of a pump There is a cross bore inside the blagkere the stress distribution is
similar to it in doublenotched structure as wellhe critical point is located at the
cross bore intersection here the highest stress concentration factor Tise
component is madef 4340austenitic steewhich ishigh strength steel used the
manufacturing ofpressurevessels aircraftlanding gear etc The monotonic stress
strain curveof 4340 steelis fitted by theRambergOsgood equationf152]. The
material propertiesf 4340 austenitic stegdl, 153]are summarizeth Table6.1.
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Figure 6.1. The geometry dhe notched block81] .

Table6.1. Material properties of 4340 steel.

4340 steel
E/MPa 202462
. IMPa 620
,» IMPa 790
€ 0.07
0 881
cl—X — 3.7 pm
M
m 2.5

6.1.2 Residual StressDistribution and L,

Two autofrettage pressures, 103MPa and 122MPa, are considered to assess their

impact on fatigue life. The compressivesickial stress at the critical point on the
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cross bore intsectionis calculated using FEAA quarterof the componenwith
symmetry boundary conditisns considered. fie mestand boundary conditiorere
shown inFigure 6.2 (a), where the mesh around the notch refined by smaller
elementsAs only a quarter of the component is considereuttionless supports are
applied on theymmetrysurfacesThe displacement Y on the bottom surface &0
the internal pressures are theddrettage pressureahich are 103MPa and 122MPa.
A multilinear kinematichardeningmaterial model is employedand te results of
residual stress distribution are showrFigure6.3.

The maximum compressive residual stress eunbloth autofrettage pressures
consideredis located at the notch roowith value 532.06MPa for a pressure of
122MPa and 355.17MPa for a pressure of 103M¥tar elastieplastic analysis he

calculatedesidual stresdistribution is exportetb the crak propagatiormodel.

[A Frictionless Support
B Displacement Y=0

8 internal pressure

Lt

(a) (b)

Figure 6.2. A quarterof notchedblock. (a) Mesh results (b) Boundary conditions.
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Figure 6.3. Residual stres@Normal stress on Y dicgion) distributionwith different
autofrettage pressure. (a2MPa (b) D3MPa.

87



Crack growth simulation igperformedusing the SMART crack growth toolA
0.2mm crack initiationlength is assumedt the notch roatAn arbitrary internal
pressureis applied and the values of Y0 0 calculated Then by the
superposition methodroposed in SectioA.3, the values ob can be obtained by
subtracting the results o  (4.9) from theY0 0 and fittedby a crack
length by polynomial functionThe calculatedesults ofd for the two applied
autofrettage pressures are showrkigure 6.4. With varying autofrettage pressures,
the minimum value o6 also varies. At an autofrettage pressure of 103MPa, the
minimum value ofb is observed when the crack length is approximately 2mm.
However, with an increase in autofrettage pressure to 122MPa, the minimum value
occurs & a crack length of approximately 3mmihe calculatedvaluesof 0 can

thusbe applied to calculate the crack growth life with the induestiual stress.

T T T
—6— Autofrettage pressure=103MPa
8 —+&— Autofrettage pressure=122MPa

A0 &

Krs/MPa.m®5

-12

14+

-16

-18

0 0.002 0.004 0.006 0.008 0.01
Crack length/m

Figure 6.4. The results ob  with crack length under different autofrettage pressures.

6.1.3 Crack Growth Simulation and VH_

Theappliedworking pressure on the blockfter autofrettages from 0 t068.91MPa
The same proceduresed in doublmotched specimenin Chapter Sis applied in

this section to calculaté) . Thecoordinate system is created on the crack plane
to determine thalirection of the crack growth. Theoundary conditions shown in
Figure6.2 (b) are also emloyed in crack growth simulatiohe varation inY0

with crack lengttis shown inFigure6.5. As the crack propagates, the valué/of

initially increases rapidly, followed by a slower rate of incredSembning the
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results ofd  obtained inFigure6.4, the crack growth life with different autofrettage
pressures can be calculafeaim (4.12) and(4.13).

4'5 T T T T
w0l Applied pressure |
68.91MPa
35" :
n
=
z
G 30 f 1
o
=
& 25 .
< # Crack length
20 4 10mm -
15 :
10 & : : : :
0 0.002 0.004 0.006 0.008 0.01

Crack length/m

Figure 6.5. CalculatedY0  of 68.91MPa applied pressure.

6.1.4 Crack Initiation Life with Residual Stress

The crack initiation life with induced residual stress is calculatedy 0 curve
which is created by thaack growth simulatiomlescribedn Chapter 4Based oran
assumed crack initiation length, the crack growthfbiedifferentloadson a smooth
standardtensile specimen can bealculated by FEA. Therack initiation life
comresponding tdhe crack initiation lengthan then be determined by subtracting
crack growth life from the total lifeThe™Y 0 curve of 4340 steel based on the
standard tesd specimes is takenfrom Dowling [56], as showras the solid linen
Figure6.6. The crack initiation lifeis calculated from the FEANnd shown irFigure
6.6. The”Y 0 curve can befitted by the Basquin equation2.7) with ,,

wTd x MPaando T8 Q.@
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Figure 6.6. Crack initiation life and total life of 4340 steel.

The valuesof stress amplitude and mean strdes the different autofrettage
pressures andingle operating pressures and the experimental results of the total
fatigue life aregiven in Table 6.2. Mean stress correction erformed usinghe
Walker equation(2.11) to calculate the equivalent stress amplituddich is

substituted intd-igure6.6 to calculate the crack initiation life.

Table6.2. Tested total fatigue life frofi31].

Autofrettage Operating » IMPa . [IMPa 0
Pressure/MPa PressurdMPa

103 68.91 413.47 13.78 246313
103 68.91 413.47 13.78 283181
122 68.91 413.47 -80.90 422426

6.1.5 Calculation of the Total Life

The crack propagation life with different autofrettage pressisesbtained by

comhining the esults ofd  shown inFigure6.4 andY0  in Figure6.5. The total
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fatigue life is determined by adding the crack initiation lifieom Section6.1.4
Resultsfor the calculated lifeincluding the crack initiation life and the crack growth
life, are shown inTable6.3. For 68.9IMPaoperating pressure,hgn the autofrettage
pressure is 108Pa, the calculated total life bad on the proposed methodai®ound
259,600 cyclesComparingthis with the experimental resulfgovidedin Table6.2,
wherethe experimental resultangebetweer?246,313 cycles and 28381 cyclesthe
calculated resufalls within this range. Tieerrors are5.39% and.33% respectively
both ofwhich aresmallin the estimation of fatigue lif@Only onetestis reported for
autofrettage pressurE22MPa,resulting ina tested fatigue lifeof 422,426cycles.
The calculated fatiga life is 502,170 cyclesvith an error of 18% Although this
error is larger thanwhen the autofrettagepressurds 103MPa,the scatter factor is

only 1.2which isless than 2andstill acceptable for fatigue life prediction.

