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RESUME

Les turbines hydrauliques sont soumises a de trés grands nombres de cycles a faible amplitude de
contrainte et a haute fréquence. Ces petits cycles sont générés par des phénomenes hydrauliques et
sont superposés a une contrainte statique de tension. Aussi, dépendant des conditions de
fonctionnement, il est possible d’avoir superposé aux petits cycles un plus faible nombre de grands
cycles a forte amplitude de contrainte et basse fréquence. On a ainsi en pratique une superposition
de petits cycles, de grands cycles et d’une contrainte statique de tension durant les 70 ans de durée

de vie de la turbine.

Les turbines hydrauliques qui sont fabriquées a partir des aciers AISI 415, ASTM AS516, et AISI
304L (notés 415, A516, et 304L pour simplification) sont soumises a de telles contraintes cycliques
et statique. Ces contraintes ont pour effet de favoriser la propagation des défauts existants dans les

roues des turbines et peuvent mener a leur rupture.

Pour éviter la propagation des fissures, les petits cycles doivent induire un AK qui est en dessous
du seuil de fatigue. Néanmoins, les grands cycles peuvent contribuer a propager ces fissures. Ainsi,
pour prédire la vitesse de propagation des fissures dans de telles conditions de cycles superposés,
on a recours a la sommation linéaire de dommage (SLD). Il a été observé que les grands cycles

superposés aux petits cycles peuvent induire une diminution du seuil de fatigue des petits cycles.

Différentes procédures ont été¢ proposées dans la littérature pour mesurer les seuils associés au
petits cycles seuls et avec superposition des grands cycles. Cependant, la plupart des procédures ne
minimise pas la fermeture induite lors de la mesure du seuil conduisant ainsi a une surestimation
de leur valeur. La présente étude propose de nouvelles procédures d’essais pour réduire la
fermeture lors de la mesure du seuil de fatigue pour les aciers mentionnés précédemment. De plus,
différentes ¢tudes ont démontré que les fissures peuvent se propager plus rapidement sous 1’effet
des grands cycles que ce que prédit la SLD. Nous vérifierons ainsi la précision de la prédiction

LDS par rapport aux mesures de propagation.

Dans une premiere étude, la propagation des fissures par 1’interaction de petits et de grands cycles
est caractérisée dans les trois aciers. Les cycles de base sont entrecoupés par les grands cycles. Les
vitesses de propagation des fissures par les cycles de base et les grands cycles de sous-charges sont
additionnées dans la SLD pour évaluer la vitesse de propagation de fissure. Les mesures

expérimentales de vitesse de propagation en sous-charges périodiques sont ensuite comparées avec
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la prévision de la SLD. Le ratio entre la mesure de propagation de fissure et la prédiction SLD est

définie comme facteur d’accélération.

Les résultats montrent que les mesures de propagation par les sous-charges périodiques dans ’acier
415 sont proches de celles déterminées par la méthode de SLD. Cependant, le facteur d’accélération
est égal a trois dans I’acier 304L. Des valeurs intermédiaires sont obtenues pour I’acier A516. On
montre que le facteur d’accélération est directement relié au coefficient d’écrouissage de chacun
des aciers. En ordre croissant, I’acier 415 a le plus faible coefficient d’écrouissage, suivi par I’acier

AS516 et par ’acier 304L.

Les observations fractographiques montrent que la sous-charge cause une accélération de la
propagation de fissure pendant les cycles de base. La cause de cette accélération est attribuée a une

combinaison de contrainte résiduelle en tension et d’écrouissage causée par les sous-charges.

Une deuxiéme étude avait pour but de mesurer le seuil de fatigue des petits cycles (cycles de base)
et de vérifier comment il pouvait étre diminué par la superposition de grands cycles (sous-charges
périodiques). Les essais de fatigue de cette seconde étude ont été réalisés dans la région du seuil de
propagation sur les aciers avec le plus petit et le plus grand facteur d’accélération, soit les aciers

415 et 304L respectivement.

Le ratio de nombre de cycles de base sur nombre de sous-charges est noté n. Deux procédures
d’essais ont été realisés. Le premier a été realisé par une reduction de AK pour mesurer un seuil
conventionnel, AKconv, de 2 x 107 mm/cycle en amplitude constante et avec les sous-charges
périodiques avec différents n. Le deuxieéme procédure a été realisé par une croissance de AKgL de
zero avec les sous-charge periodiques pour n = 1.25 x 10° pour atteindre un seuil réel, AKi true,

avec une vitesse de propagation de 6.7 x 10° mm/cycle et ensuite AKih cony.

Le seuil de fatigue des petits cycles ne décroit pas pour n > 1.25 x 10°. Le nombre de petits cycles
est de I’ordre de 7 x 10'° pendant une durée de vie de 70 ans. Le nombre de grands cycles ne doit
donc pas dépasser 5.6 x 10° cycles. Lorsque n < 10°, le seuil de fatigue commence a décroitre.
Cette décroissance est moins importante dans le 415 que dans le 304L. Il a été démontré que le
seuil de fatigue décroit 5 fois plus quand la vitesse de propagation est en dessous de 6.7 x 107

mm/cycle par rapport a 2 x 10”7 mm/cycle.

Les contraintes résiduelles de tension sont induites dans les roues lors de la fabrication et du
soudage. Ces contraintes augmentent le facteur d’intensité de contrainte maximal, Kpax, induit aux

défauts et peuvent favoriser la propagation des fissures. L’effet d’une augmentation de Kmax sur le
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seuil de fatigue en amplitude constante et sous-charges périodiques doit étre étudice. Il a été

démontré qu’une augmentation de Kmax décroit 1égérement les deux seuils.



viil
ABSTRACT

Hydraulic turbine runners are subjected to a very large number of cycles with small stress
amplitudes at high frequencies. These cycles are generated by hydraulic phenomena and are
superimposed to a tensile static stress. Depending on the operating conditions, much lower number
of large cycles are generated with large stress amplitudes at low frequencies. As a summary, the
whole stress spectrum consists of small cycles superimposed to a tensile static stress that is intercut

with large cycles during the 70 years design life of turbine runners.

Turbine runners, which are fabricated from AISI 415, ASTM A516, and AISI 304L steels (i.e.
called 415, A516 and 304L for simplicity), are subjected to the aforementioned stress cycles. The
imposed stress spectrum propagates the existing defects or cracks in turbine runners and may lead

to their failure.

In order to avoid crack propagation, the small cycles should induce a AK that is lower than the
fatigue threshold. Nonetheless, the crack can grow due to large cycles. As a result, linear damage
summation (LDS) is employed to predict the crack growth. The large cycles superimposed to small

cycles can also induce a decrease in fatigue threshold of the small cycles.

Different test procedures have been proposed to measure the fatigue threshold of small cycles and
the ones superimposed to large cycles; however, most of them do not minimize the crack closure
while reaching the fatigue threshold leading to an overestimation of fatigue thresholds. In this study
new test procedures are proposed in order to minimize crack closure while reaching the fatigue
thresholds in turbine runner steels. Different studies have shown that crack can grow faster than
the LDS prediction due to the interaction between large cycles. Therefore, we verify the precision

of LDS prediction compared to the measured crack growth rates.

In this first study, crack growth due to the interaction between two large cycles is investigated in
the three aforementioned turbine runner steels. Baseline cycles are periodically intercut by an
underload cycle. This variable amplitude loading is hereafter called periodic underloads. Crack
growth rates of baseline cycles and underload cycles are summated in LDS to predict crack growth
under periodic underloads. Crack growth measured under periodic underloads is then compared to
LDS prediction. A ratio between the measured and predicted crack growth, that is greater than

unity, is defined as an acceleration factor.

Results show that the measured crack growths under periodic underloads in the 415 steel are close

to the ones predicted by LDS. On the other hand, the acceleration factor in the 304L steel can reach
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up to three. Intermediate values are obtained for the A516 steel. We show that there is a direction
relationship between the strain hardening exponent and the acceleration factors in each steel. In

increasing order, the 415 steel has the lowest monotonic strain hardening exponent, followed by

AS516 and 304L steels.

The fractography analysis showed that an underload followed by baseline cycles causes an increase
in crack growth during baseline cycles, which leads to acceleration factors. It is presumed that an
underload induces a combination of tensile residual stress and strain hardening that increase crack

growth during subsequent baseline cycles.

In the second study, the aim is to measure the fatigue threshold of small cycles (baseline cycles)
and to verify its reduction due to large cycles (periodic underloads) are called periodic underloads..
Given that these tests in this region are time-consuming, fatigue tests were only conducted on steels
with the lowest and highest acceleration factors in the first study; thus, the 415 and 304L steels,

respectively.

The ratio of the number of baseline cycles over number of periodic underloads is defined as n. Two
load procedures were conducted to investigate the effect of underloads on the baseline cycles. A
first load procedure was conducted with decreasing AK to measure a conventional fatigue threshold,
AKin conv, at a crack growth rate of 2 x 10”7 mm/cycle under constant amplitude loading and under
periodic underloads at different n ratios. Then a second load procedure was conducted with
increasing AKpr from zero to measured AK e at a crack growth rate of 6.7 x 10 mm/cycle and

AKih cony under periodic underloads at n = 1.25 x 10°.

The fatigue threshold of small cycles does not decrease for n > 1.25 x 10°. In turbine runners, the
number of small cycles during 70 years of design life (about 7 x 10'%). In order to avoid a decrease
in the fatigue threshold, the number of large cycles (periodic underloads) should be kept below
5.6 x 10°. The fatigue threshold of small cycles starts to decrease for n < 1.25 x 10°. This decrease
is lower for the 415 steel as compared to 304L. The decrease in fatigue threshold due to periodic

underloads is about five times higher when it is measured at 6.7 x 10" mm/cycle.

Tensile residual stress is induced in turbine runners during the fabrication and welding procedure.
This stress increases the tensile static stress in runners, which leads to an increase in the Kmax at the
defect tip. As a result, the effect of an increase in the Kmax on crack growth under constant and
periodic underloads was also investigated. It is revealed that an increase in the Kmax slightly

decreases the fatigue threshold under constant and under periodic underloads.



TABLE OF CONTENTS

DEDICATION ...ttt ettt et et b ettt sb et e st e e bt e bt et e sat e bt et e eseenaeenee il
ACKNOWLEDGEMENTS ..ottt sttt st sttt et sbe et saeesaeeae s v
RESUME ...ttt ses sttt v
ABSTRACT ...ttt et a ettt s bt ettt s bt e bt et esbe e bt et e ebeenbeentesaeens viii
TABLE OF CONTENTS ..ottt ettt sttt et sbe et st e bbb e X
LIST OF TABLES ...ttt sttt ettt sbe ettt sa et et e bt ebeentesaeens xiii
LIST OF FIGURES ...ttt sttt sttt et st e et eaeenees Xiv
LIST OF SYMBOLS AND ABBREVIATIONS. ...ttt Xviii
CHAPTER 1 INTRODUCTION ....oocuiiiieiiiiieiieieeiteie ettt ettt et st eseesaesseensesssesseensesnnenseenns 1
| B 00415 F OO OO PRSP U PORPPPORUUPRRRRPPPRNt 1
1.2 PTODICINALICS ...uetieiiieeiiieiie ettt ettt ettt ettt e et et e st e e bt e enbeesbeeenbeenneeenbeensaesnneas 3
1.3 RESEAICH ODJECLIVES ...eeiuiiieiiieiie ettt ettt et e e e saeeeneeas 4
1.4 Outline Of the theSiS .....coouiiiiiiiiieiee ettt e 5
CHAPTER 2 LITERATURE REVIEW ....oooiiiiiiiiiceseee ettt 6
2.1 Brief hiStOTICAl TEVIEW ......eiiiiiiiieiieeit ettt ettt ettt et e sae e et eseaeeaeeas 6
2.2 Approaches in structural fatigue deSIZN .........ceevuieiiiiiiiiiiieiiee e 6
2.2.1 Total life apProach ........c.ccoviiiiiiiiiei ettt 6
2.2.2 Defect tolerant apProach ..........couevieiiriiriiiieeieie et 7

B o 13741 (< U £SO SRTUSSSR 7
2.3.1 Crack NUCIEATION ...ceuuiiiiiiiiieiie ettt ettt e eaeeas 8
2.3.2 Short Crack roWthi.......coooiiiiiiiiceecee e e 9
2.3.3 LoNg Crack SIOWEN ...c..viiiiiiiiiiiecieeee ettt et e et e e et e e e aae e s aeeesebeeesnneeenns 9

2.4. Crack growth under constant amplitude loading............cccceeeviieeiiiiniiieniieeeie e 12
2.4.1 Crack Growth T@EZIOMNS ....cccuuiieiiieiiiieeiieeeiee ettt e et eesteeeae e et eeeeaeesseeesnbaeennseeennseens 12
2.4.2 Crack CLOSUTE ........oiiiiiiiiiiee ettt ettt ettt e 15
2.4.3 Crack growth prediction methodS.........cccvveeiiieiiiiiiiiiicieeeeeeeee e 23

2.5 Crack growth under variable amplitude 10ading ............cccccveeiiieeiiieniieeee e 25
2.5.1 Basics and defiNItioNns .........ooouieriiiiiiiiiieeeeee e 25
2.5.2 Effects of overloads and underloads in crack growth regions ...........ccccevveviienieenennne. 26
2.5.3 Crack growth prediction Mmethods ..........cceeiiiiiiiiiiiiiieeee e 31