Table6.3. Calculated total life byproposed method.

Autofrettage Operating 0 0 0

Pressure/MPa Pressure/MPa

103 68.91 190,600 69,000 259,600

122 68.91 402,170 100,000 502,170

6.1.6 Discussionof the NotchedBlock Fatigue Life Prediction

In this section, the@roposed method applied for the doubteched specimenis
employed to predict the fatigue life of autofrettagexdched blocks made of 4340
steel.Fora constan68.91MPa operating pressutie fatigue lifeis obtainedor two
autofrettage pressureand the calculated fatiguwes havegood agreememwith the
experimental resultsTherefore, thedeasibility of the proposed methatiscussed in
Section5.5, including the assumption of crachitation, the determinatioof the
stress intensity factor of residual stress and its influence ostrbgs ratipcanbe
validated Additionally, due to theiniversality of the geometry of the notched block,
the proposed method can bsed inmanyindustrial structures with notchesuch as

pumps, valveand pipes
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All of the analgesare based on theealm of high cycle fatigue with a specific
emphasis orelastic shakedown. After autofrettage, thieucture responsender
subsequent cyclic loadimgay beeitherratcheting or shakedown

Thus far, the analysis has beassumecklastic shakedownThe following section
will consider both elastic shakedown angdlastic shakedownwhich means the
structure responseill be consideredvith more complex compens.

6.2 FatigueLife Estimation of Autofrettaged I njection SystemComponents

In industrialequipmentsuch as injection pumpand enginesinjection systersare

widely used under high cyclic injection pressure. Once the injection pressure is
determined, thestructure must be designed to meet the fatigue life requirements
under these cyclic pressurds$.the shape and material of a componemd no
additional methods are employed to enhance its fatigue resistance, then the fatigue
life and limit are constant Therefore,since no structure changes can be made,
autofrettage is applied iajection system componetd increase the fatigue lifend

the proposed method can theneeployedo estimate the fatigue life.

6.2.1 Injection SystemComponent andM aterial Properties

An injection system componefar adiesel enging¢l07] is consideredo validate the

proposed fatige life method The components simplified asshown inFigure6.7.

Figure 6.7. (a) The geometry of the entire componentT{ig geometry of the half of
thecomponent.
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The componat materialis 42CrMo4 A mixed hardening modé€B.11) is appliedfor
cyclic stressstrain analysis The mixed hardening modedonsists ofnonlinear
isotropic hardening modednd Chaboch&inematic hardening modgB.9). The

material propertiesof 42CrMo4 under room temperaturgl07] applied in the

constitutve modelare shown imable6.4.

Table6.4. Material properties of 42CrMo4.

42CrMo4
Isotropic elasticity
E 200GPa
v 0.3
Nonlinear isotropic hardening
Kk 910MPa
Y -28317
b 11.527

Chaboche kinematicardening

0 6.758 p m MPa
r 5123

o) 9303 MPa

[ 1281

o) 80269.9

[ 320

0 4589 p m MPa
I 80

o) 12295.6

[ 20
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6.2.2 Autofrettage and Residual Stress Dstribution

The autofrettage pressure applied to the structure is 850 MPa. During loading,
plasticity is induced in the higstress concentration arekentifiedin Figure6.8. The
residual stress distributioon unloading issimulated using FE. Subsequently, the
component is subjected to cyclic working pressure ranging from 350 MPa to 5 MPa.

One sixteenth of the componenith appropriate symmetry boundary conditioiss,
modelled to calculate the compressive residual stress. The struatueshed using
tetrahedral elements, with refined meshing around the notch rootndiea is the
high stress concentratioregion The mesh comprises 8685 elements and 15334

nodesas shown irFigure6.8.

Figure 6.8. Mesh results abne sixteenth of the structure.

Symmetry boundary conditions are appliedtbree surfaces of the modalith the

autofrettage pressure applied on the internal suréacghown irFigure6.9.

. Symmetry boundary conditions

. Autofrettage pressure:
From 850MPa to 0MPa

Figure 6.9. Boundary conditions of one sixteenth structure.
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The compressive residual streissrepresentedby the normal stregserpendicular to
the crack surfaceThe residual stressf the entire modelafter the 850 MPa
autofrettagdas shown inFigure6.10 (a). The residual stress distributicsround the
notch root,along theexpected crack patinom point 1 to point 2 is shown IRigure

6.10 (b).

Residual stress

(normal stress)/MPa
471.68 Max

. 304.09

136.51

-31.073

-198.66

-366.24

-533.82

-701.41

-868.99
-1036.6 Min

400

200 -

P -200
2

-400 |

-600 -

Residual stressMPa

-800

-1000

1200 I ‘ I ; | ‘
0 0.5 1 15 2 25 3 35
(b) Path length from the notch root/mm

Figure 6.10. Residual stres@Normal stress perpendicular to the sectidigtribution
due to autofrettage pressui@) Residual stress on the entire structure. (b) residual
stress along thpath.

As shown inFigure6.10, compressive residual stress is distributed around the notch

root, with a value of 951.55 MR the critical point (point 1) Tensile residual stress
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is then distributed away from the notch root talamce the compressive stress

distribution.

6.2.3 Residual StressRedistribution

After autofrettage, the structure's response to cyclic loading, with the induced
compressive residual stress, cée classified as elastic shakedown, plastic
shakedown, or ratchety, as discussed in Secti8. If plastic shakedown occurs,
redistribution of residual stress must be consideradd the redistributed
compressive residual stress can be assumed as the compressivef stressable
hysteesis loop To determine whether such redistribution should be accounted for,
the plastic strain stais a crucial factor for assessmelitthe plastic strain remains
constant under subsequent cyclic loading following autofrettage, the structural
responsecan be assessed as elastic shakedown, as illustratdte blue linein
Figure6.11. When the subsequetyclic loadingrange is fronbMPa to100MPa, the
equivalent plastic strain is constant after the autofretthymvever, wha the
subsequent cyclic loading range is fréMPa to350MPa, the plastic straimariesin
eachstepin the first few cycles as shownby the red line inFigure 6.11. Plastic
shakedown maythen occur in thefollowing cycles. Ther®re, to obtain the
redistributed residual stresstyessstrainanalysis needs to be appliém moreload

cycles.
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Figure 6.11. Equivalent plastic strain witliarious pressureanges

The autofrettaged sicture is subjected to subsequent cyclic pressure ranging from
350 MPa to 5 MPa for a total of 250 cycléhe results of redistributed residual
stresson the critical point for each load stepe shown inFigure 6.12, where the
residual stresdecomes stable after around 50 cycles. In addition, the results of
residual stress along the path after various cycles are also shéwguia6.13. The
compressive residual stresm the critical pointdecreases rém the original
951.55MPa to786.81MPa after 250 cycleandthe redistributed adual stress is
alsodifferent. After 20 cycles, the redistributed compressive residual stress is around
800MPaandbe stablewith the increasing of the cycleShe residualstressbecomes
stable afterapproximatey 100 cycles.Therefore the redistributed residual stress
after 100 cyclegan be used for the following fracture mechanics analysis when the

pressure range fsom 5MPa to350MPa.
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Figure 6.12. Residual stress on the critical pofot each step.
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Figure 6.13. Residual stress redistribution after various cycl(@e3 Path lengtho
3.5mm. (b) Path length to 0.5mm.

With different pressure rangethe calculatedcompressive residual stress the

critical pointalso variesThe results of the redistributed residual stress along the path
after 250 cycles undédhree pressure ranges are showrrigure 6.14. The stable
compressive residual stress at the critical point increases with the increasing pressure
ranges after 250 cycles. Residual stress distributions around the notch root vary
under different pressure ranges within 0 to 0.8mm along thie, jbat beyond

approximately 1mm, the residual stress gradually converges to the same value.
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Figure 6.14. Redistributed residual stress after 250 cycles with various pressure
ranges.

The determined redistnitbed residual stress then applied in the following crack

growth simulation.

6.2.4 Stresslntensity Factor of Applied Pressure

The SMART tool isusedto simulate crack growth, employing a quarter of the
component for this purpose. An assunmatiation crack,inserted as a serailiptical

crack with a length of 0.2mm, is placed at the notch Waopuarterof the component

is meshed using tetrahedral elements, with refinement around the crack front as
shownin theFigure6.15. The meslincludes30643 elements with 44705 nodes.

RAK

Figure 6.15. Mesh results ad quarter of the structurgvith crack initiation.

As a quarter of the structure imodelled,with appropriatesymmetry boundary
condifons and internal pressureapplied In addition, displacement constraiis
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imposed on thdéottom plane as Y=0. All boundary conditions are showRigure
6.16.

JA Frictionless Support
B Displacement Y=0

B internal pressure

Ls
Figure 6.16. Boundary conditions of quarter of th&ructure.

Several internal pressures are applied to the model for crack growth simulation to
calculate the results of stress intensity fagtassshown inFigure 6.17. Although,
stress intensitjactors may vary with changes in internal pressures, the configuration
factor Y remains constant and is dependenly on the geometry of the structure.
ConsequentlyY can beemployedto assess mesh sensitivégd once obtained, can

be appliedto calcubte the SIFs for any internal pressurrbe values ofY with crack
length based on the mesh results showFigure 6.15 are shown inFigure 6.18.
Although, the pressures applied to the structureldirerent the calculated resslof

Y are sameA second mesh with different refinemeasatanalysedo evaluate mesh
sensitivity by comparing the values ¥fSince increasing mesh density also leads to
longer computational times, the comparison is conduotdg for crack lengths
ranging from 0.2mm to 1mnilhe results ofY obtained based on different mesh
densitesare shown irFigure6.19.
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Figure 6.19.ConfigurationfactorY with different meslensities

As shown inFigure 6.19, the mesh around the cratip is refinedleading toan
increase inthe numberof elements froml5349 in Mesh 2 to 30643 in Mesh 1.
Initially, there is a small difference in the resultsYofbut with the growth of the
crack initiation, the differenceliminishesand finally two lines representingY
convegeinto one line after approximdye0.8mm.Considering the insensitivity of

values to mesh density and the significant increase in computational time, the mesh

with 15349 elements is employed in the subsequent analysis.

6.2.5 Crack Tip Plasticity Correction

The SMART crack growth tool in ANSYS is employedsimulate the crack growth
and calculate the applied stress intensity facttirss based on th&EFM, which
assumesmall scale yieldSection2.7.5. In the small scale yield assumption, the
plastic zoneat thecracktip should bemuch smaller than the crack length its@lb.
define t hi s assumpiohthesanmianunh requited dimeions of the
crack according toDowling [56] andASTM standard154], is:
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o ofio L2 gl ! 63
where, a is crack length@w @is ligament length,and h is height. In this
component, nly one dimension, crack lengtis consideredasthe SIFsarealready
correlated to therack length byitting functions.(6.1) canthenbe solved to find the
minimum crack lengtho satisfy the smakcale yield assumption. The®lutions of
the minimum crack length with various maximum applpdssuresare shown in
Table6.5.

Table6.5. Calculated minimum crack length with applied pressure

Applied presste/MPA 400 350 300 250 200 150

CalculatedCrack length/mm 1.3 1 0.7 044 0.2 0.11

As shown inTable 6.5, the calculatedminimum crack length decreases with the
decreasef the applied pressur&ince, the SMART crack growtis based on the
LEFM, to investigate theplastic zoneinduced with plasticitythe FEA of elastic
plastic fracture mechanics is employed. Howeuetike the SMART crack growth
tool which can simulate the process of crack propagataminuously,incorporatng
plasticity into the calculatiordoes notallow continuous simulationThe stress
distributiors around the crack tigepictedby the equivalent stresmder 400and 200
maximum applied stresare illustratedrespectivelyas Figure 6.20. The description
of theplastic zonebtained bythe plastic material modethen the maximum applied
pressure is 200MPig shown inFigure 6.20 (a). Compared to thé-igure 6.20 (c),
determinedy the400MPa, the plastic zonender 200MPa ismaller.

103



Equivalent stress/MPa

2748.1 Max
E 24429
21376
| 18324
15272

= 12219

= 916.71

. 611.47
306.24
1.013 Min

Equivalent stress/MPa

1176.1 Max
H 1045.6
5 91498

| 78442

653.85
523.28
39271
262.15
131.58
1.013 Min

(a) (b)

Equivalent stress/MPa

5496.2 Max
E 4885.7
f 42753

| 36648

30543
B 24439
18334
. 12229
61249

2.0259 Min

Equivalent stress/MPa

1353.4 Max
a 12033
1053.1

| 90295

7528

u 602.65

45249

L 30234

152.19
2.0355 Min

(c) (d)

Figure 6.20. Stress distributiondescribed by equivalent stress 20MPa,
plasticity (b) 200MPa, elasticity (c) 400MPa, plasticity) 400MPa, platicity
(magnified displacement view)

In addition, when the applied pressure is 200MRédthough, the value of the
calculated equivalent stressderthe elastic material moddk different from that
under theplastic material modethe shape and size plastic zones inlifferentloads
aresimilar, as shown irFigure6.20 (a) and (c)However,in the same situation, the
result of the plastic zone with 400MPapplied pressure in plastic model has
significant difference comparedto the stress distributiom the elastic model as
shown inFigure6.20 (b) and (d).

Thestructureresponseainder thevarious applied pressuresTable6.5 is determined
from the equialent plastic strain. As mentioned in Sect@d, if there is no net
incrementin the plastic strain, th&tructure responsean bedefinedasa shakedown
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If the plastic strain is constadtring any loading stepghe stresstrainresponses

termed aselastic shakedownand if the plastic strainvaries under loading and
unloading stepsbut the net plastic strain is zero, tl&essstrain responseis
identified asa plastic shakedown. Thealculatedequivalent plastic stia under

various applied pressures are showrFigure 6.21. When the applied pressure is
200MPa, following autofrettage, the equivalent plastic strain remains constant during
subsequent loading, indicating that the structurejgamse is characterized by elastic
shakedown. However, as the applied pressure increases to either 300MPa or 400MPa,

plastic shakedown occurs.