2.6 CoNClUSION OF the TEETALUTE ....eeovvveiiieiiiiieiieiieeeeeeeeeeee ettt eeeeeeeeeeeeeeeeeeeeeeeeeaeeeeenae 36



CHAPTER 3 METHODOLOGY AND EXPERIMENTAL PROCEDURE .........cc.ccceecvvvurennnnen. 38
R LY, 15710 e 1o [o) [0 T 2RO U PSPPI 38
3.1.1 Stress spectra in tUrbiNe TUNNETS .......cc.eevvieriierieeriieeieerieeereeneeeereesseeesreenereeseessaeenseenens 38
3.1.2 Stress spectra SIMPlITICAtIONS .......eevieriieiiieiieeie et ee 41
3.2 ExXperimental ProCEAUIE. ........coiiiiiiiieeieeiiecie ettt ettt et saaesbeesaeeenseenns 44
3.2.1 Material CharacteriZation ...........cc.eeeciieeiiieeiiie et e eieeeeireeetee e ae e e e e saee e e beeeseseeeaneeas 44
3.2.2 TENSIIE LEStINE .eeeuvveeeiiieeiiieeiiee et e et e e teeetteeeteeeeteeestaeesssaeessseeesssaeessseeensseeessseeensseeas 45
3.2.3 FatiUE tESTINE ..ccuveeeiiieeiiieeiiee et e et e ete e et e e etaeeetaeesstaeesssaeesssaeesssaeesssaeenssaeesnseeensseeas 45
CHAPTER 4 ORGANIZATION OF THE FOLLOWING SECTIONS ......ccooieiiiieieeeeeenee. 49
CHAPTER 5 CRACK GROWTH UNDER CONSTANT AMPLITUDE LOADING................. 51
5.1 ASTM 10ad PIOCEAUIE .....ccueiiiieiiiieiieee ettt ettt sttt ettt e et e s e enbee e 51
5.2 Materials and experimental proCedures ............cocvviieiiiieiiieeiiie et 51
5.2.1 MAALETIALS ..eceviieeeiieeciie ettt e et et e e e e e e taeeetbeeebbaesssaeeesbaeessseeesssaeensseeeasseeanns 51
5.2.2 FAtIUE TESTINE ....veeiteeiieiieetie ettt ettt et e st et e et esaee st e e sbeeesbe e st e eabeesbeeenseasneeenseas 51
5.3 RESUILS ceeeieieeiee ettt e e et e e et e et e e et e e e tba e e taaeetbeeabaeeerbaeenrraeenaraeenrreens 52
5.4 DISCUSSION . ...c..tetieniieiieettete ettt et ettt et e et e st e e bt e st e e at e s bt eabesaee bt enseest e beenteseeenseentesneenbeensenanens 54
5.4.1 Plastic zone size and phase transformation...............cceeeeeeeiierieecienieeeesee e 54
5.4.2 Crack path Irr@@UIATIEIES . ....c..eieeiieeeiieeeiee ettt ettt e et e et eeesbeeesnseeesnneeenes 56
CHAPTER 6 ARTICLE 1: EFFECT OF PERIODIC UNDERLOADS ON FATIGUE CRACK
GROWTH IN THREE STEELS USED IN HYDRAULIC TURBINE RUNNERS..................... 58
6.1 TNIFOAUCTION ..ottt ettt et ettt e st e e bt e eabeeee 61
0.2 MALETIALS ..ot ettt et st ettt et sttt 64
6.2.1 Chemical compositions and heat treatments...........cccveeevveeerieeeiieeniie e eeree e 64
6.2.2 Microstructural characterization and tensile properties..........ccecvveeeeveeriiveercieeenceeennneenn 65
6.3 EXperimental PrOCEAUIES .......c..iiiiuiiiiiieecie ettt e e rte e e ere e e e e seaeesaeeesseeesnseeennseees 67
6.3.1 LoadINg PATamMELETS. ....cceiuvieeiiieeiiiieeiieeeteeeiteeesiteeeteeeeeeeesssaeessseeessseeessseesssseeensseesssseens 67
0.3.2 FatiGUE tESTINE ...euveeeiiieeiiieeiiee ettt e et e et e e etae e et e e eteeesseaeesssaeesssaeeesseeeasseeensseeesnseesnsseens 68
0.4 RESUILS ..ttt et et e st e bt et e bt et e e bt e enbeeeee 70
6.4.1 Constant amplitude 10adINg ..........oeeviieeiiieeiiieeieeee e e e 70
6.4.2 Periodic Underloads..........coeoviiiiriiiiiiiieceee s 74
0.5 DISCUSSION. ...c.utiiieiiiiiiestt ettt ettt sttt et e sb e et sb e e bt et e eb e enbeeatesbee bt eatesbeenbeeatenaeens 78

6.6 CONCIUSIONS ... 80



Xii

CHAPTER 7 ARTICLE 2: FATIGUE THRESHOLD AT HIGH STRESS RATIO UNDER

PERIODIC UNDERLOADS IN TURBINE RUNNER STEELS .......ccccoviiiiiiiiienieeeieeeeene 82
7.1 INEOAUCLION ..ttt ettt et e b ettt se e bt et e sbeenbeentesanens 84
7.2 Materials and experimental ProCeAUIE .............cceeeiierieiiiienieeieese ettt 89

T.2.1 MIALETIALS ..ottt ettt ettt b et st b ettt b et ettt enees 89
7.2.2 FatiGUE tESHINE ...cuvvieiiieiieeiieeiteetteete et e et et e eteeteeseteeaeeesbeenseeensaessaeesseessesnsaennseanseensns 90
7.3 Results and diSCUSSION .......eeviruiiriiiiiiieiieeiesi ettt sttt e b e s 94
7.3.1 First 10ad PrOCEAUIE ........ccueeiiiiiieeiieiteeie ettt ettt et e e e ebeesaaeenneenee 94
7.3.2 Second 10ad PrOCEAUIE.........cviieiiieeiiee ettt ettt e e e et e et e e e e sebeeesbeeessseeenreeas 98
T4 CONCIUSIONS ...ttt ettt ettt et ettt e et et e e bt esbeesabeesbeeenbeesseesaseenneesnseenseesnseenneans 100

CHAPTER 8 GENERAL DISCUSSION .....coiiiiiieiieiesieeie ettt sae e snnens 102
8.1 Crack growth under constant amplitude l0ading...........cccceceerieniriiniininiiniieceen 102
8.2 Crack growth under periodic underloads............ccccoceeriiiiniiniininiiiieeccceececee 105

CHAPTER 9 CONCLUSION AND RECOMMENDATIONS........ccooiiiieierieieeeeeeeeie e 112
0.1 CONCIUSIONS ...ttt ettt ettt ettt et e et et e et e bt e et e e saeeenbeesseesaseesseeenseessaesabeenneens 112
9.2 Further 1ecOMMENAAtIONS ......c.eiiiiiiiiieiieeie ettt ettt et e st e et e seaesabeesaeeens 113

REFERENCES ...ttt ettt st ettt e st e et e e eanees 115



xiil

LIST OF TABLES
Table 6.1 Typical load pattern for a Francis turbine runner [1].......ccccooevviiniininienieninieneenee, 61
Table 6.2 Chemical compositions of studied materials (Wt. %0)......cccceoeervuieriiiiiiniiieiieneeeee 64

Table 6.3 Average prior austenite grain size on the three orthogonal planes of each steel (um) ..66

Table 6.4 Tensile properties of the three wrought steels in L and T directions at room temperature

Table 6.5 Maximum SIF at the tip of initial defects corresponding to runner lifetimes of 20 and

T YEATS c.uviieeeeiieeeeeet et e e ettt ee e ettt e e e e taeeeeeaataaae e ettt eeeeanteaeeaanataaeeanrateeeantaaeeaannaeeeeanraeeeeasrreeeannns 68
Table 6.6 Loading parameters for POV and SS SeqUeNCes.........cccecveriieiiierieiiienieeieesre e 68
Table 6.7 Parameters of Walker equation for each steel...........cccoevvieriiiiiieniiiiiiiieee e, 73
Table 6.8 Maximum acceleration factors for the three steels at both Kimax and 71.........cooveenennnnn. 75

Table 6.9 Comparison of measured crack growth with different prediction methods for the three

steels (acceleration factors are calculated at Kmax70, ¥ =0.33 and 7= 10) .....cccvvevcrvreerneeerennee. 77
Table 8.1 Comparison of tensile properties in the old and new A516 steel with ASTM A516...106

Table 8.2 Comparison of acceleration factors in the old and new A516 steels at » =3 and 10 at

Kinax = 1944 MPAINYZ ..o e e e e e e e s e e s s e e oo r e 107



Xiv

LIST OF FIGURES
Figure 1.1 Hydraulic Francis turbine and runner COMpPONENtS..........cc.eecverueeriereereenieeieneenieneeneeens 1
Figure 2.1 Different periods of fatigue [ife [14]......ccoviieiiiieiieeeeeeeeee e e 7
Figure 2.2 Slips bands under a) monotonous load, and b) cyclic load [11].....cccccvveeiieeniiieieenee. 8
Figure 2.3 Stress intensity factor at the tip of a sharp crack in an infinite plane [14].................... 10

Figure 2.4 a) Three load modes of fatigue crack in a specimen, and b) monotonous plastic zones

for each load mode under plane stress and plane stress using the Von Mises yield criterion

Figure 2.5 Crack growth rates versus AK in three different regions (adapted from [34]).............. 13

Figure 2.6 Two different procedures to measure the fatigue threshold, a) constant R ratio (ASTM
standard), b) constant Kimax [32, 37 cueeoieeiieieeiieieeee ettt ettt e ee 15

Figure 2.7 Crack growth rates versus AKesr in the three different crack propagation regions

125, 317 coeeeeeeeeeeeeeeeeeeeeeeee e e e e e eee e ee e s et s e et e s ee s e s ees e 16

Figure 2.8 a) Variation in plastic zone throughout the thickness, and b) variations in K¢ at three

different AK due to a decrease in thickness in an 7075-T6 aluminum alloy specimen [21, 49]....17

Figure 2.9 a) Surface asperities in the crack wake in an 2090-T8E41 aluminum lithium alloy, b)

variations in K¢ at three different AK due to removal of the crack wake asperities in an 7075-T6

aluminum alloy Specimen [21, 4] ...ccouii it eaee e e 18
Figure 2.10 Schematic illustration of a zigzag crack path to estimate the K¢ [59, 60]................. 18
Figure 2.11 Crack closure mechanisms at different crack growth regions at R = 0.05 [29]......... 20

Figure 2.12 Schematic of load and crack opening displacement measured from crack mouth clip

gauges behind the CTACK tIP ...ccouviiiiiiiieeceeee et e saee e e e e e 21

Figure 2.13 Test procedures to determine the SIF corresponding to the crack propagation, a) at

low R ratios, b) at high R 1atios [93-94] .......ooiiiieeee et 22

Figure 2.14 Crack growth after an applied overload, a) crack growth rate as a function of crack

length, b) crack length as a function of number of cycles [108]........ccceevvieeiiiiniiieeieeeeeeeees 27

Figure 2.15 Crack growth rates as a function of crack length after an applied overload and

compressive underloads in austenitic stainless steel 316L [118]....cccocuieiiiiiiiiiiiniiiieeeeee 28



XV

Figure 2.16 Schematic of crack closure variation after an applied overload and underload at

different crack growth regions (adapted from [123])..c.ccccciiieiiieeiiieeieeeeeee e 29
Figure 2.17 Two prediction models, a) Wheeler, and b) Willenborg (adapted from [144]).......... 33
Figure 2.18 Prediction of the crack growth rate following a single overload [148] ..........cccc....... 35
Figure 2.19 Example of CORPUS crack closure model in a simplified spectrum [151]............... 36

Figure 3.1 a) Different regions of a runner blade based on stress magnitude [154], and b) steel
plate filled with epoxy and silicone to protect strain gauges installed on region A of a runner

DLAAC [4]..reeeeiiieeetie et ettt et e et e et e e e ta e e e aae e ettt e e e tbaeeetbaeeaabeeetaeeeareeenreeeanreeans 38

Figure 3.2 Typical stress spectrum imposed on turbine runners with small cycles superimposed
to the highest tensile static stress, a) small cycles with low stress amplitudes, and b) small cycles

with high stress amplitudes (adapted from [155, 156]).....ccceeriiiiiiniiiiiiieeeee e 39

Figure 3.3 a) Linear damage summation employed to predict initial defect dimensions that will

not cause rupture for 70 years, b) initial allowable semi-elliptical defect dimensions in different

1e€@I0NS O @ Blade TUNNET .....oouiiiiiiiiii ettt sttt 40
Figure 3.4 Simplified load spectrum with POVs and SS sequences..........ccoceevveeciienieenieenneennen. 42
Figure 3.5 Simplified load spectrum with small cycles and SS sequences.........cc.cceevevveerieeennenn. 43
Figure 3.6 Compact tension specimen installed in an Instron servo-hydraulic machine............... 46

Figure 5.1 Crack growth rates versus AK and AKesrat R = 0.1 in the 415 and 304L steels........ 53
Figure 5.2 Comparison of crack growth rates at R =0.1 and 0.7 in the 415 steel ............ccceeee. 54
Figure 5.3 Comparison of crack growth rates at R = 0.1 and 0.7 in the 304L steel....................... 54

Figure 5.4 Microstructure of the 304L in the LS orientation, a) as received, b) close to the

necking of the tensile specimen (L dir€Ction) .........ccocuieiiiiiiieniieiiieie et 55

Figure 5.5 Crack path on the surface of the specimen at AK conv in the 415 steel at, a) R =0.1,
ANA D) R = 0.7 ettt e e e et e e et e e et e e e b e e e baeeenaee e nbeeennaeeenns 56

Figure 5.6 Crack path on the surface of the specimen at AKn cony in the 304L steel at, a) R =0.1,
ANA D) R = 0.7 ettt ettt e et e e e ta e e et e e e ba e e e aaeeebaeeearaeenns 56

Figure 6. 1 Different load cycles under variable amplitude loading.............cccocceeviiiniiniiincnnen. 62

Figure 6.2 Microstructure of the three wrought steels, a) 415, b) A516, and c) 304L................... 66



Figure 6.3 Applied loading sequence on the three steels at constant Kimax, «.oovveeeevveeeieeenieeencieenns 69
Figure 6.4 Schematic of crack deflection angle (6) and crack deflection length (/) ...................... 70

Figure 6.5 Crack path deflection under constant amplitude loading at Kmax,;70 and R = 0.1 in the a)
415 steel, b) A516 steel, and c) 304L steel (crack propagates from left to right in the three cases)

Figure 6.8 Fatigue striations on fatigue surfaces under constant amplitude loading at Kmax 20, (a)
415 steel at R =0.1, (b) A516 steel at R = 0.1, ¢) 304L steel at R = 0.1, and d) 304L steel at R =
0.7 (crack propagates from left to right in all CaSEs) ........cccueeviieriiiiiiiiiieiece e 74

Figure 6.9 Acceleration factors for the three steels at Kiax,70 and n = 10 (curves are obtained from

a third order polynomial regression of the data) ...........ccoooiiiiiiiiiii e, 76

Figure 6.10 Acceleration factors for the three steels at Kmax,20 and #n = 10 (curves are obtained

from a third order polynomial regression of the data) ...........c.cceveeveiieriieiiiniieieeeeeee e 76

Figure 6.11 Striations on fatigue surfaces in the 304L steel at Kmax,20 under periodic underloads
(ReL=10.7, RuL =0.1 and n =10). Figure 5.11 (b) is an enlargement of Figure 5.11 (a) (the crack
propagates from left to right in all CASES) ....cuviiviuiiiiiiiirii e 79

Figure 7.1 Two different load procedures to measure the fatigue threshold at high R ratio, (a)
constant R ratio (ASTM standard), (b) constant Kimax [37]..veeeoveervieeiienieiiieieeeeeee e 86

Figure 7.2 Step-by-step decreasing Kmax load procedure to measure the fatigue threshold at
constant high R ratio under PUL (adapted from [128]) ..cccvvveriieeiiieeiie e 87

Figure 7.3 Effect of n ratio on the fatigue threshold at high R ratio of an 2024-T351 aluminum
alloy under periodic underloads (PUL) and periodic compressive underloads (PCUL) (adapted
TTOII [128]) cutieeiieieeie ettt et e et e e et e e e ta e e e tbeeetaeeeataeesasaeeensseeessaeeessaeesaseeennsaeenns 88

Figure 7.4 Constant Kmax procedure to measure the fatigue threshold at high R ratio under PUL
(adapted fTOM [132]) coueeieeiiieeiie ettt e e e et e e st e e e sateeeabeeessaeeensaeeensaaeensaeennseeennnes 88

Figure 7.5 Kmax effect on the fatigue threshold under CAL and PUL (adapted from [132])......... 89



Figure 7.6 Microstructure of the two wrought steels: (a) 415 steel, and (b) 304L steel ................ 90