0.06 , , :
Plastic strain after ———200MPa
- J00MPa
0.05 L | autofrettage 400MPa
0.04
0.03 | 1

Plastic shakedown Elastic shakedown

0.02 | / .

Equivalent plastic strain

0.01 p .

0 50 100 150 200
Loading steps

Figure 6.21. Equivalent plastic strainvith applied pressures.

Consideringthe results shown ifable 6.5, the calculated minimurarack lengthis
small (around 0.2mmvhen the structure responseaiselastic shakedowrms the
length of assumedhitiation crackis 0.2mm the plasticinfluenceon the simulated
stress intensity factors can be ignomden elastic shakedown occurs. Howevr,
plastic shakedown occurs, the calculated minimum crack length is large. #mam
which is larger than the assumed crack initiation lengthe plasticity influence
should hence be consideredfor the crack propagation from the 0.2mm crack
initiation length to the calculateghinimum crack lengthHowever,asthe SMART
crack growth tool in ANSYS idased on the LEFM, other methods need to be
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employed Here,the stress intensity factor with plasticity is determinednimyitistep
analysisthat the process of crack growdbfore the minimum crack lengib divided

into several stepgor each step, th8IF is calculated ingeendently.For instance, if

the minimumcrack length is larger than 0.2mm, the crack growth path between
0.2mm and the minimum crack length are divided by multistep and the value of SIF
of each step isalculated based on elasptastic material modelThen, he SMART

crack growth tool is empled until the 0.2mm crack initiation grows to the

minimum crack length.

To determine the range of stress intensity factors, the minimum SIFs obtained by the
minimum pressur® MPaare calculatedbased on the configuration factor shown in
Figure6.19, as in(4.2) in Sectiond.1.2 Severalrangesof SIFs under variousanges

of applied pressures are then calculassdshown irFigure6.22.
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Figure 6.22. Range of stress intensity factors with minimum pressure 5 MPa.

6.2.6 Stresslntensity Factor of Residual Stress

As notedin Section4.3 the stress intensity factor of residual sg/@® can be

determined by the weight functianethod,which is the method applied {107].
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Howe\er, thisis difficult to applyin 3D models Therefore, the FEA method based

on the superposition method Section5.3.2is applied to determine .

The redistributed residual stress is exported from the mixed hardening material
model and employed dke initial stressstatefor the crack simulation. An arbitrary
pressure, sufficiently large to induce crack growth with the residual ssessplied

to the structure. Following the crack growth simulation, the valud&®of 0

are determined along with the crack lengthAdditionally, another crack growth
simulation is conducted with only the same arbitrary pressure appliebtain the
values ofY0 . Consequently, the results ©f can be determined by subtracting

YO from Y0 0 . The value of0 can then be calculateds shown in

Figure6.23.
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Figure6.23.0 with crack length.
6.2.7 Calculation of Crack Initiation Life with and without Residual Stress
To calculate the crack initiation life, the metlotayy shown in the Sectiod.1 is
applied The stresstotal fatigue life curve iscollected fromthe reference[155].

Assuminga 0.2mm crack initiation lengthlthe crackgrowth life for the smooth
specimenillustrated in Figure 4.2 is calculatedbased on Paris la4.5) with the

Paris law parameters for 42CRMo#here C is 6.08 p mMPa/d and mis 2.3
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[156]. Finally, the crack initigion life based on the assumed crack initiation length
for the smooth specimeis calculatedor different applied stregsanda stresscrack

initiation life,"Y 0 , curve for 42CrMo4s generatd as shown irFigure6.24.

With the stress amplitude obtained from the FEA, the crack initiation life is
determined byapplying the calculated stress amplitude to tie O curve. After
autofrettage and 25@&orking load cyclesthe stress state responiseasshown in
Figure 6.25. Theresults of equivalent stress amplitude after mean stress correction

based on several cyclic loading are summarizdate6.6.

* Totallife
O  Crack initiation life | |
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Figure 6.24. Crack initiation life of 42CrMo4under variousstress amplitude.
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Figure 6.25. lllustration of stress responsiie to autofrettage and cyclic loading.

Table6.6. Calculated equivalent stress amplitudih residual stresby FEA.

Cyclic pressureangéMPa Equivalent stress amplituddPa
400 817.02
375 792.74
350 767.36

Without autofrettagethe stress state responseapplied pressuresan be either

elastic fakedown or plastic shakedowhhe resultsof equivalent stress amplitude
corresponding to the applied pressures atrdssstain states are summarized in

Table6.7.

Table6.7. Calculated equivalent stress amplitude withaegidual stress by FEA.

Cyclic pressure range/MPa Equivalent stress amplitude/MPe

300 928.78
200 681.9
150 595.5
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6.2.8 Calculation of Crack Growth L ife with and without Residual Stress

Equations(4.12) and (4.13) are applied to calculate the crack propagation life
consideringresidual stressY0 , 0 and'Y are functiors of crack length
enablingcalculation ofcrackpropagatioriife by integratingovercrack lengthThree
maximum working pressuseanging from5 MPato 406MPa,380MPa and 35MPa
are appliedThe range & SIFsfor the applied pressure¥0 , are obtainedrom

the configuration factor shown frigure 6.18. The results of crack propagation life
without the residual stress can be calculadedctly by YO  from (4.5) and by
comhbning the values o) and the influence ofY , the results ofcrack
propagation life can be calculatétheseresultsare then combeed with the crack
initiation life determined in Sectiof.2.7to calculate the total fatigue life with and

withoutresidualstress.

The comparison of the total life results considering residual stress obtained by the
proposed method with the results included in Reference[107] is illustrated in
Figure 6.26. In [107], a strip yield modelincorporatingplastic effect is employng
the concepof afictitious crack tip,is applied to estimate the crack growite. The
resuts of predicted fatigue life based on this modet shownas the red line in
Figure 6.26. The results of fatigue life obtained byEFM calculation and
experimentg107] are shown as the blue line and green line respectiVegfatigue
life resultsobtained by the proposed methstiownas the blaclsymbolsin Figure
6.26, are between thknear calculation and the strip yield mod€omparedo the
weight function method, thedetermination ofo in the proposed method is
significantly easierin 3D model andwith plasticity correctionon the proposed
method, the FEA resultsan also provide closeesults on the fatigue lifeompared
with LEFM.
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—<— Strip yield model [107]

Experimental results [107]
LEFM [107]
" Calculated results by FEA

Pressure range AP/MPa

10°
Number

10°
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Figure 6.26. Prediction of total fatigue lifevith residual stresby various methods