Figure 7.7 Load sequences in the first load procedure with decreasing AK under CAL and PUL at

@ ZIVEIL 72 TALIO c.veeutieeiieentie ettt eieeeeteetteeeteesttesete e teeesbeeseeensaesaeasseessesnsaensseesseenssesnsaensaeanseessesnseenseeans 92
Figure 7.8 Expected results of load procedure in Figure 7.7 in a da/dN — AKgL plot.................... 92

Figure 7.9 Load sequences in the second load procedure with increasing AKgr under PUL (n =

Figure 7.10 Expected results of load procedure in Figure 7.9 in a da/dN — AKgr plot.................. 94

Figure 7.11 Log-linear plot of crack growth rates versus SIF range of baseline cycles under CAL

and PUL at different 71 ratios 10 the 415 STEEL.....coeeeeeeeeee e e eeeeeeeeeeeeeeeeeaaas 96

Figure 7.12 Log-linear plot of crack growth rates versus SIF range of baseline cycles under CAL
and PUL at different # ratios in the 304L Steel ..........ccooveviininiininiiniiieiieeeeeeeee 96

Figure 7.13 Decrease in AK cony due to periodic underloads in both steels...........c.ccoceeveienenneen. 97

Figure 7.14 Effect of periodic underloads at n = 10° on AKinconv and AKin e of the 415 steel in a
log-linear da/dN — AKBL PLOT .....oiiiiiiieie ettt et et 99

Figure 7.15 Effect of periodic underloads at # = 10> on AKihconv and AKin e of the 304L steel in

a log-linear da/dN — AKBL PlOT....couiiiiiiiiiie et st 99
Figure 8.1 Effect of Kmax on crack growth rates at high R ratios in the 415 steel..........c..ccccceeeneee 104
Figure 8.2 Effect of Kimax on crack growth rates at high R ratios in the 304L steel..................... 105

Figure 8.3 Log-linear of da/dN versus AKgL curve under CAL and PUL in the 415 and the 304L
STEEIS AL 7= 107ttt 109

Figure 8.4 Crack growth rates versus linear AKgL from different test procedures under CAL and

PUL 00415 SEEEL ettt e e e e et a e e e e e e e e e eaaeeeeee e e aae i aaaeeaeeeeraeeaaaaaaasaaaaaes 111

Figure 8.5 Crack growth rates versus linear AKgL from different test procedures under CAL and

PUL 10 304L STEEL ...ttt ettt ettt 111
Figure 9.1 Startup and SNL in an operating turbine runner with a repeated sequence................... 113

Figure 9.2 Stress spectrum with three stress cycles imposed at the defect tip..........ccceeveeennnee. 114



LIST OF SYMBOLS AND ABBREVIATIONS

Latin symbols

aand ¢ length and width of semi-elliptical defect

a20 maximum initial crack length allowed for 20 years design life
a7 maximum initial crack length allowed for 70 years design life
b and ¢ runner blade length and thickness

b Basquin equation exponent

c Coffin-Manson equation exponent

Croand p Walker equation parameters

Fand Q geometric functions for calculating stress intensity factor

H strength coefficient

Kmax,oL maximum stress intensity factor of an overload

K stress concentration factor

Kimax,th maximum stress intensity factor range at the fatigue threshold
Kmax.1 maximum stress intensity factor of 11.11 MPa.m"?

Kimax,2 maximum stress intensity factor of 19.43 MPa.m'??

) crack length deflection

m Paris equation exponent

n frequency of baseline cycles over underload cycles, AN /ANuL
q number of underload cycles in one block

R stress ratio

RaL load ratio of baseline cycles

Rur load ratio of underload cycles

Iy,0L monotonous plastic zone size created by an overload

Iy monotonous plastic zone size

Xviii



Greek symbols
Aabiock
AK
AKefr
AKpL
AKn
AKh eff
AKih,conv
AKih true
AKih,caL
AKuL
ANBL
ANuL
duL

OBL

Ee

&f

Er

XiX
cyclic plastic zone size
cyclic plastic zone size of an underload cycle
strain hardening exponent

compact tension specimen width

crack growth in one load block

stress intensity factor range

effective SIF range

stress intensity factor range of baseline cycles

stress intensity factor range at the fatigue threshold
effective stress intensity factor range at the fatigue threshold
conventional fatigue threshold (2 x 10”7 mm/cycle)

true fatigue threshold (6.7 x 10 mm/cycle)

true fatigue threshold under constant amplitude loading
stress intensity factor range of an underload

number of baseline cycles in one load block

number of underload cycles in one load block
underload cycle striation width

baseline cycle striation width

true strain

elastic strain

true strain at fracture

plastic strain

relative elongation at rupture

crack deflection angle



Abbreviations

BL

CAL

CT

COD

LT

LS

LDS

OL

POV

PUL

SS

SIF

TS

UL

true stress
stress components

true stress at fracture

angle of a specific point at the front of a semi-elliptical defect

ratio of stress intensity factor ranges, AKpr/AKuL

baseline cycles
constant amplitude loading
compact tension specimen

crack opening displacement

longitudinal (rolling) direction of the plate

long transverse orientation
long-short transverse orientation
linear damage summation

single overload

power output variations

periodic underloads

short-transverse direction of the plate
start/stop sequences

stress intensity factor

transverse direction of the plate
transverse-short transverse orientation

single underload



CHAPTER 1 INTRODUCTION

1.1 Context

Hydraulic turbines are the main sources of electricity generation from hydro energy. This energy
is renewable, non-polluting, and more efficient than the one generated by fossil fuels [1]. A
hydraulic Francis turbine and its components are shown in Figure 1.1. In this type of turbine, water
enters a spiral casing in a radial direction with respect to a shaft. It is then directed inside a runner
by the circumferential wicket gates [1]. It hits the runner blades successively and leaves a torque
on the runner. This torque induces a spin in the runner, which is coupled to a rotor by the shaft.

When the rotor spins inside the magnetic field of a stator, electricity is generated.

Turbine runner

Stator 1= —————

Blades
and
crown

Rotor

Blades
and
band

Spiral
casing

Wicket gates

Figure 1.1 Hydraulic Francis turbine and runner components

The water flow creates a tensile static stress on the blade. This stress leaves a torque that induces a
spin in the runner with respect to the shaft. As the blade moves forward, the induced stress gradually
decreases; however, the subsequent wicket gate directs the water to hit the blade and re-increase
the stress to its maximum. So the blade continues to move forward [2]. These repeated sequences,
known as wicket gates and blade interactions, and other hydraulic phenomena create stress

fluctuations on the blade which vary from maximum to minimum values [3]. These small pressure
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fluctuations create cycles with small stress amplitudes that are superimposed to the tensile static

stress.

During an initial period, where the runner is not coupled to the rotor, the wicket gates are partially
opened and direct the water flow to spin the runner. This flow generates an initial startup and spin-
no-load in the stress spectrum. Subsequently, to generate electricity, the runner becomes coupled
to the rotor and the wicket gates become completely open. As a result, the tensile static stress

increases to a maximum level.

During the runner operation, electricity demands vary and cause variations in the electricity
production known as power output variations. These variations are adjusted by pivoting the wicket
gates that control the water flow. By completely closing the wicket gates, the static stress induced
on the runner blades is reduced to zero, so that the runner stops spinning. These start/stop sequences
are repeated throughout the design life of the runner. In some cases, a sudden uncoupling between
the rotor and runner may occur [4]. As a result, the runner does not transfer the torque to the rotor.
This causes the runner to spin at a higher speed (overspeed) till the wicket gates stop the water
flowing into the runner. This is known as load rejection or overspeed [4, 5]. The aforementioned
changes in the operating conditions create cycles with large stress amplitude, which intercut the

tensile static stress.

As a summary, on one hand, interaction between the wicket gates and blade plus other hydraulic
phenomena creates small stress amplitude cycles in the runner. On the other hand, power output
variations, start/stop sequences, and load rejections create large stress amplitude cycles in the
runner. Therefore, the runner is subjected to small stress amplitude cycles that are superimposed to
tensile static stress, which is intercut with large stress amplitude cycles in the stress spectrum. For

convenience, we refer to the aforementioned stress cycles as small and large cycles, hereafter.



1.2 Problematics

Runners are mostly fabricated from cast steels. A martensitic stainless steel, ASTM CA6NM, has
recently been used to fabricate the turbine runners. The ASTM A36, a ferritic-pearlitic cast steel,
was used to fabricate many runners which are installed in Hydro-Quebec power stations. Some
other runners are fabricated from the ASTM CFS8, a cast austenitic stainless steel. Runners may
also be fabricated using the wrought version of the aforementioned steels, which are the AISI 415,
ASTM 516, and 304L steels, respectively. In this study, the wrought steels are chosen in order to

have less dispersion in the results.

Defects are formed during the fabrication process (i.e. casting and welding) or the operation (i.e.
cavitation) of runners. Defects or cracks in high stress regions of the blade propagate due to small

cycles superimposed to a tensile static stress intercut with large cycles.

In some power stations with recently built runners, the stress amplitude of small cycles is low (few
MPa) and induces a AK that is below the crack propagation threshold. As a result, they do not
induce crack growths and can be neglected; however, large cycles generated by operating

conditions can grow the defects in the runner and can lead to its failure within 70 years of design

life.

In the engineering approach, linear damage summation (LDS) is employed to predict defect growth
due to large stress amplitude cycles. Thus, using the LDS prediction method, during the operation
runners are periodically stopped to inspect and verify defect growth as compared to the one
predicted by LDS; however, stopping runners for an inspection decreases energy production, which
is a costly procedure. Thus, there is a tendency to rely on crack growth predicted by LDS and

minimize inspections or carry them out when it is necessary.

In reality, however, interaction between large cycles can increase defect growth in runners.
Consequently, defects will grow faster than the one predicted by LDS and may lead to the failure
of the runners before a scheduled inspection. As a result, there is a need for a precise crack growth

prediction that will enable designers to minimize the frequency of inspections.

In some power stations with aged runners, the stress amplitude of small cycles is high (tens of
MPa) and induces a AK that is close to the fatigue threshold. The hydraulic phenomena generate a
large number of small cycles during the life design of the runners. Therefore, the AK at the defect

tips will be below the fatigue threshold. Otherwise, small cycles will propagate the defects, which
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lead to an early failure of runners. Large cycles can further decrease the fatigue threshold of small
cycles and lead to the propagation of defects. Thus, the fatigue threshold of small cycles and the

one intercut with large should be measured.

Tensile residual stresses are induced in the runners during the fabrication and welding process. As
the crack propagates in the runner it can be subjected to these tensile residual stresses, which will
increase the tensile static stress at the defect tip. Higher tensile static stress may decrease the fatigue
threshold of small cycles. Moreover, higher tensile static stress may decrease the fatigue threshold

of small cycles intercut with periodic underloads.

1.3 Research objectives

In a first study, small cycles induce a AK that is below the fatigue threshold. So they do not cause
crack propagation. Thus, the cycles are neglected in the load spectrum and the effect of large cycles
on crack growth is investigated. Crack growths measured under large cycles will be compared to

the ones predicted using linear damage summation.

In a second study, small cycles induce a AK that is close to the fatigue threshold. So the crack can
grow and may lead to runner’s premature failure. Thus, the fatigue threshold of small cycles will
be measured. Moreover, large cycles can decrease the fatigue threshold of small cycles. Thus, the

decrease in the fatigue threshold of small cycles due to large cycles will be defined.

A higher tensile static stress may induce a decrease in the fatigue threshold of small cycles and the
ones intercut with large cycles. Therefore, the decrease in both fatigue thresholds due to higher

tensile static stress will be defined.
Specific objectives

Crack growth under constant amplitude loading in the three different steels at different R ratios
will be investigated. Factors that may affect crack growth at different R ratios will also be

investigated.

Different load procedures proposed in literature will be studied, and a procedure leading to better
estimation of load interaction between load cycles and more accurate measurement of AK, will be
conducted. Fatigue testing with two different amplitude cycles (small and large) in a load spectrum

will be developed and implemented.
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Accuracy of LDS prediction is verified for each steel, and factors leading to an increase in crack
growth due to small and large cycles will be analyzed. The effect of large cycles on the fatigue

threshold of small cycles measured with low and very low crack growth rate will be investigated.

1.4 Outline of the thesis

The second chapter is a literature review on fatigue. The fatigue initiation that may lead to
propagation is shortly summarized. A review of different studies on fatigue crack propagation
under constant amplitude loading and variable amplitude loading is then presented. Finally, factors

influencing crack propagation and the suggested prediction methods are presented.

The third chapter explains the methodology that was chosen to carry out the studies and conduct

fatigue tests. The microstructural characterization and tensile test are then explained in detail.
The fourth chapter, exaplins about the following chapter and the organization of the whole

The fifth chapter presents the fatigue tests conducted under constant amplitude loading. The results

of this chapter are employed in chapter 6.

The sixth chapter presents the fatigue tests conducted according to the first study and the

corresponding results. This chapter is presented as a published article.

The seventh chapter presents the fatigue tests conducted according to the second study and the

corresponding results. This chapter is presented as a published article.

The eighth chapter is a general discussion on the studies conducted in the previous chapters. Crack

growth rates under constant amplitude loading and periodic underloads are discussed.

The final chapter covers the main conclusion and proposes to study a real and non-simplified stress

spectrum in runners.



CHAPTER 2 LITERATURE REVIEW

2.1 Brief historical review

During the first industrial revolution, most structures were made of steels that could be loaded
under a high tensile load [6]. Steels were widely used in the railroad industry. In the design, stress
applied on steels was limited to monotonous yield stress while taking into account a safety factor;
however, regular failures were reported on railroad axles made of steels [7]. These failures implied
that cyclic stresses below the yield stress can induce local deformation in the railroad axles leading
to their failure. This was a first incident implying the importance of considering cyclic stresses and

loads in design.

During the Second World War, failure occurred in a large number of ships that were made of steels
and whose hulls were welded. In 2003, in Quebec, at the Sainte-Marguerite 3 power station, many
defects grew during the operation of the Francis turbine runners, which were made of steels. This
problem caused a huge reduction in the production of electricity [8]. Thus, different incidents such
as those mentioned above have implied that more investigations should be conducted on the effect

of the cyclic stresses on steels in order to improve their design in structures.

The term fatigue is defined as “ the process of progressive localized permanent structural change
occurring in a material subjected to conditions which produce fluctuating stresses and strains at
some points and which may culminate in cracks or complete fracture after a sufficient number of
fluctuations [9].” Two major approaches in structural fatigue design employed to conduct fatigue

tests in materials will be presented.
2.2 Approaches in structural fatigue design

2.2.1 Total life approach

In the total life approach, a laboratory specimen is usually subjected to a cyclic nominal stress
amplitude (AS) or cyclic local strain amplitude (Ag) until it fails [10]. Different levels of cyclic
stress or strain are applied as a function of the number of cycles until the failure occurs, which are
known as the AS-N or Ae-N curves. High amplitude of the stress or strain will result in failure with

a low number of cycles, or low cycle fatigue. Otherwise, this is known as high cycle fatigue [11].
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A real structure can be designed based on the aforementioned curves for a high or low number of
cycles; however, a small defect free laboratory specimen subjected to AS under stress will endure
more cycles as compared to the real structure with defects [12]. Thus, in this case, the estimated
fatigue life will be longer and the design approach is non-conservative; however, as the specimen

becomes similar to the real structure, the design becomes realistic.

2.2.2 Defect tolerant approach

In this approach, a structure is considered to have defects. So, an initial crack length, which
represents the defect, is generated in the laboratory specimen under nominal stress or strain [13].
The crack growth rates in materials are measured in the specimen. Then using the measured crack
growth rates and Fracture Mechanics concepts, the initial defect dimensions that will not lead to

the structure’s failure during their design life is estimated.

2.3 Fatigue life

Figure 2.1 shows the different periods of fatigue life for any structure subjected to fluctuating
stresses and strains. The fatigue life is divided into a nucleation period followed by a crack growth
period until reaching the final failure. After the crack nucleation, a microcrack or short crack starts
to grow. The local stress and strain distributions in front of the crack tip may arrest the growth of
the short crack. Otherwise, it grows and becomes a macrocrack or long crack. This long crack may

propagate until the final failure.

complete fatigue life (N)

-z -
Nucleation | Microcrack Macrocrack Final
growth growth failure
<t U VR S
nucleation period crack growth
period

Figure 2.1 Different periods of fatigue life [14]



2.3.1 Crack nucleation

In crystalline materials such as steels, there are inherent defects in crystals called dislocations.
Plastic deformation results from the dislocation movements in high atomic density planes, called
slip planes [11]. When a steel specimen is monotonically loaded, local slip bands resembling to a
staircase are formed on the specimen surface, as shown in Figure 2.2a [11]. When a specimen is
loaded cyclically, the density of slip lines or bands increases and accumulates on the surface. These
slip bands create some intrusions and extrusions on the surface as shown in Figure 2.2b. This leads
to the crack nucleation after a certain number of cycles.

a) b)

extrusion

/ intrusion
/ /

,f i~
3
&‘f
= Ae
;.:?S"-:'-‘
"5"6"

Figure 2.2 Slips bands under a) monotonous load, and b) cyclic load [11]

The relation between the nominal stress amplitude (AS) and number of cycles (N) to failure is given

by the Basquin equation:
AS =o', (N)" 2.1)

where ¢ 1s approximately equal to the true stress at fracture, o;, and b’ is a fitting exponent. The
relation between the local strain amplitude (Ag) and number of cycles to failure is given by the

Coffin-Manson equation:

!

As =%(N)”' +&) (N) 2.2)

where E is Young’s Modulus, ¢ ris approximately equal to the true strain at fracture, &7, and ¢ is a
fitting exponent. Both correlations were found for uniaxial stress or strain at an R ratio (minimum
load over the maximum one) equal to -1. Other studies proposed a correlation between the stress

or strain at different R ratios with the number of cycles to failure [15]. In the case where nucleation
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does not occur for a specified high number of cycles (e.g. 107 cycles), it is assumed that the fatigue

limit is reached and the specimen will not fail [16].

It was, however, observed that the specimen fails at a stress below the fatigue limit with a number
of cycles that is higher than 107 [17]. In this case, it is observed that nucleation occurs below the

surface from an inclusion or void in the steel [17].

2.3.2 Short crack growth

After that crack nucleates, it is still small or short and may continue to grow [18]. The cracks is
microstructurally small if its length is comparable to the length of the microstructure, for example,
a crack smaller than the grain size [19]. It is mechanically small if its length is small as compared
to the local plastic deformation, for example, a crack growing out of a notch [20]. It is physically
small if its length is small, for example, a length typically between 0.1 and 1 mm. A short crack
must overcome microstructural barriers and the local plastic strain at its tip to propagate and

become a macro crack, and leading to complete failure.

2.3.3 Long crack growth

Once the crack has overcome microstructural barriers and the plastic deformation at its tip, it
becomes physically long. At this stage, the crack grows in a continuum medium. As it grows, the
crack tip plasticity becomes negligible as compared to the crack length and specimen geometry
[16]. Thus, the specimen is considered to be nominally elastic and plasticity is only limited to the

crack tip. These conditions are called small scale yielding [21].

a) Stress intensity factor

Stress intensity factor is a parameter that characterizes the elastic field in the vicinity of a sharp
crack tip under small scale yielding conditions. Structures in the linear elastic continuum mechanics
must satisfy equilibrium and compatibility equations. The Airy stress function (¢) satisfies both

equations which are combined in one equation called the bi-harmonic [22].

A singular stress field is created in the vicinity of a sharp crack. A complex stress function was
proposed to satisfy bi-harmonic equations for singular stress fields [21]. This function was first
proposed for a sharp crack under a bi-axial stress in an infinite plate. However, it was modified
later for a uni-axial tensile stress, which results to the definition of a stress intensity factor (K) [23],

which is given by following equation:
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K, =8\ 2na

where S is the nominal applied stress, and 2a is the crack length in the infinite plate shown in Figure

2.3. Later a geometric function, Y, was used to define a corresponding K in a finite plate.

I S S I

L a

[

T'T_‘T'_l"‘l'

Figure 2.3 Stress intensity factor at the tip of a sharp crack in an infinite plane [14]

b) Load modes and plasticity

As shown in Figure 2.4a, crack may grow due to three different loads with respect to its plane. If
the load opens the crack planes, it is called mode 1. If it shears the crack planes, it is called mode

IT; and if it twists the tip of the crack plane, it is called mode III [24, 25].
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Figure 2.4 a) Three load modes of fatigue crack in a specimen, and b) monotonous plastic zones

for each load mode under plane stress and plane stress using the Von Mises yield criterion [21]

Local stress components (oij) at a given distance () and angle (¢) from the crack tip (see Figure

2.3) are correlated to K for all three load modes by the following equation.

— K[ II[

_mfi/ (0)+ \/— g (0)+ \/—h @ (2.3)
The f£ij(0), gij(0), hij(0) are trigonometric functions [22]. The aforementioned equation terms can
have a second higher order term [26], known as the T stress, but it is not considered here. Stress
components close to the crack tip (» tends towards zero) increase towards infinity; however,
plasticity at the crack tip limits stress components to the yield stress of the material. Three
dimensional stress components are usually simplified into two dimensional ones, under a plane
stress or plane strain state. Inserting stress components into the von Mises yield criterion gives an
equivalent stress that is compared to the yield stress of the steel. The two dimensional stress
components in Equation 2.3 are inserted into von Mises criterion to derive the boundary of the
plastic zone size [21]. These boundaries for the three load modes are shown in Figure 2.4b. The

size of the monotonous plastic boundary or zone, 1y, for Mode I and 6 = 0, can be written as:
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r :L(&] (2.4)

am |\ o,

where Kmax 1s the maximum stress intensity factor (SIF), gy is the yield stress of the steel, and the
value of a depends on the stress state at the crack tip. The value of a is estimated by two different
approaches for the plane stress state [27]. Both approaches results in roughly similar values, where
ais equal to 1[21, 22]. The value of a increases to 3 for the plane strain state due to stress triaxiality

at the crack tip.

On the other hand, the size of the cyclic plastic zone, r, is given as:

1 | 4K ’
Fye :E[O__J (25)

where AK is the SIF range (Kmax - Kmin), gy¢ is the cyclic yield stress of the steel, and the value of
B depends on the cyclic stress at the crack tip. Some studies estimated that B is equal to 4a for a
quasi-stationary crack. Thus, the cyclic plastic zone size is estimated to be roughly one-fourth of
the monotonous one [28]; however, other studies suggested that the cyclic plastic zone may be one-

fourth to one-tenth of the monotonous one for a growing crack [29, 30].
2.4. Crack growth under constant amplitude loading

2.4.1 Crack growth regions

Fatigue crack growth rates as a function of SIF range, AK, in steels consists of three distinct regions,
as shown in Figure 2.5 [31]. Most of the fatigue test procedures in literature were first conducted
in the medium crack growth rates region, known as Paris [31]. Later, many tests were conducted
in the low crack growth rates region, known as near-threshold. Thus, we first introduce the Paris

region and then the near-threshold region.

a) Paris region

After a conventional pre-cracking, the initial AK and Kmax are gradually increased at a constant R
ratio to measure crack growth rates. The shape and the amount of the increasing gradient dKmax/da
do not affect crack growth rates [32]. A correlation between crack growth rates (da/dN) and SIF

range, AK, was found in region II [33]. This correlation is given by the following equation;
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da—c(AK)’” AK =K -K

P max min 26
N (2.6)

which is known as the Paris equation and where ¢ and m are the steel or material parameters. Crack
growth rates versus AK are measured using a laboratory specimen to obtain Paris equation
parameters. In real structures, AK is calculated by estimating a geometric factor (Y), the applied
load range and a typical crack length (ao) [21, 22]. Next, crack growth in each step (Aa)) is
calculated at a given AK using Paris equation parameters for a number of cycles. Finally, the total
crack growth is incremented step-by-step to predict crack growth in the structure as shown in

Equation 2.7.
Aa,=C(AK)"xAN, a,=a,+Aq, (2.7

Crack growth rates are high in Region III. Thus, a given crack length is reached with much fewer
cycles as compared to the Paris region. Crack growth is quasi-static within this region, and when

the maximum SIF reaches the critical SIF, catastrophic failure occurs.
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~ . . | | K
Z, nteraction | | FOrTTTTTS _ max
= 10% | I I
= |
= I AK
|
i I I<min
R, | RRRRRLLA ——
|
107 L R;>R,>R;=0 : Region 111
|
|
AKgr K.

AK

Figure 2.5 Crack growth rates versus AK in three different regions (adapted from [34])
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b) Fatigue threshold region

After a conventional pre-cracking, the initial AK and Kmax parameter should be decreased at a
constant R ratio following a specific procedure to reach a AK that will not induce crack growth,
known as the fatigue threshold; however, a high decreasing gradient of the aforementioned
parameter builds up a higher amount of plasticity and roughness in the crack wake, which can close
the crack while reaching the fatigue threshold [25]. This can underestimate the crack growth rate
at a given AK in the near-threshold region and overestimate the fatigue threshold [32].
Consequently, different test procedures are proposed in literature to minimize extra crack closure,

while reaching the fatigue threshold.

An early test procedure was conducted by keeping the maximum displacement constant as the
crack length increases during the test; however, this procedure induces a constant and low
decreasing gradient, dKmax/da. Consequently, this test procedure is time consuming. Afterwards, it
was proposed to decrease Kmax step-by-step but by imposing some limit conditions on the decrease
in Kmax [32]. However, these conditions do not minimize the crack closure at the near-threshold
region. Finally, a procedure known as the ASTM E647 was proposed to conduct a continuous
decrease in the Kmax and limit the decreasing gradient of dKmax/da in order for it not to be higher

than 0.08 mm! (Figure 2.6).

That being said, even low dKmax/da can induce extra crack closure [35]. Thus, in order to eliminate
the consequences of dKmax/da, some studies proposed a constant Kmax procedure where only AK
was decreased to reach AKs (Figure 2.6). This procedure minimizes extra crack closure induced in

the crack wake [36]. The aforementioned test procedures are explained in detail in Chapter 7.
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Figure 2.6 Two different procedures to measure the fatigue threshold, a) constant R ratio (ASTM
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The near-threshold region is sensitive to the microstructure [21]. The beginning of this region
corresponds to a crack growth rate that may vary from 10to 107 mm/cycle, and the corresponding
AK is the so-called fatigue threshold (AK) [38]. The SIF at the crack tip below the AKy value is
assumed to not cause any crack propagation [34]. The end of region I is estimated to be close to

10"® mm/cycle for steels, which is close to a lattice spacing per cycle [31, 39].
2.4.2 Crack closure

As the R ratio increases, the crack growth rate versus AK increases in the Paris region as shown in
Figure 2.5. Crack growth rates further increase in the near threshold region and lead to a lower

fatigue threshold, AKw, at a high R ratio as compared to a low R ratio [40-42].

It was reported that during the unloading, the crack may close at a SIF, K¢ above Kmin at low R
ratios. On the other hand, during the loading, the crack opens at a SIF, Kop, above Kmin. The SIF at
closure (K¢1) and opening (Kop) are close to each other [30]. It was concluded that crack grows only
when the opening part of AK is applied. Thus, K¢ is deducted from Kmax to calculate the opening
part of AK, known as the effective SIF range, AKefr, and is given in Equation 2.8.

AK, =K, —-K,(RAK) ,K,(RAK)2K (2.8)

At a given Kmax, as R ratio increases, Kmin increases until it becomes equal to or higher than K.
As a result, AKfr becomes equal to AK. The estimated crack growth rate as a function of AKefr at

different R ratios is given by the following equation,
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da

N f(AKW.) = C(AKW. )m 2.9)

results in similar crack growth rates and gives a constant AK. Therefore, crack growth rates at

different R ratios can be shown as a single curve as a function of AKesr as shown in Figure 2.7.
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Figure 2.7 Crack growth rates versus AKesr in the three different crack propagation regions

[25,31]

a) Crack closure in different crack growth rates regions

It was reported that plasticity induces compressive residual stress in the crack wake, which leads
to crack closure in the Paris region [43]. This assumption was validated with compliance
measurements and fractographic evidence [44, 45]; however, fatigue tests in the near-threshold

region revealed that other factors can also induce crack closure [46, 47].

Plasticity is higher on the surface of the specimen as compared to the center of it [48], as shown in
Figure 2.8a. Removing material at the surface of the specimen around the crack and decreasing its
thickness lead to a decrease in the estimated crack closure level at higher AK values (8.8 and 17.6
MPa.m!?) in the Paris region in an 7075-T6 aluminum alloy. Crack closure level reaches a constant
value at certain thickness as shown in Figure 2.8b [49]; however, crack closure level remains
constant throughout the thickness at the lowest AK value (2.5 MPa.m'"?) corresponding to the near-

threshold region as shown in Figure 2.8b. Thus, it was concluded that plasticity induces crack
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closure (plasticity-induced crack closure) mainly on the surface of the specimen (crack flanks) and

is higher in the Paris region than in the near-threshold region.

The plastic deformation left in the crack flanks transforms the austenite to martensite in some steels
[50, 51]. The austenite phase in steels has a face centered cubic crystal structure. A sufficient
amount of deformation transforms the face centered cubic crystals to the body centered tetragonal
crystals, which is the martensitic phase [52-55]. It has been shown that this transformation leads to
a decrease of ductility at the crack tip and increases crack growth rates in the Paris region. On the
other hand, this transformation induces volume expansion in crack flanks, which induces crack

closure in the near-threshold region [51, 54, 56, 57].
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Figure 2.8 a) Variation in plastic zone throughout the thickness, and b) variations in K¢ at three

different AK due to a decrease in thickness in an 7075-T6 aluminum alloy specimen [21, 49]

On the other hand, as the crack grows and deflects from its straight path, it leaves some asperities
in the crack wake [58]. A deflected crack under nominal load mode I becomes locally under load
modes I and II, so both the tensile and sliding displacement occur [59]. A combination of the crack
wake asperities and sliding displacement under mode II creates a mismatch in the crack wake, as
shown in Figure 2.9a in an 2090-T8E41 aluminum lithium alloy [60]. This mismatch creates a
contact point in the crack wake and makes the crack close before reaching the minimum load,

inducing crack closure (roughness-induced crack closure) [61, 62].
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Figure 2.9 a) Surface asperities in the crack wake in an 2090-T8E41 aluminum lithium alloy, b)
variations in K¢ at three different AK due to removal of the crack wake asperities in an 7075-T6

aluminum alloy specimen [21, 49]

Removal of crack wake asperities at the lowest AK (2.5 MPa.m'?) value in the near-threshold
region decreased the crack closure level, as shown in Figure 2.9b [49]; however, this wake removal
did not affect crack closure levels at higher AK values in the Paris region. Thus, it was concluded

that surface asperities induce a higher crack closure in the near-threshold region than in the Paris

region.