The resultsof total life without the residual stress are shownFigure 6.27. The

calculated fatigue lifeby strip yield model, linear calculation and FEA method

proposed arencluded.The calculated results by FE#ithout the residual stresse

also se@ to givegood agreementith experimental results.
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Figure 6.27. Prediction of total fatigue

life without residual stress by various

methods.
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6.2.9 Discussion

The methodproposedn Chapter 40 assess fatigue lif@ith induced residual stress
through thecrack growth model with an assumedial crackwasapplied todouble
notched specimens 316L stainless steel and low carbon steeCivapter 5As the
redistributed residual stresariesafterinitial cyclic loadingsbeforestabilizing the
residual stressafter approximate 100 cyclidoadings is taken as the final
redistributed residual stresBhe crack initiation length is assumed as 0.2rBased

on the assumed crack initiation, tredues of SIF under various appliptessuresire
determinedby the SMART crack growth toolHowever,the small scale yield
assumption in LEFM may ndde satisfybeforethe 0.2mm assumed crack initiation
lengthis established The minimum crack length required to satisfy the sracdlle

yield assumption varies with different applied pressures and corresponds to the
structure's response. In cases where the structure response is identifiplhsic
shakedown, the mimum crack length satisfying the assumpti@nlarger than
approximately 0.7mm. However, under the condition of elastic shakedown, the
minimum crack length is approximately 0.2mm, which aligns with the length of the
assumed crack initiationTherefore,when the response & structure is elastic
shakedown, if the crack initiation length is 0.2mm, itifeuence of plasticity on the
crack tip can be ignored, but for the plastic shakedown pthsticity should be
consideredn the calculation of SIFHere,the SIF with plasticity is calculated by
multistepanalysis of thanitial crack length and SMART crack growth is applied

after the minimum crack length.

Based on the assumed crack initiation lengte,”Y 0 curveof 42CrMo4can be
generated Same procedures included in the proposed metholigare 4.1 are
applied.By adding the crack initiation life, the total life is obtained as shown in
Figure6.26 andFigure6.27. For the situation with theesidual stress, the deviat®n
between the calculated fatigue life and experimental reavdtslose for both the
strip yield model andLEFM calculation method. Té calculated life using the
proposed method closely resembles ItE#-M calculation,but with less deviation.

For the situationwithout the residual stress, compared with the strip yield model, the
results from thdinear calculation can havess deviatiorand thecalculated life by

the proposed method can provalgood agreement as well
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Chapter 7 Crack arrest

From a design perspective, the aim of autofretfagea given working load cycle

may be to achieve a specific finite fatigue life, typicallytto p mtcycles for high

cycle fatigue, or infinite fatigue lifeThe minimum autofrettage pressure required to
achieve this aim can be determined by applying a stress life or fracture mechanics
methodology to a component with induced compressive residual staésdated by
elastiecplastic analysisHere, a method is proposed tdetermine the minimum
autofrettagepressureaccording to crack arrest analysihe calculated)  (4.15)

is compared with a crack threshattbdel todetermine if the cracwill propagate or

be arrestedas shown inFigure 7.1. The minimum autofrettagepressurecan be

determined at which the crack arrest occurs
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Figure 7.1. Flow diagram of crack arrest analysis.

This chapterinvestigatesthe incorporation of the crack arrest modeisd the
thresholdof ElI Haddad79] and Chapett{82] in the methodology. Both models are



initially considered in fatigue analysis of double notch tensile test specimens with
compressive residual stress induced by initial tensile overReslLlts are compared
with fatigue test results from the literature angerimentsThe procedure with the
Chapetti crack arrest model is then applied to a complex 3D valve body with

autofrettage residual stress, previously considered by Sellefilé7al.

7.1 Crack Arrest Theory

Crack arrest analysis can be applied for the assessment of autoftettagke sure
the preload irthe autofrettage process can improve the total fatiguedifger than at
leastp mtcycles.The crack arrest analysis can émployed by comparinghé SIFs
with the thresholds mentioned in Sect@i.2 Crack arrest analysis based on Hie
Haddad and Chapetti moddiasbeen considered in several investigations. Araujo
and Nowell[80] and de Pannemaeck@l] adopted the El Haddad model for crack
arrest aalysis in fretting fatigue. Chapetfil58] assessed fatigue strength by
comparing the threshold curve wi¥ld . Chapetti assumed a semicircular crack, with
@ T L Santus and Taylof71] have proposed a semilipse form wherevis
dependent otthe aspect ratio, witlid T T gssumed for an aspteratioof 0.8. A
similar IBESS approacfil59] was proposedor the fatigue assessment of welding

structures.

Crack arrest analysis taking account of autofrettage pressure was investigated for
cruciform specimens byhumser et.a]160] in terms ofY0 . This applies to cracks
within the MSC region, buivhen defining crack arregt general it is necessary to
consider variation in the PSC threshold wiity0 5, as illustrated inFigure 2.16.

Even if YO exceedsY0 |, there is still a possibility of arresting the crack by

increasingyy .
7.2 Crack Arrest Assessment oDouble-notched Specimens

Two types of doublaotched specinms shown inFigure 5.1 are investigated The

material propertiesequired to calculate the thresholds are summarizédhble7.1.
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Table 7.1. Experimentaland collected material properties of 316L and S355 (R=0)
[56, 108, 142, 161, 162]

Material 0 A YO Q YO Q
DO "O0® 00O 00 Ga a & 00 Ga aa

316L 255 200 292 55 0.024 1.64 4.46

S355 255 200 344 8 0.055 2.94 2.64

The El Haddad2.39) and (hapetti(2.42) fatigue threshold models for 316L and
S355 determined from theaterial propertiesf Table7.1 are shown irFigure7.2,

whereY for the Chapetti model asmesd T v

o
T

5]
T

E-N
T

== A Kth for Chapetti model of 316L

== = AKth for El Haddad model of 316L
AKth for Chapetti model of S355
AKth for El Haddad model of S355

AKth/MPa.m?%3

w
r

0 0.‘5 ‘; 1.‘5 2
Crack length/m x107
Figure 7.2. Calculated fatigue threshold models for 316L and S355.
As a PSC develops fromn MSC, crack arrest will occur if the effective SIF range
YO  for a given crack lengttbis below the corresponding fatigue crack threshold
YU . The effective SIF range for Specimens A and B can be determinedteom

numerical results foyo ,0 andY ,Y0 calculated fron{4.15).

The threshold and effective SIF ranges for Specimens A and B are plotted against
crack lengthiofor Specimens A and B ifrigure 7.3 (a) and (b) respectivelyzor
Specimen A, the Chapetti model predicts crack arrest foreapptirces of 6.5kN,
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7.0kN and 7.5kN. The ElI Haddad also predicts crack arrest for these forces and for
the higher force of 8.0kN. For Specimen B, the Chapetti model predicts crack arrest
in the PSC region for applied force amplitude 21kN and 22kN. Theadtiad model

predicts crack arrest for 21kN.
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(b) Crack length/m x1073

Figure 7.3. CalculatedY)  compared withY0 a) Specimen A and b) Specimen
B.
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Test results for fatigue cycles to failure for the Specimen A and Specifi€i8Bare
summarised irFigure 7.4(a) and(b) respectivelywhere the fatigue limitnGore than
atleast; p m) are marked as red points.
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Figure 7.4. Experimental results of fatigue tests of preloaded denbtehed
specimens a) Specimen A andépgcimen B08].