One study suggested that the stress intensity factor (K) for a deflected crack under modes I and II

(k1 and ki) can be estimated by considering the crack angle deflection, 8, which is shown in Figure
2.10.

\\% \\\//IQ/%FWM
R — By A _.I l.-u;

K=Kqmax Kimin < K = Ko < Kymax

Figure 2.10 Schematic illustration of a zigzag crack path to estimate the K¢ [59, 60]

Thus, an equation was proposed to calculate ki and ko at the crack tip as followed [11]:

k,=cos’(0/2)K, , k,=sin(@/2)cos’(0/2)K, (2.10)
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The ki and ki1 at the crack tip are lower than K. The equivalent effective SIF range at the crack tip

can be estimated using the maximum energy release rate theory [6]:
(12 2)\V2 (2.11)
ky = (K +k,”) )

The above equation leads to an effective SIF range (AKefr) of a deflected crack. This range over

SIF in load mode I (AK)) for a straight crack leads to the following equation:

1/2
U=Ak, | AK, ~ [cos6 (gj + [sin2 (gjcos4 (gj)] (2.12)

Another study suggested that the crack closure can be estimated from surface asperities in the crack

wake with the following equation (adapted from [58, 59]):

1 2yx
U=——-1- /
I—R( 1+2]/x] @.13)

where x is equal to the displacement induced by load mode II over load mode I (x =un/u1), and vy is

equal to the height of an irregularity (h) over the crack length deflection from the straight path (w),
(y = h/w), as shown in Figure 2.10.

Another type of crack closure can be induced by oxidation in the crack wake. This closure occurs
in steels sensitive to oxidation, where the environment can interact with a slow growing crack in

the near-threshold region [31, 63].

The Kop/Kmax 1s shown for three different alloys at R = 0.05 in Figure 2.11. As the AK decreases
towards low AK values in the near-threshold region, crack closure levels increase [29]. Crack
closure is mainly induced by surface asperities and oxide at low AK. On the other hand, it is mainly

induced by plasticity and phase transformation at high AK, as shown in Figure 2.11.
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Figure 2.11 Crack closure mechanisms at different crack growth regions at R = 0.05 [29]

b) Errors in crack closure estimation

The SIF at crack closure, Kci, is conventionally estimated from the point where a deviation occurs
in the linear load-COD curve; this method is suggested by the ASTM E647 [64]. A first contact
induced by plasticity and/or surface asperities in the crack wake creates the aforementioned

deviation in the load-COD curve, which corresponds to the load at crack closure, Pci (Figure 2.12).

Using the Pc to estimate the AKesr leads to crack growth rates that are equal at all R ratios. This
was conventionally accepted in the literature [25, 65]; however, some new studies have found that
the K¢ estimated using the ASTM E647 method, leads to a AKesr at low R ratios that is lower than
the one at high R ratios [66]. Therefore, different studies were conducted to explain the difference

in K¢ and AKefrat low and high R ratios [43, 67-73].

Some studies stated that as the crack wake behind the crack tip is in contact locally, the crack tip
can still be in tension [74, 75]. On the other hand, as the load gradually decreases to a minimum
load (Pmin), the dP/dCOD gradually increases until it becomes equal to the one corresponding to
the dPmin/dCODmin. Therefore, there is a gradual decrease in the P¢ point until it reaches the Pmin.

This gradual decrease makes it difficult to define a P¢| point in the load-COD curve.
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Figure 2.12 Schematic of load and crack opening displacement measured from crack mouth clip

gauges behind the crack tip

As a result, different methods are proposed to estimate P point in the P-COD curve [76-79]. Some
studies proposed the intersection between the linear dP/dCOD at the maximum load (Pmax) and the
minimum load should define the P.j on the load-COD curve (see Pci; in Figure 2.12) [80, 81]. Other
studies suggested that the intersection between the dP/dCOD at Pmax and the one corresponding to
a completely closed crack at dPmin/dCODmin should define the Pci on the load-COD curve (see Pci2
in Figure 2.12) [79, 82, 83]. A review of the different estimation methods can be found in [72, 82,
84].

Crack closure at low R ratios is detected using global measurements, but this is not the case at high
R ratios; however, it was shown in a recent study that local measurements (strain gauges) near the
crack tip at low and high R ratios using the ASTM method lead to a unique AKesr at all R ratios
[85].

Different studies have reported a wide dispersion in the crack closure estimations [36, 86]. For
example, two tests were conducted using the same test procedure and measurement technique on
two Astroloy nickel based alloys; however, the estimated crack closure levels were different while
reaching the fatigue threshold [86]. Heterogeneity in the material causes random distribution of
surface asperities in the crack wake, which leads to a variation in crack closure [87]. Other studies
have shown that as the geometry, location, and number of asperities in the crack wake vary, the
crack closure level also varies [87-89]. Therefore, they concluded that the crack closure cannot be

used to estimate the AKefr [82, 90, 91].
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Since it is difficult to determine the K¢ in the load-COD curve, a new test procedure was developed
to determine crack closure at the crack tip at low and high R. This method suggests that the crack
propagates when the there is a transition in the local stresses from the compression to tension at the
crack tip [92]. In this procedure, the crack is loaded at an initial AK and it is increased step-by-step,
as shown in Figure 2.13a at low R ratios and in Figure 2.13b at high R ratios, until the crack starts
to grow. The SIF corresponding to the crack propagation, K, is defined as the average between
the Kmax without crack growth and the one with crack growth. As a result, the effective SIF or AK
that makes the crack grow is defined as follows, AKefr = Kmax— Kpr (R), so Ky is only a function of
the R ratio [93]. It has been shown that the AKefr estimated using this method at low R ratios is
equal to the one measured at high R ratios using the ASTM method and constant Kmax procedure
[94].
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2.4.3 Crack growth prediction methods

a) Predictions based on AS-N and Ag-N curves

One of the earliest crack growth prediction methods proposed that the crack grows to certain
distance from its tip, called the process zone, for a number of cycles [17]. This number of cycles
to accumulate local true plastic strain (g,) and to reach true strain at rupture (g); is calculated by

using the following equation:

N m
&£
j4(—"J dN =1 (2.14)
o \&r

It was suggested that a m' value equal to two gives good results. Other studies suggest that a m'
value equal to the ¢’ exponent of the Coffin-Manson gives better results [95].

Other methods consider the blunted crack tip as a notch. As shown in equation 2.15, nominal stress
(AS) in a notched specimen is related to the local stress (o) and strain () at the tip of a nocth by
stress concentration factor, &t [96]. The cyclic stress and strain are related by the Romberg-Osgood

equation. So they are given as a function of stress f{c) or strain f{€) [97].

K2 =kk, = A;E i—g —> k’AS® = EAsAG = f(AC) = f(Aé) (2.15)

The local stress range, Ac, or strain range, Ag, at the notch tip are then considered equal to the

estimated SIF range (AK) at a distance (x) from the blunted crack tip.

kAS = Ao = = f(AG) = f(A&) (2.16)

AK
N27zx
The elastic strain is assumed to be minor at the crack tip and is neglected. Thus, the total strain is

equal to the plastic strain (gp). The Coffin-Manson equation can be solved by estimating the plastic

strain. So the number of cycles to rupture (Nx) can be calculated as follows:

/e

AK

PP (2.17)

In one study, it was estimated that the crack grows when the accumulated damage using the Miner

AexAs,=¢,(N) - N, =

rule within the cyclic plastic zone (ry) reaches unity.



24

dN I N

X

da _jﬂ (2.18)
0

This method was modified by including a microstructural parameter to take into account the grain
size of the material [98].

In another study, the front of the crack tip is divided into even number of blocks (p). The crack
growth rate is estimated from the number of cycles required to break each block [90, 91, 99]. In
order to take into account the R ratio effect, the relation between the local stress-strain and the
number of cycles to failure are considered using the Smith-Watson-Topper equation [16]. In this
method, the linear damage accumulation is considered in order to estimate the damage accumulated
at the crack tip.

da _p (2.19)
dN N

where p is obtained from the ratio between the measured fatigue threshold and the fatigue
endurance limit at the corresponding R ratio [100]. Otherwise, the size of the aforementioned
blocks is chosen by an initial guess. A trial and error procedure is then used to choose a p value

that will correspond to the measured crack growth rate [91].
b) Prediction methods based on crack growth measurements

The following prediction methods are more fitting methods that are derived from the measured
crack growth rates versus the SIF range. The basic method used to predict crack growth in region
IT is the Paris equation; however, this method does not consider the effect of R ratios. This effect

is considered in the following Walker equation [15]:

m

da _C(AK)

qa _ 2.20
dN (1-R)" (2.20)

Another study proposed to consider the R ratios and fracture toughness of the material, K, in the
Paris equation. This method predicts crack growth rates in regions II and III, and is given as the
following equation [101]:

da C(AK)"

aa _ (2.21)
dN  (1-R)K.—AK
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Another suggestion was a method that also considered the fatigue threshold, AK, and is given as

the following equation [102]:

j—;:?AE(AKZ —Mi)(l+ﬁj (2.22)
where 4 is a fitting parameter, o, is the yield stress and E is the young modulus of the material.
Since Kmax 1s equal to AK/(1-R), the effect of the R ratio is considered in the equation. The
aforementioned method predicts crack growth rates in three regions.

On the other hand, one of the most successful prediction methods considers closure-free crack

growth rates as a function of AKefr. As a result, crack growth rates can be predicted by using a

single parameter (AKesr) for all three regions and is given by Equation 2.9.
2.5 Crack growth under variable amplitude loading

2.5.1 Basics and definitions

The recorded load spectra of the majority of engineering structures are not subjected to a constant
maximum load with constant amplitude. There are variation in both parameters, thus it is
conventionally called variable amplitude loading. Depending on the structure, there are many
variations in load parameters and their orders or sequences. Most of the studies have investigated

the effect of really simplified variable load spectrum on crack growth rates in steels.

In the simplified load spectrum, load cycles that have equal amplitude are called baseline cycles.
When a higher load amplitude cycle as compared to the baseline cycles intercut them, the load
spectrum is a so-called variable amplitude loading. A higher load amplitude cycle that has a higher
Kmax level as compared to baseline cycles is called an overload. A higher load amplitude cycle that

has a lower Kuin level as compared to the baseline cycles is called an underload [103-105].

Overloads or underloads that intercut the baseline cycles periodically are called the periodic
overloads or periodic underloads. Here the studies conducted on the effect of an overload, periodic
overloads, underload, and periodic underloads on the crack growth of baseline cycles are reviewed

in the Paris region first and then in the near-threshold region [45, 106].
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2.5.2 Effects of overloads and underloads in crack growth regions

a) Paris region

A procedure similar the one under constant amplitude loading can be conducted by increasing an
initial AK and Kmax at constant R ratio for baseline cycles and periodic underloads to measure crack
growth rates; however, an increasing dAK/da and dKmax/da can affect the crack growth rate under
periodic underloads [107]. Therefore, in most studies, it was decided to conduct crack growth at a
constant Kmax in order to better measure the interaction between baseline cycles and overloads or

underloads.

An overload is a load amplitude cycle that is larger than the baseline load cycles and which
momentarily increases the size of the monotonous plastic zone [108]. The overload applied
momentarily increases the crack growth rate of baseline cycles, as shown in Figure 2.14a [107].
The crack growth rate then decreases gradually until it reaches a minimum rate, then it gradually
increases to reach the steady and constant growth rate of the baseline cycles under constant
amplitude loading. The average crack growth is lower rate as compared to the constant amplitude

loading. The crack length affected by the overload is denoted as Aaor.

The required number of cycles to grow the Aaor under constant amplitude loading is denoted as
Nca (Figure 2.14b); however, after an overload, a high number of cycles, denoted as Not, 1s needed
for baseline cycles with low crack growth rates to grow Aaor [107, 109]. This number of cycles is
deducted from the Nca to estimate the number of cycles during which the crack does not grow after
an applied overload. This number of cycles corresponds to the crack growth retardation and is

denoted as Nr in Figure 2.14b[108].



27

a) b)
/
vd
/
/
7/ 4]
y D
=) //
; £ /
: g
z :
2 : 2 // 7 ?
8 i $ . ’
8 ; g , / 805,
5 —— o 7 / ‘
: . /4 )
g fet— N —=
e CA
é ™ Nr
4 oL
uL _l_
Qg Crack length,a No.of cycles, N
; 4ag, e Ny ————— 70T ¥,

Figure 2.14 Crack growth after an applied overload, a) crack growth rate as a function of crack

length, b) crack length as a function of number of cycles [108]

The crack length, Aaor, is equal to the monotonous plastic zone size created by the overload in an

2024-T3 aluminum alloy [107]. This is given by the following equation:

o,

2
K
Aa,, = L(m—“J (2.23)
wd

where Kmax,oL is the Kmax level corresponding to the overload, and d depends on the stress state at
the crack tip. It is equal to 1 under plane stress and equal to 3 under plane strain; however, the Aaor
also depends on the crack growth rate of baseline cycles (Equation 2.24). This affected length is
larger, when the crack growth rate of baseline cycles is in the near-threshold region as compared

to the Paris region due to the higher induced crack closure [110-114].

The crack growth of baseline cycles intercut with periodic overloads was investigated in several
studies [109, 112, 115, 116]. It was reported that as the distance between periodic overloads
changes, it may induce an acceleration or retardation of the crack growth of baseline cycles.
Periodic overloads applied after 10 baseline cycles induced a crack growth acceleration in baseline
cycles [116]. It was concluded that strain hardening induced by overloads at the crack tip may

cause this acceleration; but it decreases rapidly for the next cycles.
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On the other hand, a maximum retardation occurs when the subsequent overload was applied at
one-fourth of the monotonic plastic zone created by the previous overload in an 2024-T3 aluminum
alloy [109]. This retardation was 20% higher than the one induced from each overload applied
separately. Therefore, it was stated that there is an interaction between overloads. As the distance
between overloads increases, the interaction between them decreases. There is no interaction when
the subsequent overload is applied after a distance equal to three times the monotonous plastic zone

size of the previous overload in an 2024-T3 aluminum alloy [109, 112].