The results for Specimen A show a finite fatigue life for an applied working force of
8kN and above. This shows that crack arrest does not occur at 8kN, as predicted
using the El Haddad model. Tesesults corresponding to the Chapetti model
prediction of crack arrest at working load 7.5 kN showeouhat¢@p mand¢@ 1t
cycles.The Specimen B results show finite fatigue life #oworking force of 22 kN

and above, showing that crack arsés not occur at 22kN as predicted using the El
Haddad model. A single test corresponding to the Chapetti prediction of crack arrest

at 21kN shows rwout ato@ Ttcycles.

Comparison with fatigue test resultslicatesthat the El Haddad model doestno
give a conservative estimate of crack arrest within the framework of the proposed
method. However, the results given by the Chapetti model indicate that it is a

potentially viable approach, within the limits of the tout data available.

7.3 Influence of AspectRatio

For crack propagation simulation in FEA, the crack initiation can be assumed as
semicircular, straighfronted or semellipse, but commonly the shape of crack

initiation is considered as either semicircular or selipse. Based on Chapetti's
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theory, the value obcan be generally determined
refined the value odbthrough the specific shape of semicircular crack initiation and
by assuming the aspect ratio is 0.8 to obdaif.746. Therefore, for more accurate
prediction, it is necessary to consider the influence of aspect ratio on crack
propagation simulation and the fatigue limit prediction. Although, the aspect ratio
changes with the crack propagation, #epect ratio othe initial crack length is
commonlyassumed between 0.2 and [I1@4]. According to initial aspect ratios, the

value ofthecorrespondingvis based ori124].

Since theY) dependent on Chapettiodel has beenonsideredn Figure7.2 and
aspect ratio of 0.2 is rarely applied in crack growth simulation, only aspect atios
0.4, 0.6 and 0.8 are discussed. For crack propagation simulation, the crack initiation
lengtha is still constant at 0.2mmBased on several aspect ratios, different sizes of
semtellipsecracksare applied in two kinds of specimemsth the same procedures

to calculate the values 8 ,0 andY0 .Theresults o0 andY0 with

different aspect ratios fahetwo specimens arghown inFigure7.5.

For specimen A, 8kN force amplitude is applied ankN2®rceamplitude is applied
on specimen BBased onFigure 7.4, both of these selected force amplitudes are

close to the fatigue limit forces tfecorresponding specimens.

9r T T T 2 12 ! -
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Figure 7.5 CalculatedY)  compared wit/0  with aspectatios of 0.4, 0.6 and
0.8 a)316Lss b)S355 carbon steel.

It is observed irFigure 7.5 that for each crack configuration, the linesYof  for

different aspect ratiowill coincide to a similar lineThis is because although the
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initial aspect ratios and correspondiégvary, with crack propagation the crack

aspect ratio will finally convergeThis trend is alsoseeni n Carpinteri o
Cas per s 0[d24 rle3pwhexe tleeltrack aspect ratio converges in the range of

0.6 to 0.7. However, even though the final crack aspect ratios arersimganitial

crack aspect ratiosary, and the difference between these ratios can affect the

judgment of crack arresgspecially in short crack region.

Comparing the results shown Figure 7.5(a), whenY) for El Haddad model is
consideredalthough the applied forces are same, with various initial aspect ratios,
the results of crack arrest analysis are different. Asafor 0.8 and 0.6 (red and
yellow lines), the crack is arrested in PSC, butditr=0.4 (blue line) the crack can
continue to propagate to LC and fail. This situation is also preséigume 7.5(b),

where only the initial crack configuration wigiih=0.4 can continue to propagate.

The situaibn of the initial crack witha/b=0.4 for specimen B is selected to compare
with the results ofFigure7.4 (b) to clarify the influence othe crack aspect ratio on

the fatigue limit. The results 0  andY0 with a/b=0.4 are shown iffigure7.6,
where based on El Haddad model, tbece leading to the fatigue limis in the
range of 22kN23kN. According toFigure 7.4 (b), when the force amplitude is
between23kN and 22kN the crack isalso nearly arrested in PSCo, for the EI
Haddad modelthe aspect ratio has no significant influence on the crack arrest
analysis.However, forthe Chapetti model, the results die calculation with0.4
aspect ratio are approximbte22kN, which is larger than the resutr 0.6 aspect
ratio. The reason for the difference in the results of the two models is that in Chapetti
model,Y0 is dependent on the value @ but for EI Haddad mode}y is
independent on the value @f so the fatigue limits the same Therefore, whethe
Chapetti model is selected with a specific aspect ratibdthe fatigue limit will be

underestimated.

For engineering applicationspthmodels can be employed to descifie |, butthe

initial crack configuration should be considered carefully thiscan affect the
calculatedatigue limit. For the twaypes ofdoublenotched speanens shown in this
thesis the crack configurations with aspect ratios 0.6 and 0.8 may have better

agreement on experimental results compared with aspect ratio 0.4.
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Figure 7.6 CalculatedY)  compaed withY0 of S355 carbon steel (a/b=0.4)

Based on the simuian and experimental resultfe following conclusions can be

summarized:

T

YO orY0 alongcannotrepresent the entire thresholds, even if the crack
size is larger tharhe MSC Y0 YU , the crack can still be arrested in
PSC region due to the increasing of the threshold. The completed threshold
stress range for MSC, PSC and LC mustdmsidered

Compressive residual stress can increase the fatigue énit thefatigue
limit force of notched specimenwith induced residual stress can be
calculated by the methqatoposed herby comparing calculatedd  with

YO 8The numerical resultsshow good agreemenwith the experimental
results. The method caalso be easilgxtendedo other notched structures to
calculate the fatigue limit for safe design.

When applying crack growth simulation to calcul¥® or Y0 , the
initiation crack is commonly modelleas semicirculayand it is necessgito
consider the influence of aspect ratio of the initial crack configuration. With
crack propagatin, the aspect ratio can converge, buth@short crack region,

the values o¥0  with various aspect ratios are differewhich can affect

deteminationof thefatigue limit.
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7.4 Valve Body Analysis

Sellen et al[157] presented a stretife design procedure for autofrettage of the
complex 3D aluminium AW6082T6 valve body shown irFigure 7.7, validated
through experimental observation. Their proposed criterion for required autofrettage
pressure igrack arrestunder postautofrettage working loads. They proposed that a
simple, conservative condition for this to occur is the maxinpastautofrettage

SIF under working loads is always 1. From the definition of SIF, this
condition is satisfied if the corresponding maximum stress normal to the crack plane

is always, .

Sellen et al considered an operational pressamge from zero to 87.5 MPa, and
three autofrettage pressures: 180MPa, 270 MPa, and 350MPa. Experimental analysis
showed that crack arrest did not occur for 180MPa autofrettage, but the observed
irregular crack growth suggested the effective SIF range iwas t the threshold
value. The 270MPa autofrettage test was stopped mftecycles, at which very

small cracks were observed. A similar observation was made for autofrettage

pressure 350MPa.

« »@5mm

« — 5mm-——»

Figure 7.7. Geometry of half of the valve bddy7].

Crack arrest in the valve body of157] is analysed here using the procedure of
Figure4.1. The naterial properties, material models and boundary conditions used in
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FEA are those defined ifll57]. Considering the double notch specimanalysis

results, the Chapetti model was selectedifeassessment of crack arrest.

7.4.1 Material Properties

The material properties used in the FEA and crack propagation threshold model
obtained from the literature are givenTable 7.2. Following [157], the valve body
material is assumed to be bilinear kinematic hardening materiabnstructing the
Chapetti model, the value f, was determined from SN curvé®  was
obtainedfrom [164, 165]and the value o¥0  was obtained fronfil66, 167]and

the average grain siaeas collected fronj168]. The parameters of Chapanodel
calculated by2.41) (2.42), and(2.43) are shown irmable7.2.

Table7.2. Collected material pperties of AWG082T6.

7 . 7 ~

Material 0 o Y, Y m Y0 Q Y0 Q
00« 001 00 G 00 & Dowa & D0 ad
6082- 371 765 843 150 2184 323 0.982 6.325
T6

The Chapetti fatigue threshold models for A0882T6 based on the material

properties offable7.2 is shown inFigure7.8.

Threshold
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AK¢p/MPaym Crack Propagation
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Figure 7.8. Thresholds of aluminium AB082T6 calculated by Chapetti model.
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7.4.2 Finite ElementM odel

The valve body was modelled in ANSYS Workbench using SOLID 187 tetrahedral
structural solid elements. The craitke component has 3 planes of symmetry, and

the monotonic and cyclic stress analysis stages of the assessment procedure can be
performed for a 1/8 model with appropriate symmetry boundary conditions. However,

if crack initiation occurs on a symmetry plane, the material on both sides of the plane
must be modelled when applying ANSYS SMART and a 1/4 model is required.

To obtain the loation of crack initiation, 1/8 of the valve body was meshed as shown

in Figure7.9a. The applied boundary conditions are showfigure7.9b. Symmetry
boundary conditions are applied on the 3 symmelaygs. The real component is
sealed by plugs at the end of the conical transition section of the-hwiess
Pressure was applied to the surfaces within the seal, and the pressure force acting on

the plugswvasrepresented by axial thrust forces actinglanlarger bores.

Refined mesh area
>, B symmetrybcs
Pressure
B Plug Thrust
. Plug Thrust

(a) (b)

Figure 7.9. a) Finite element mesh and b) Applied boundary conditions for 1/8 valve
body model.

Results from cyclic stress analysis showrSection7.4.4 indicated that the crack
formed on the horizontal symmetry surfaceé~afure7.9. A 1/4 model with a similar
mesh density was therefore created for crack growth analysis, boundary
conditions shown irFigure 7.10. In addition, thepressures are also applied on the

crack flanks.
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[l symmetry bcs

Pressure

B Plug Thrust
. Plug Thrust

Figure 7.10. Quarter valve structure and applied boundary conditions.

The valve was analysed for an operatingspuee cycle from zero to 87.5MPa and
five autofrettage pressures: 150MPa, 160MPa, 170MPa, 180883&IPa and
190MPa

7.4.3 Preloading and Residual Stress

Elasticplastic FEA Model 1 was used to calculate the residual stress field induced in
the autofrettage poess,assuming a bilinear kinematic hardening material model
based on material properties Tdble 7.2. The distribution of residual stress normal

to the symmetry plane for autofrettage pressure 180MPa is shdviguire7.11.

Residual stress (MPa)

. 24.654 Max

I -3.0666

= -30.787

m -58.507
-86.228
-113.95
-141.67
-169.39
-197.11
-224.83 Min

Figure 7.11. Residual stress normal to the symmetry surface at -twass
intersection after autofrettage.
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7.4.4 Crack Initiation

For actual pressure vessels, the fatiguayais is multiaxial and therefore, multiaxial
criteria should be applied to estimate the critical point. As mentioned in S@dgon
researchers have proposed many improved and innovative multiaxial fatigue failure
criteria kased on stress and strain by analysing a laegef fatigue dataAmong

these criteria, the most successful and widely used criteria is based on the critical
plane approacf63, 66, 169where the variable shesiress and strain are considered

to be the main cause of fatigue failure and the normal stress in the plane of the shear
stress also affects fatigue. According to this theory, Br§&i] proposed that in
multiaxial fatigue, cracks are generated in the plane of maximum shear strain and
propagate along the direction perpendicular to the normal strain. The fundament of
the critical plane approach may be incorporated in the Tresca amitestiere the
maximum shear stress is also employed as a criterion. The difference is that as a
method of fatigue analysis, the core of the critical plane approach is to find the plane

with the maximum alternating shear stress or strain.

However, essentigl the maximum shear stress is not one of the stress invariants
butvon Mises stres§/.1) is, as the consequence of the variant of shear stress on the
orientation, the critical plane approacdnnotbe applied easily among engers.

(7.1)

where,, is thevon-Mises stress and  are three principal stresses.

As shown in(7.1), when thevon-Mises stress is applied in FEA, the value of stress is
always positive which is contraryto the nature of compressive residual stréfss
tensile residual stress is definad positive, compressive residual stress should be
negative. This phenomenon can affect the calculation of mean stress. To solve this
issue, the mean stress which is affected by the compressive residual stress can be
assumedo beproportional to the hydrostatic pressune asin [108], the sum of the

three mean normal stresses. This assumption can be applied accurately in double
notched specimens, but may ndedher investigation to definéhe proportional

value when applied in complex structures
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7.4.5 Crack Orientation

After determining the critical point, the orientation of the cnatlst be definedin

the critical plane approach, the crack initiation can be easily determgtbd plane

with maximum alternating shear stresand propagate along the direction
perpendicudr to the normal stress of the plane. However, if the critical point and the
fatigue controlling stress components are determined basadreNlises stress,
there is no method to find the orientation of cra¢kste,fracture Mode |which is

the most stueéd and most common mode in practisediscussed. In Mode [, normal
in-plane loading is employed perpendicular to the crack and therefore, the crack

plane can be defined by the normal stress.

Sellen et al[157] determined the crack plane in a whole structure undeptessure

by the elastic analysis. Then the crack plane orientation can be derived as normal to
the first principal stress at this notflb7]. This method can be easily applied, but

still has some disadvantages. If the crack grows based on a single static load, the way
to determine the orientation of the crack by first principle stress is acceptable, but for
fatigue crack growth, the range of stress intensity factor is the main factor to control

the crack growth and calculate the fatigue growthfiiden theParis lam(2.47).