An underload (Rur 2 0) is a load amplitude cycle that is larger than baseline cycles and which
momentarily increases the size of the cyclic plastic zone. A compressive underload (Rur < 0)
slightly increases the crack growth rate of baseline cycles in the Paris region [106]. It was
concluded that the crack is totally closed under compressive underloads. So it has a slight effect on
the crack growth rate of subsequent baseline cycles [106]. As it is shown in Figure 2.15, after an
applied compressive underload there is an increase in the crack growth rate of the baseline cycles
followed by a gradual decrease until it reaches a steady state. This increase occurs in a much shorter
crack length and with a lower change in the crack growth rate as compared to the one that occurs

after an overload in a 316L austenitic stainless steel (Figure 2.15) [117, 118].
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Figure 2.15 Crack growth rates as a function of crack length after an applied overload and

compressive underloads in austenitic stainless steel 316L [118§]
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As discussed earlier, an overload increases the size of a monotonous plastic zone of baseline cycles
and the plasticity left in the crack wake, leading to an increase in the compressive residual stress
[119]. This increases the roughness-induced crack closure level at baseline cycles in the near-
threshold region which leads to a decrease in crack growth rates. As AK of the baseline cycles
increases, the roughness-induced crack closure decreases, so the effect of overload on closure
decreases as well. This effect increases again as AK reaches a level that the plasticity-induced

closure reached its maximum in the Region II [120].

On the other hand, compressive underloads crush surface asperities left in the crack wake of
baseline cycles, leading to a decrease in the compressive residual stress [121]. This decreases the
crack closure at baseline cycles, which leads to an increase in their crack growth rate. Residual
stress after an overload or underload reaches a steady state value after a number of cycles [122]. A
schematic representation of the crack closure level, the Kop/Kmax variation after the application of
an overload or underload as compared to the constant amplitude loading in the three different

regions, is shown in Figure 2.16 [29, 103, 123].
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Figure 2.16 Schematic of crack closure variation after an applied overload and underload at

different crack growth regions (adapted from [123])

Plastic replicas on the crack tip were taken after an applied overload. These replicas were examined

using a scanning electron microscope [116]. These observations revealed that crack tip blunting
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occurs after an overload and crack tip shape becomes similar to a notch. The required number of
cycles to re-grow the crack from a notch is assumed to cause the retardation; however, the
calculated number of cycles in order to initiate a crack from a notch is much lower than the

measured one [75].

On the other hand, underloads are reported to resharpen the crack tip. This sharpening is reported
to accelerate the crack growth of baseline cycles [110, 124]; however, a study reported that the
crack tip was slightly blunted after an applied underload [116].

In some studies, specimens were strain hardened monotonically at a plastic strain equal to 3% in
an 2024-T3 aluminum alloy [125]. Crack growth at R = 0.1 in the strain-hardened specimen was
higher than unstrained specimens [125-127]. It was concluded that two factors cause higher crack
growth rates in strain hardened specimens. The first one is strain hardening at the crack tip, which
reduces ductility. The second one is lower crack closure levels in strain hardened specimens as
compared to unstrained ones [125]. The strain hardened specimen has higher yield stress, so the

plastic zone size is smaller leading to a smaller plasticity-induced crack closure on the crack wake.

The case of periodic underloads and compressive underloads was investigated in literature [116,
120, 128, 129]. It was reported that as the distance between underloads decreases, the acceleration
increases until a maximum is reached [116]. This maximum acceleration is attributed to the strain
hardening ahead of the crack tip inducing a higher mean stress which leads to an increase in crack

growth [116].

b) Near-threshold region

Different test procedures are proposed to measure fatigue crack growth rates in the near-threshold
region and reach the fatigue threshold. In some studies, after a conventional pre-cracking, crack
growth rates under constant amplitude loading are decreased to reach the fatigue threshold of
baseline cycles (ASTM or constant Kmax procedure) [130]. An overload or underload is then applied
to observe its effect on the fatigue threshold of baseline cycles [130, 131].

Other studies applied the decreasing gradient proposed by ASTM for baseline cycles and periodic
overloads or underloads to reach the fatigue threshold. In other procedures, the Kmax was kept
constant, while the AKgr was decreased to reach the fatigue threshold under periodic overloads or

underloads. These procedures are explained in detail in Chapter 7 for periodic underloads [132].
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Here, the effects of overloads and underloads on crack growth rates in near-threshold region are

reviewed.

An overload increases the fatigue threshold of baseline cycles. As the Kmax,oL increases, the fatigue
threshold of baseline cycles also increases. This increase was higher for a nickel based alloy as
compared to the titanium alloy 6A1-4V [120]; however, an applied overload with a Kmax,or smaller
than 10% of the Kmax of baseline cycles did not modify the fatigue threshold of baseline cycles for

both aforementioned materials [113].

On the other hand, it has been shown that periodic overloads can increase the crack growth of
baseline cycles at AK that is lower than the fatigue threshold in low carbon steels [133]. This means
that the fatigue threshold of baseline cycles is decreased. This decrease was ascribed to a change

of dislocation configuration ahead of the crack tip caused by overloads [103, 133, 134].

In the case of underloads, three compressive underloads in the near threshold region showed that
the crack reinitiated under baseline cycles in an 7150 aluminum alloy [128, 135, 136]; however,
the crack growth rates gradually decreased until the crack stopped growing. It was concluded that
compressive underloads crush surface asperities in the crack wake and cause the crack to be the re-

initiated [135].

On the other hand, periodic underloads and periodic compressive underloads (Rur <0) increase
the crack growth rate of the baseline cycles, which leads to a decrease in AKw of baseline cycles
under constant amplitude loading decrease [114, 128, 135]. It was shown that as frequencies of
applied periodic underloads and compressive underloads increase, the fatigue threshold of baseline
cycles decreases to lower values for low carbon steels and aluminum alloys [120, 128]. It was also
shown that underloads decrease the crack closure level of subsequent baseline cycles. As the crack

grows, the crack closure gradually increases as it returns to its steady state of baseline cycles [120,

137, 138].
2.5.3 Crack growth prediction methods

One of the earliest methods to predict failure under variable amplitude loading was of Miner’s
linear cumulative damage method [139]. A similar method was employed using the Paris equation
and has been referred to as linear damage summation (LDS) [116]. In this method, crack growth
(Aa) is calculated using the Paris equation for each cycle and is incremented to the previous crack

length until it reaches a critical length (ay), as shown in Equation 2.25.
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a,=a,+YAa,  Aa=C(AK)" (2.24)
i=1

This method can be employed for periodic load blocks too, as shown in Equation 2.25. Crack length
is incremented for each load block (Aasiocr;) [10].

m
a,=a,+ ZAablock’j, Adyy = C(AK) N,

J

(2.25)
=l

The linear summation method is employed in engineering designs because of its simplicity [140];

however, the effect of interaction between different load cycles is not considered in this method.

In particular the effect of overloads or underloads on the crack growth of subsequent baseline

cycles is not considered. A load interaction factor is determined by comparing crack growth

measured under variable amplitude loading (Aameasurea) to the predicted growth by LDS (Aarps),

. ) Aa
load interaction = —zeswed (2.26)
4 ps

A measured crack growth that is lower than the linear damage summation means a crack growth

retardation, otherwise it is acceleration [116].

In order to predict the crack growth of the baseline cycles after an applied overloads, Wheeler
proposed a modified linear damage summation method [141]. As it was mentioned earlier, the
crack length affected by the overload, AaoL, is again equal to the size of the overload monotonous
plastic size. The Wheeler prediction inserts a load interaction factor C, (lower than unity) in the
linear damage summation which leads to a decrease in AK and crack growth of baseline cycles

within the monotonous plastic zone size , and is given by the following equations [141, 142]:

Cy,[ :(%] s A =1, 0, —Ag; (2.27)
a,=a,+ iCyAa, Aa=C(AK,)" =C(AS\za)’ (2.28)
i=1

As it can be seen in Equation 2.27, the C,,;is a load interaction factor for each cycle (i). The r),;is
the current baseline cycles monotonous plastic zone size and 4; is the distance between the crack
tip and overload monotonous plastic zone (7y,0.), as shown in Figure 2.17a. As the crack grows,

the distance between the crack tip and overload monotonous plastic zone sizes decreases, so the C,
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increases from a minimum value to a value of one. The z is a curve fitting parameter, which depends
on the type of applied loads and the material. For this reason the Wheeler method has been
criticized for being more of a curve fitting method than a prediction method [143].

a) b)

Plastic enclave Plastic enclave

due to overload due to overload

Figure 2.17 Two prediction models, a) Wheeler, and b) Willenborg (adapted from [144])

Later, a modified Wheeler method was proposed to replace the fitting curve parameter z with the

following equation [143, 144]:

AK
log[AK J
=0 AR (2.29)

2 log (K,)
The m value is the Paris equation exponent, AKw is the fatigue threshold of the material, and K is

the Kmax,O[/KmaX [ 143] .

Willenborg also proposed to use Equation 2.30 to predict crack growth after an applied overload
(Figure 2.17b). The Kmax,ov is reduced to Kreq as given in Equation 2.31. This SIF reduction (Kred)
decreases with increasing crack length (a;) and reaches zero when the crack grows out of the
monotonic plastic zone created by the overload,

Ko = Kiuxor I—M (2.30)

(Ryo0)

Effective parameters, Kyaxef;i, Kminefi, and Regi are calculated using Equation 2.33:
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Kmin eff i
max,eff ,i = Kmax,i - Kred Kmin,eﬂ,i = Kmin,i - Kred Reff,i = K—ﬁ (23 1)

max,eff ,i

The Walker equation is then used to predict crack growth for each cycle.
a,=a,+> Aa, Aa=Cpy (K peys 1-R )7 (2.32)
i=1

In this method, AK is constant, but a decrease in the Kmin and Kmax levels is applied to decrease
crack growth. Several other methods were proposed to improve this method [145-147]. Chang et
al. modified the Willenborg method by taking into account the effect of periodic overloads and

compressive underloads [144, 146, 147].

As seen in Figure 2.18, the crack growth rates of baseline cycles measured experimentally after an
overload are compared to those predicted by different methods [148]. This figure shows that the
Wheeler method predicts in average higher growth rates as compared to measured crack growth
rates. On the other hand, the Willenborg method predicts lower crack growth rates as compared to

the measured ones. Both methods do not predict the initial acceleration of the crack growth rate.

Note that the Wheeler and Willenborg methods were developed based on results of an applied
single overload on baseline cycles with a crack growth rate corresponding to the Paris region;
however, the crack length retardation can be larger as baseline cycles approach the near-threshold

region [110].
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Figure 2.18 Prediction of the crack growth rate following a single overload [ 148]

Measured crack growth rates are also compared to the ones estimated using the measured crack
closure. The estimated AKer was used to predict crack growth rates of baseline cycles after an
overload. This method gives results that are close to measured crack growth rates (Figure 2.18); it
results in a slightly lower minimum crack growth rate as compared to the measured one followed
by higher crack growth rates. In another study, crack growth rates of baseline cycles estimated by
the AKefr were always lower than the ones measured for a structural steel BS 4360 50B [75]. It was
concluded that a high estimated K¢ results in a lower AKes, which leads to a lower crack growth
rate. The K¢ is lower than the one estimated in the load-COD curve, so the real AKetr is higher than

the estimated one. This behavior is known as discontinuous crack closure behavior [75].

On the other hand, different methods that use crack closure have been employed for complex and
random stress spectra. These methods are called ONERA, CORPUS and PREFASS [144, 149-152].
As an example, in the CORPUS model, crack closure is estimated from the da/dN-AKesr curve
already measured. The Kop is then updated for each load cycle by considering the Kmax and Kmin of

previous loads. The Ko, in each load cycle is compared to previous ones and the maximum one is
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chosen to estimate the AKefr of the current cycle. The estimated AKesr is used to predict crack
growth for each cycle [151]. As shown in Figure 2.19, the Sop level decreases for the underload,
however, this level is lower compared to the previous Sop , so there will be no change in the Sop

level in this case [151, 153].
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Figure 2.19 Example of CORPUS crack closure model in a simplified spectrum [151]

2.6 Conclusion of the literature

The difference in crack growth rate between materials are mainly explained by crack closure
mechanisms in the literature, which are mainly plasticity-induced crack closure and roughness-
induced crack closure. Therefore, those crack closure mechanisms will be investigated in the
studied steels. They will aid to explain the difference in crack growth rates between each steel at

different R ratios.

Different test procedures are proposed in the literature in order to measure crack growth rate under
variable amplitude loading. After investigating the literature, the constant Kmax procedure will be
used in order to conduct the experimental fatigue tests. This procedure leads to a better interaction

between load cycles and will minimize the crack closure while reaching the fatigue threshold. A
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new test procedure in order to measure fatigue threshold under variable amplitude loading at very
low crack growth rates will be proposed. However, these procedures should have a value that is
close to the real load conditions otherwise these interactions and the fatigue threshold depends on

the level of Kax values.

The acceleration factors in the studied steels are not estimated in the literature, therefore this study
will give the acceleration factor for those steels. Moreover, the mechanisms that will lead to an
increase in crack growth compared to the LDS prediction will be proposed by considering the

mechanism proposed in the literature.
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CHAPTER 3 METHODOLOGY AND EXPERIMENTAL PROCEDURE

3.1 Methodology

3.1.1 Stress spectra in turbine runners

The water hits the runner blade and induces tensile stresses that vary depending on the region of
the blades. A finite element simulation is performed in order to estimate these stresses in different
regions of the blade [154]. These regions are shown in Figure 3.1a. In region A, the stress is the

highest on the blade, but a lower stress is applied on region B and C.

a) b)

Figure 3.1 a) Different regions of a runner blade based on stress magnitude [154], and b) steel
plate filled with epoxy and silicone to protect strain gauges installed on region A of a runner

blade [4]

Strain gauges are installed to measure the strain applied on region A of the blade while the runner
is operating. The results of two different measurements are shown in Figure 3.2. Measured strains

are converted to stresses.

Small stress cycles of very high frequency are generated by a small amount of water flow that is
directed by partially opened wicket gates to blades at the beginning of the runner operation. These
cycles generate startup and spin-no-load (SNL). A maximum opening of wicket gates then directs
a maximum flow to runner blades. As a result, the tensile static stress rises to its highest level. As
seen in Figure 3.2a, the stress amplitude of small cycles is low and reaches a few MPa. Figure 3.2b

shows that the stress amplitude of small cycles is high and reaches tens of MPa.
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Figure 3.2 Typical stress spectrum imposed on turbine runners with small cycles superimposed
to the highest tensile static stress, a) small cycles with low stress amplitudes, and b) small cycles

with high stress amplitudes (adapted from [155, 156])

On the other hand, large stress amplitude cycles of low frequency are generated by changing the
working conditions of the power station, i.e. start/stop (SS) sequences, power output variations

(POVs) and load rejection (overspeed).

Defects and residual stresses are generated in runners during the fabrication process. The above-
mentioned small and large stress amplitude cycles during the operation make defects to grow in
turbine runners. This growth should not lead to a failure during the design life of the runner i.e. 70

years.

Therefore, it is important to use an accurate method to predict the crack or defect growth in runners.
To do so, initial semi-elliptical defect dimensions are chosen (a x ¢) and the stress range in each
region of the blade is estimated, so that the corresponding stress intensity factor range can be
calculated [154]. The defect or crack growth due to each load cycle is then calculated using crack
growth rates versus AK data under constant amplitude loading. This growth is linearly summed for
all cycles during 1 year to predict crack growth. This method is known as the linear damage

summation (LDS) prediction method.