As shown inthe Paris law, the firsprincipal stress as a result of unit pressalene

may not represent the range of stress intensity factor. In addition, in some studies
based on fracture mechanics, the orientation of thekcis also assumed to be
perpendicular to the direction of nominal stress in a flat specihéd] or the
residual hoop stress in specimen with crossing holg¢$05]. The assumption of

crack initiation should be considered in mdetail

7.4.6 Determination of Crack Initiation by Critical Plane Approach

In stress life fatigue anadis, crack initiation is usually assumed to occur at the
location of maximum stress on a free surfficél], referred to as the critical point.
The von Mises equivalent stresstdisution at the crosbore intersection for a valve
body without autofrettage at maximum operating pressure 87.5 MPa is shown in
Figure7.12(a). The critical point occurs on the surface at the intersection between the
crossholes where the maximum stress occurshél compressive residual stress is

present, the value and location of the maximum stress can change. This is seen in

126



Figure7.12(b), which shows the von Mises equivalent stress distributioneasdame
pressure for a valve body previously subjected to 180MPa autofrettage pressure. The
maximum vonMises stress now occurs internally, close to the dnosintersection.
However, this does not represent the critical point. As the valve strucipedences

3D stress, the von Mises stress is not suitable for identifying the location of crack

initiation and amultiaxial fatigue criterion is required.

Without autofrettage

Von-Mises Stress
(MPa)

308.53 Max

. 2743
240.07
205.85

171.62

. 137.39

= 103.17
68.942

I 34.716
0.48991 Min

(a)

With autofrettage

Von-Mises Stress
(MPa)

. 167.6 Max
149.04
130.48
111.92

. 93.365

74.807

- 56.249
37.69

l 19.132
0.57364 Min

(b)

Figure 7.12. Von Mises equivalent stress distriion at maximum operating pressure
87.5 MPa (a) no autofrettage and @J0 MPa autofrettage pressure.
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Several multiaxial fatigue failure criteria have been proposed, based on both stress
and strain. In the critical plane approd6B8, 66, 169] fatigue failure is dependent on

the maximum shear stress range over the load cycle and the mean stress normal to
the shear plangs4]. The location of crack initiation and orientation of the crack
planeare determined by considering the stress cycle at specific nodes in the model.
Depending on the FEA software used, this may be done for all nodes through post
processor load case calculations, application of internal macros or exporting stress
results toan external program for further processiAg.each node, the maximum
shear stress plane is identified by the maximum shear stress range between the
minimum and maximum loads. This may be defined in terms of principal stress if the
principal directions dahot change over the load range. If the principal directions

change over the cycl#ée calculation should be based the stress component range.

The principal stress differences at a node are definedhasnin (2.32). An
altemating shear stress ran(é "0 Q pklv is defined for each stress
difference, and the maximum alternating stress range at each node deteamined
(2.33). These equations are also includeth@ASME codewhen the principal stress
direction is constant. However, tlirection can be changed due to the autofrettage

process.

Due to the change in principal stress direction with autofrettage, relying on stress
magnitude calculations becomes inadequate. Hencemipertantto incorporate
stress transformation calculations to adjust stress componentsytostettageThe
procedures of stress transformatiare illustratedin Figure 7.13, whereQ is the

transform matrix.
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Figure 7.13. Stress transformation to determine the maximum range of normal stress.

1. Export theresults ofstress components after autofrettage ammfrettages
reload from elastiplastic FEA.

2. Select anothercoordinate systermh, do stress transformah to calculate
stress components
Calculate the shear stress difference based orotirelinate systeth.
Repeat thé&step 2 and 3 for all coordinate systetm determine the maximum
shear gess range.

5. The planewith the maximum shear stress range barobtained as the crack

plane.

The most difficult procedur@boveis Step 4: to determine the crack plane by
repeaed calculation of stress transformation. Therefora) emproved method is

proposedhereto obtain the planfom theamplitude of stress cgmonents.

Assume the coordinate systesifter stress transformatias known as coordinate
system[ and the stress components fronthe autofrettaged structure and
autofrettaged& reloaded structure are based arglobal coordinate systent.he

procedures to calculate the stress range can be simplified as

Y, 03 D 03 0¥ D (7.2)

where,Y, is the range of transformed stress,and, & are stress components

from autofrettagedstructuresand reloaded structures respectivendy, is the

range of stresssuchthatV, » ,e. From (7.2), ¥, based on arbitrary
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coordinatesystemscan be directly obtained from tie if the original coordinate
systemof , and, ais thesame. Additionallythe maximum shear stress range can
be directly determineétom three principal stresse$ Y, , which means the plane
with the maximum shear stress range can be deterrfioed, , which can also
be determinedrém the¥, . Step 4 can thus be simplified to determine the

maximum shear stress from the amplitudéhefstress componesit

For instancewith 180MPa autofrettage pressuifethe change of coordinate systems
of principal stresses is ignored, the M5 code[64] can be directly applied to
calculate the shear stress rangsshown inFigure7.14. The maximum shear stress
rangeis thusobtained as 107.34MPa.

Contour plots of the alternating shear stresthe valve body with autofrettage based
on the proposed improved method are showrFigure 7.15. The highest valuef
147.9MPaoccurson the surface at the crelsle intersectionas highlighted in
Figure7.15. This is therefore defined as the crack initiation locafidre crack plane
is also defined by the principal stress directions, such ttatcrack surface
corresponds to the plane where the alternating shear stréés is This is in
agreement with experimental findings[irb7].
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(c)

Maximum shear stress range

Figure 7.14. Contour plots of alternating stres®y MPa with 180MPa

autofrettage pressurdbased on ASME codwithout considering orientation of
principal stresses.
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Figure 7.15. Contour plots of alternating stres® MPa with 18MPa
autofrettage pressufeased on the improved method

The results ofhe maximum shear stress range with and without the consideration of
the direction of the principal stresses are differé@ value of maximum shear stress
changes from around 18MPa to 103MPa when the autofrettage pressure is
180MPa.

The ASME code andmproved procedures are also applied the structure with
270MPa autofrettage pressufes shown inFigure7.16, the maximum shear stress
range without mnsidering the direction of principal stress approximatky
143.78VIPa Usingthe proposednethod the maximum shear stress range calculated
based on the amplitude stress component is also 147.8vPa0MPa autofrettage
pressure. Taleterminewhich metlod is more accute, the theory of superposition

is used.Considering the residual stress and subsequent stress induced by applied

pressure, the stress amplitude can be calculated as:

1)

” ” n Fl n n ﬁ n y” (73)
S S C

where,, is the stress amplitudg, and, are the maxnum and minimum
stress with induced residual stress,  and, j are the maximum and

minimum stress as results of applied internal pressurés the residual stress and
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