Next, this growth is incremented for each year until the end of the design life, which is 70 years.
Incremented defect dimensions after 70 years should not exceed critical defect dimensions (acr *
cer). Otherwise, the procedure is repeated with smaller defect dimensions. Therefore, a trial and
error procedure is conducted to estimate initial defect dimensions that will not exceed critical defect

dimensions during the runner’s lifetime, as shown in Figure 3.3a. Dimensions of the initial semi-
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elliptical defect in different regions of the blade that will not cause a failure after 70 years are

shown in Figure 3.3b; estimated dimensions for 20 years of design life are also given.
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Figure 3.3 a) Linear damage summation employed to predict initial defect dimensions that will

not cause rupture for 70 years, b) initial allowable semi-elliptical defect dimensions in different

regions of a blade runner

Critical defect dimensions are reached when their corresponding Kmax exceeds Kic or the fatigue

threshold of small cycles. Therefore, the fatigue threshold of small cycles should be measured;

however, this fatigue threshold can decrease due to periodic large cycles. Therefore, the fatigue

threshold of small cycles subjected to intermittent large cycles should be measured to estimate the

critical defect dimensions.
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3.1.2 Stress spectra simplifications

The real stress spectrum has many different types of small and large stress amplitude cycles i.e.,
start/stop (SS) sequences, power output variations (POVs) and load rejection (overspeed). Studying
the effect of all these stress cycles on crack growth can be complicated and is not appropriate for
an initial study on the subject. A better approach is to investigate and analyze the effect of
interaction between two stress cycles on crack growth. The real stress spectrum is thus simplified
and reduced only two stress cycles. Thus, the stress cycles that do not contribute to a significant

crack growth are neglected in the simplified stress spectrum.

In the stress spectrum, the startup and SNL last for few cycles at the beginning or end of each
sequence and have a low Smax, as shown in Figure 3.2. Thus, they only account for few cycles with
low stress amplitudes in the stress spectrum, which do not contribute to a large crack growth, so
they are neglected. Load rejections due to sudden uncoupling between the rotor and turbine runner

rarely occur in the load spectrum and so they are also neglected in the stress spectrum.

Consequently, only three stress cycles remain in the simplified load spectrum: small cycles, POVs
and SS sequences. The stress amplitude of small stress cycles and generation of POV depends on

the type of power stations [154, 157].

In power stations that generate POVs, small cycles have low amplitudes, as shown in Figure 3.2a.
They induce a AK that is much lower than the fatigue threshold and so they can be neglected. On
the other hand, in power stations that do not generate POVs, the small cycles have high amplitudes,
as shown in Figure 3.2b. They induce a AK that is close to the fatigue threshold and may induce a

crack growth, so they are considered in the load spectrum.

Therefore, POVs and SS sequence remain in the stress spectrum in the first case and small cycles
and SS sequences in the second. As a result, two studies are defined to investigate the effect of
these two stress cycles on crack growth in each case. There are variations in the stress amplitude
of small cycles. For simplicity, the highest stress amplitude is considered to be constant for all

cycles.
a) First study

In a first study, crack growth is measured under POVs and SS sequences. This growth is compared
to the one predicted by LDS using crack growth rates versus AK data of large cycles under constant

amplitude loading. Fatigue tests are conducted on the 415, ASTM A516 and 304L steels.
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Figure 3.4 Simplified load spectrum with POVs EI;:; SS sequences
Crack growth is measured at Kmax = 19.43 and 40.77 MPa.m"2. These Kumax levels are estimated
from stress levels and initial defect dimensions in region A of runner blades [154]. The ratio of
POV cycles over SS sequences during 70 years of turbine runner lifetime is calculated according
to [154] and is shown as n in Figure 3.4. The n values range from a minimum of 3 to a maximum
of 10. Measured crack growths induced by POVs and SS sequences are compared to the ones
predicted by LDS, and results are reported in Chapter 6. This study verifies if LDS can be employed

to predict defect growth in turbine runners.
b) Second study

In the second study, the effect of SS sequences on the fatigue threshold of small cycles is
investigated. A large number of small cycles with high amplitude are generated during the
operation, which can propagate defects. Therefore, it is important to measure a AKq, corresponding
to small cycles that will not propagate defects. SS sequences can further decrease the AK of small

cycles. Thus, it is important to estimate the decrease in AKw due to SS sequences.
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Figure 3.5 Simplified load spectrum with small cycles and SS sequences

Fatigue tests are conducted in the near-threshold region to reach the fatigue threshold. Given that
these tests are time consuming, so we decided to reduce the number of studied steels. As a result,
we decided to carry on the remaining fatigue tests only on the steels with the lowest and highest
strain hardening exponent (see Chapter 6, Table 6.4), which are the 415 and 304L steels,

respectively.

The fatigue threshold at a constant Kmax = 11.11 MPa.m'"? is measured using the constant Kmax
procedure for the 415 and 304L steels. The ratio of small cycles over SS sequences during 70 years
of life design is considered as n, as shown in Figure 3.5. As a result, periodic underloads are
conducted at different n values ranging from 10? to 105, in the same specimen. Therefore, it is

important to investigate the effect of periodic SS sequences on the fatigue threshold of small cycles.

Tensile residual stress due to welding is induced in runners during the fabrication and repair. As
the crack propagates in the runner, it can be subjected to this tensile residual stress. This increase
in tensile residual stress will increase the Kmax at the defect tip. In the general discussion in Chapter
8, the effect of the Kmax on the fatigue threshold under constant amplitude loading and periodic
underloads is investigated. Fatigue tests under periodic underloads were conducted similarly to the
one in the second study but at Kmax = 19.44 MPa.m', and the results are compared to the ones at

11.11 MPa.m'?.
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3.2 Experimental procedure

3.2.1 Material characterization

Material characterization, tensile and fatigue tests were conducted on three different steels, namely
the AIST 415, ASTM A516 and AISI 304L. The heat treatment and chemical composition of these

steels is given in Chapter 6.

Plates of each steel were received; they were 1000 mm long, 400 mm wide, and 50 mm thick.
These plates were cut into smaller pieces with a band saw and then further cut with a precision saw
to a size of 50 mm long, 50 mm wide, and 50 mm thick, in three orthogonal planes (LT, LS, and
TS). Each plane section was placed in a hot mounting machine, and the resin was added on top of
the specimen. The resin was heated up to 170°C and cooled down to room temperature to mount

the specimen.

Specimens were then polished using silicon carbide abrasive papers. This process was carried out
by increasing the grit numbers at each step from 240 up to 800 grits. The polishing was then
continued using diamond suspensions from 6 microns down to 1 micron. Etchants were used to
reveal the microstructure of each type of steel, as shown in Chapter 6. Grain size measurements
were carried out with an optical microscope equipped with an image analysis software. All
measurements were carried out with a magnification of 200 X. The grain size was estimated
visually by considering the grain boundaries of each grain. The spherical diameter was defined as

the grain diameter size. At least 100 measurements were taken in each plane.

After conducting grain size measurements, specimens were polished with the diamond suspension
of 1 micron to conduct microhardness measurements. Vickers microhardness measurements on the
three orthogonal planes (10 measurements per plane) were carried out with a force of 100 gf and

15 second dwell time for all steels according to ASTM E384.

In order to conduct an X-ray diffraction analysis, the above-mentioned samples were polished with
the diamond suspension of 1 micron and subsequently thinned with acid (75 ml HCI, 75 ml HNO;
and 100 ml H20) to remove the deformation induced during polishing. The X-ray diffraction
analysis was then conducted using a Cu K, source radiation with 0.05 degree per 4 seconds for

angles 20 from 40° to 140° using the Rietveld method with an accuracy of + 1.5%.
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3.2.2 Tensile testing

The tensile test was conducted for each steel in longitudinal (L) and transverse (T) directions with
respect to the rolling direction. Three tests were conducted in each direction on standard specimens,
with reduced cross section of dimensions of 30 mm long and 5 mm diameter [158]. An
extensometer of 25 mm was attached on the reduced section of the specimen surface in order to
measure the strain. Tests were conducted using a servo-electronic machine with a 100 kN dynamic
load cell. The displacement was increased with a relative ramp equal to 0.45 mm/min, according

to the ASTM ES8 standard [158]. Tests were stopped when specimens were fractured.

Young’s modulus, the 0.2% yield stress (co.2%), ultimate tensile strength (curs), elongation at the
rupture (gr) and strain hardening exponents are given as results in order to compare the three
different steels. These parameters are also used as input parameters in da/dN Instron software for

fatigue tests.
3.2.3 Fatigue testing

a) Choice of the specimen

Defects in critical regions of the runner blade are subjected to a combination of tensile and bending
loading [1, 4]. The compact tension, CT, specimen induces a tension load and high bending load
at the crack tip. Thus, the CT specimen represents the aforementioned loading condition in the
runner blade [159]. CT specimens were fabricated with dimensions of 50.8 mm wide and 12.7 mm
thick according to the ASTM E647 standard. This specimen is much smaller than the runner blade
geometry; however, the fabricated specimen has a lower cost as compared to the real geometry to

investigate crack growth under constant amplitude loading and periodic underloads.

b) Specimen installation and precracking

Compact tension specimens were tested in the LT orientation. Dimensions in each specimen were
verified using a caliper before conducting each test. Tests were conducted using a closed loop
servo-hydraulic machine equipped with a 100 kN dynamic load cell for fatigue tests at high AK
values. On the other hand, fatigue tests at low AK values in the near-threshold region require higher
load precision. Thus, they were carried out with a smaller 20 kN dynamic load cell (Figure 3.6),
with higher load precision as compared to the 100 kN load cell. The CT specimen was installed on

the grips of the hydraulic machine. Optical microscopes were then installed on both sides of the
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specimen to observe and measure crack length on its surface. The clip gauge was installed at the

mouth of the specimen.
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Figure 3.6 Compact tension specimen installed in an Instron servo-hydraulic machine

Atmospheric conditions were periodically recorded with a thermo-hygrometer. The test
temperature was 23°C with a relative humidity of 40 % to 45 %. All tests were conducted at 1 Hz
for high crack growth rates (first study) and at 15 Hz for low crack growth rates (second study).
Crack growth was measured using the optical microscope which has an average resolution equal

to 5 x 107 mm.

The notch length was measured on both sides of the specimen using the optical microscope.
Precracking is required to provide a sharpened fatigue crack with adequate straightness. The
precracking procedure was conducted using da/dN Instron software. The crack then grows out of
the notch completely and appears on the surface of the specimen. The crack should grow for 2 mm

in our specimen, according to ASTM E647 [160, 161].

¢) Detail on da/dN Instron software

The crack growth rate under constant amplitude loading was conducted using da/dN Instron

software. In this software, the crack length, a, was calculated using the following equation:
a=(C +Cu+Cai’ +Cai’ +Cau' + Cai* )W (3.1)

the u value is calculated using the following equation in da/dN software [160, 162].
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(3.2)

. 1
(BEAKQPyé+1

where AV is the crack opening displacement measured using strain gauges installed at the mouth
of the specimen; AP is the load range measured using strain gauges in the load cell; B is the

thickness of the specimen, and E is Young’s modulus of the steel.

The values of coefficients C; to Cs in Equation 3.1 are given below and correspond to

measurements carried out at the mouth of the specimen,
C, =1.001, C, =-4.669, C, =18.46, C,=-236.82, C, =1214.9, C,=-2143.6

however, the strain gauge was installed with a knife edge with a width of 1.9 mm from the mouth
of the specimen. As a consequence, C; to Cs coefficients in Equation 3.1 were calculated and
modified in da/dN software. Corresponding coefficients were calculated according to [162], and

using the following equation,
C =1.001, C,=—4.752, C,=19.453, C,=-257.16, C, =1351.3, C, =—2466 (33)

The estimated crack length from da/dN software should be equal to the one measured with the
optical microscope on the surface of the specimen. If there is a difference, the crack length
calculated should be adjusted to the one measured by slightly modifying Young’s modulus in

Equation 3.2.

The AK in da/dN software is calculated from the crack length estimated using the following

equation (o> 0.2) [163, 164]:

AP 2+a

AK =——————(0.886+4.64a—13.32a*> +14.72a” —5.6a" 3.4
BIw (l—a)%( )

d) Software choice to conduct fatigue tests

Tests under constant amplitude loading were conducted using da/dN Instron software; however, in
the case of periodic underloads, a periodic and sudden decrease from the Pmax of baseline cycles
followed by an increase to the same level is necessary to generate periodic underloads. That said,
da/dN Instron software only induces a gradual decrease in the Pmax of baseline cycles followed by

a gradual increase until it reaches the Pmax.
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This software could not be used to represent periodic underloads loading. So finally, periodic
underloads were generated using Wavemaker Instron software. The crack length was measured
with the microscope installed on both sides of the specimen. After measuring an average crack

length, the load was manually adjusted to have a constant Kiax during the tests.

e) Fractography analysis

Once the fatigue tests were completed, specimens were fractured into two pieces to observe and
analyze fatigued surfaces. These observations were performed using a scanning electron
microscope (SEM). Specimens were cleaned by soaking them in ethanol and putting them in the
ultrasonic bath. They were then stuck in the specimen holder to be entered into the SEM chamber.
The pressure in the vacuum chamber was set at 60 Pa. Observations were generally conducted with
a voltage equal to 15 kV. Specimens were at a maximum distance of 7 mm from the beam.
Fractography observations were carried out to observe the striation spacing on the fracture surface
of each steel. At least four pictures were taken to measure striation spacings, the taken pictures

were then analyzed with image analysis software.
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CHAPTER 4 ORGANIZATION OF THE FOLLOWING SECTIONS

In Chapter 5, the ASTM E647 load procedure is used to measure crack growth rates under constant
amplitude loading at R = 0.1 and R = 0.7 by reaching the fatigue threshold in the 415 and 304L
steels. Measured crack growth rates versus AK will be compared in both steels at both R ratios.
Crack closure at R = 0.1 will be compared with the one at R = 0.7. The mechanisms that induce
crack closure such as roughness-induced and plasticity-induced crack closure will be analyzed in

both steels.

A first published article in Chapter 6 is written in order to investigate the first study by determining
the effect of large cycles on crack growth rates in turbine runners. In this article, the microstructure
and tensile properties of three wrought steels, AISI 415, ASTM A516, and AISI 304L, used to
fabricate the runners will be compared. The experimental procedure will be defined to be similar
to the load conditions in the load spectrum. A test procedure at constant Kmax will be defined in

order to have a better estimation of the interaction between baseline cycles and periodic underloads.

The crack growth rate under constant amplitude loading will be measured at different R ratios at
two constant Knax values in those three steels. These measured crack growth rates will be employed
to calculate the LDS prediction which is used to predict the crack growth rates under periodic

underloads.

Afterwards, the real crack growth rates under periodic underloads will be measured at two constant
Kmax values and compared to the LDS prediction in each steel. The accelerations factors in each
steel will be specified at each Kmax. The mechanisms that may cause the crack to grow faster under

periodic underloads than the one predicted by LDS in each steel will be investigated.

A second published article in Chapter 7 is written in order to investigate the second study by
determining the effect of turbine start/stop sequences (periodic underloads) on the fatigue threshold
of small cycles at high stress ratio (baseline cycles) in two steels used in turbine runners, i.e. AISI

415 and 304L steels.

In this article, a review of different load procedures to reach the fatigue threshold under constant
amplitude loading and periodic underloads will be presented. The procedure, that will give a better
estimation of the effect of periodic underloads on the fatigue threshold, will be used to conduct the
experiments. Moreover, a new test procedure to measure fatigue threshold at very low crack growth

rates under periodic underloads will be proposed.
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Keeping Kmax constant, a first load procedure is conducted with decreasing AK to measure fatigue
thresholds at 2 x 10”7 mm/cycle under both constant amplitude loading and periodic underloads at
various frequencies. We will able to specify that after a certain frequency of periodic underloads
the fatigue threshold will start to decrease Therefore, in the load spectrum periodic underloads or

start/stop sequences should not exceed this frequency during the 70 years of life design.

Then a second load procedure is conducted to measure fatigue thresholds under periodic underloads
at one frequency with increasing AK of baseline cycles from zero. Therefore, the effect of periodic
underloads at very low AK and low crack growth rate of baseline cycles will be investigated and

compared to the ones at higher crack growth rates as well.

In Chapter 8, the results of the last four chapters are summarized and discussed and some additional
results will be presented and discussed. The procedures in order to measure crack growth rate under
constant amplitude loading in the Paris and in the near-threshold regions will be summarized. The
effect of Kmax on crack growth rate under constant amplitude loading and periodic underloads is

investigated and the results will be discussed.

In Chapter 9, the conclusion will be given, the load conditions in order to avoid crack propagation
due to small cycles will be specified. The acceleration factors that should be considered in order to
be able to predict the crack growth rate due to large cycles will be specified. Some
recommendations are given for further studies in order to have a better estimation of the interaction

between different load cycles based on the non-simplified load spectrum is presented.
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CHAPTER 5 CRACK GROWTH UNDER CONSTANT AMPLITUDE
LOADING

5.1 ASTM load procedure

The ASTM load procedure is a classical one that is often used to reach the fatigue threshold at low
and high R ratios. This procedure is employed to measure crack growth rates under constant
amplitude loading at R = 0.1 and R = 0.7 while reaching the fatigue threshold. Crack closure at R
= 0.1 and 0.7 can be estimated in both steels. Measured crack growth rates versus AK at R = 0.1
can then be compared with the ones versus AKerrat R = 0.7. Measured crack growth rates in this

chapter will be employed in Chapter 6 for the LDS calculation.
5.2 Materials and experimental procedures

5.2.1 Materials

The studied materials are the AISI 415, ASTM AS516 and AISI 304L steels. Crack growth rate
measurements in the near-threshold are time consuming. So, we decided to conduct fatigue tests

only on the steels with the lowest and highest strain hardening exponent (see Chapter 6, Table 6.4),
which are the AISI 415 and 304L steels.

This study investigates fatigue crack propagation in two wrought steels, namely the AISI 415 and
304L steels. For simplicity, these two steels will be called 415 and 304L, hereafter. The chemical

composition and heat treatment of both steels are given in Chapter 6.

5.2.2 Fatigue testing

Fatigue tests are performed using a closed loop servo-hydraulic machine equipped with a 20 kN
dynamic load cell. Compact tension specimens are tested with dimensions of 50.8 mm wide and
12.7 mm thick, according to ASTM E647 in LT orientation. Atmospheric conditions were
periodically recorded with a thermo-hygrometer. The test temperature was 23°C with a relative
humidity of 40% to 45%. All tests are conducted with a frequency equal to 15 Hz. Crack growth

rates are measured optically using the secant method.

The compact tension specimen is pre-cracked at a constant Kimax = 11.1 MPa.m'?and R = 0.1. This
value corresponds to an Smax = 170 MPa applied to a semi-elliptical defect with dimensions of 2.5

x 6 mm at the surface of a turbine runner [154]. After the pre-cracking, the initial AK and Kmax are
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decreased for each step (i) with C =- 0.20 mm™' (see Equation 4.1) until the crack reaches a growth

rate equal to 2 x 10”7 mm/cycle.
AKi+1 = AKj eCda) 5 Kmaxi+1 = Kmaxi eC4a) (5 1)

Many fatigue tests in literature are conventionally conducted using the ASTM test procedure to
reach a AKu that corresponds to a crack growth rate equal to 107 mm/cycle [63, 165]. Therefore,
this fatigue threshold measured at 2 x 10”7 mm/cycle will be referred to as the conventional fatigue

threshold, AKin,conv, in this test study.

After reaching the SIF range and maximum SIF at the conventional fatigue threshold (AKh,conv and
Kmax,th,conv), these values are increased at R = 0.1 following Equation 3.5 for each step (i) with C =

0.20 mm™! until they reach a value equal to 36.7 and 40.77 MPa.m'?, respectively.

The crack growth rates at R = 0.7 are also measured using the ASTM procedure. The AK is
decreased from 5.83 MPa.m!? (that corresponds to Kumax equal to 19.44 MPa.m"?) with a similar C

value to reach AKih conv.

The crack closure is estimated using the ASTM method from the unloading load-COD curve
recorded during the test. The crack closure in this study is estimated at a 4% deviation from the
linear load-COD curve. There are different ways to quantify crack closure levels in the crack wake.
Here, the effective stress intensity factor over the stress intensity factor is chosen to show crack

closure levels and is defined as:

U:[gm_—[fd j{f;j (5.2)
5.3 Results

Crack growth rates at R = 0.1 in the 415 and 304L steels are shown in Figure 5.1. At high AK
values, crack growth rates in the 415 steel are lower as compared to the ones in the 304L steel
(Figure 5.1); however, as AK values decrease, crack growth rates in two steels become closer to
each other. At a AK equal to 7.76 MPa.m'!?, the crack growth rate in both steels becomes equal to
1.7 x 10 mm/cycle. As the AK continues to decrease, the crack growth rates in the 415 steel
become higher than the 304L steel. Finally, the conventional fatigue threshold, AKinconv
corresponding to 2 x 107" mm/cycle in the 415 steel is lower than the 304L steel, which is 5.2

MPa.m'? versus 5.8 MPa.m'?, respectively.
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Figure 5.1 Crack growth rates versus AK and AKefrat R = 0.1 in the 415 and 304L steels

Recorded curves show no crack closure at AK values above 14.03 MPa.m'?in the 415 steel and 16
MPa.m'? in the 304L steel; however, below the aforementioned AK values, and as the AK

approaches the near-threshold region, the estimated crack closure level increases.

Crack growth rates as a function of AKesr are lower in the 415 steel as compared to the ones in the
304L steel. However, as AKesr decreases to lower values, the crack growth rates in two steels
become closer to each other (Figure 5.1). The estimated crack closure level at the conventional
fatigue threshold in both steels is equal to 0.39. As a result, the estimated effective AKin,conv
corresponding to 2 x 107 mm/cycle at R = 0.1 in the 415 and 304L steel are equal to 2.05 and 2.30
MPa.m!”?, respectively. On the other hand, AKinconv at R = 0.7 is equal to 3.35 MPa.m"? and 3.38
MPa.m'? in the 415 and 304L steels, respectively. No crack closure was detected at R = 0.7 in both

steels.

As shown in Figure 5.2 and Figure 5.3, the AKesr values estimated from the linear load-COD curve
at R = 0.1 are compared to the ones at R = 0.7. Crack growth rates versus AKefr at R = 0.1 are
higher than the ones at R = 0.7. The difference increases as crack growth rates decrease towards 2
x 10”7 mm/cycle. The effective AKinconv at the fatigue threshold at R = 0.1 is 39% and 32% lower
than the one at R = 0.7 in the 415 and 304L steels, respectively.



54

105 T T T T T T T
=]
@ O .
108 | Fo% ° o °
e %o °

z (=] o [ ]
-4 © °
5 e&———>0
H
E 107¢ Difference
4 .
3 in AKerr ® R=01
3 o R=07

108 | @ R=0.1- AKeff

109 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8

AKor AK , (MPa.m"?)

Figure 5.2 Comparison of crack growth rates at R = 0.1 and 0.7 in the 415 steel
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Figure 5.3 Comparison of crack growth rates at R = 0.1 and 0.7 in the 304L steel

5.4 Discussion

5.4.1 Plastic zone size and phase transformation

Sufficient applied deformation transforms the austenite phase to the martensitic phase. This
transformation can affect crack growth rates in both steels [55]. In order to quantify this

transformation, an X-ray diffraction using Rietveld method was conducted on both steels. The
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average volume fraction of reformed austenite in the 415 steel is 17.7% with a standard deviation

of £ 2.9 %. The austenite phase in the 304L steel has a volume fraction equal to 98 + 0.1 %.

The plastic strain is high within the crack tip and cyclic plastic zone size. Therefore, it was reported
that the austenite phase is completely transformed to the martensite phase within this zone [166];
however, the strain further away from the cyclic plastic zone is lower; thus, the austenite is partially
transformed to the martensite [51]. The monotonous plastic zone around the crack tip corresponds

to the monotonic behavior of the steel during the tensile test.

The 415 and 304L tensile specimens in L and T directions were cut close to the necking section,
and subsequently polished and etched. X-ray diffraction analysis revealed that 82% of the existing
austenite was transformed to martensite in the 415 steel, this was 63% in the case of 304L steel.
The transformation of the austenite to the martensite is only visible with the optical microscope in
the 304L steel. It can be seen that the existent austenite in the LS orientation (Figure 5.4a) is

partially transformed to a microstructure similar to the martensite (Figure 5.4b).

a) b

SRR . W B 2 = v N

Figure 5.4 Microstructure of the 304L in the LS orientation, a) as received, b) close to the

necking of the tensile specimen (L direction)

Cyclic and monotonous plastic zone sizes are much smaller in the 415 steel as compared to the
304L steel. Therefore, there are smaller plastic zone sizes with smaller austenite transformation in
the 415 steel. As a result, the crack closure induced by plasticity and phase transformation
(plasticity-induced crack closure) in this steel is much lower than the 304L steel. The lower crack
growth rate under constant amplitude loading in the 415 steel as compared to the 304L steel may
be due to lower plastic zone sizes and lower amount of the austenite transformation of 415 in the

Paris region.
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5.4.2 Crack path irregularities

The crack angle and length deflection are much higher in the 415 steel (Figure 5.6) as compared to
the 304L steel (Figure 5.6). Therefore, crack closure is mainly induced by surface asperities in the

415 (roughness-induced crack closure) steel and is higher than the one in the 304L steel.

In the 415 steel, analysis of the recorded P-COD curves at both R ratios shows crack closure at R
= 0.1 but not at R = 0.7; however, the crack angle and length deflection at AKn,conv at R = 0.1 and

0.7 are similar in the 415 steel (Figure 5.5a and b).

a) b)

ey —
100 pm 100 ym

Figure 5.5 Crack path on the surface of the specimen at AK conv in the 415 steel at, a) R = 0.1,
and b) R=0.7

a) b)

~

Figure 5.6 Crack path on the surface of the specimen at AK conv in the 304L steel at, a) R = 0.1,
and b) R=0.7

In order to correlate the effective AKin,conv at R =0.1 to the one at R =0.7, crack closure is estimated
with a higher percentage deviation from the recorded P-COD curve. This method has also been

employed in [82, 167]. In this study, a deviation equal to 15% leads to an estimated effective
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AKihcony at R =0.1 equal to 2.89 and 3.25 MPa.m'”? in the 415 and 304L steels, respectively. These

values are 13% and 4% lower than the ones at R = 0.7, respectively.



58

CHAPTER 6 ARTICLE 1: EFFECT OF PERIODIC UNDERLOADS ON
FATIGUE CRACK GROWTH IN THREE STEELS USED IN HYDRAULIC
TURBINE RUNNERS
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Abstract

The aim of the present work is to study the interaction between two loading cycles in hydraulic
turbine runners, i.e. baseline cycles which are the result of power output variations and periodic
underloads which correspond to runner start/stop sequences. In order to make better evaluations of
fatigue lives, there is a need to determine the real crack growth as compared to those predicted by
linear damage summation. This comparison is made for three wrought steels, AISI 415, ASTM
AS516, and AISI 304L. Fatigue tests were run under both constant amplitude loading and periodic
underloads at two constant values of maximum stress intensity factor, Kmax. The crack growth
under periodic underloads was faster than that predicted by linear damage summation for the A516
and 304L steels, while almost no acceleration was found for the 415 steel. The acceleration factors
reached the highest values under low Kmax and high load ratio of baseline cycles. High tensile
residual stresses and strain hardening at the crack tip caused by underloads contribute to crack

growth acceleration during the subsequent baseline cycles.

Keywords: Fatigue crack growth; Periodic underloads; Turbine runners steels; Linear damage
summation; Interaction factor
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azo
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Croand p
Fand QO
H

AK
AKBL
Kmax,oL

AKuL

ANBL
ANuL

RsL
RuL

duL

OBL

Er
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length and width of semi-elliptical defect
maximum initial crack length allowed for 20 years design life
maximum initial crack length allowed for 70 years design life
runner blade length and thickness
Walker equation parameters
geometric functions for calculating stress intensity factor
strength coefficient
stress intensity factor range
stress intensity factor range of baseline cycles
maximum stress intensity factor of an overload
stress intensity factor range of an underload
crack length deflection
Paris equation exponent
number of baseline cycles
number of underload cycles
number of underload cycles in one block
frequency of baseline cycles over underload cycles, ANg/ANuL
load ratio of baseline cycles
load ratio of underload cycles
strain hardening exponent
compact tension specimen width
underload cycle striation width
baseline cycle striation width
true strain
elongation at fracture
crack deflection angle
true stress
angle of a specific point at the front of a semi-elliptical defect

ratio of stress intensity factor ranges, AKp/AKyL



Abbreviations

BL
C(T)
L
LT
LS
LDS
OL
POV

SS
SIF

TS
UL

baseline cycles

compact tension specimen
longitudinal (rolling) direction of the plate
long transverse orientation

long-short transverse orientation
linear damage summation

single overload

power output variations
short-transverse direction of the plate
start/stop sequences

stress intensity factor

transverse direction of the plate
transverse-short transverse orientation

single underload
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6.1 Introduction

Critical regions of turbine runners are subjected to a maximum static load followed by small and
large amplitude load cycles. On one hand, small amplitude load cycles of very high frequency are
generated by blade/wicket gates and rotor/stator interactions. On the other hand, large amplitude
load cycles of low frequency are generated by changing the working conditions of the power station,
1.e. by start/stop (SS) sequences and power output variations (POV). Additionally, unexpected
events can occur and cause runner overspeed (runaway). The load pattern is dependent on both the

type of power station and the working conditions [4, 154].

Table 6.1 Typical load pattern for a Francis turbine runner [1]

Number of cycles Smax
Cyclic loads Frequency Smin (MPa)
(70 years lifetime) (MPa)
Blade/wicket gates .
20 per rotation 6.97 x 10'° 196
interaction
Power output
3 to 5 per day 76 650 to127 750 140 to 100
variation (POYV) 200
Start / Stop (SS) 0.5 to 1 per day 12 775 to 25 550 -75
Overspeed
5 per year 350 -200
(Runaway)

Defects form in the runners during their fabrication (casting and welding). Throughout the runner
operation, when these defects are located at high stress regions, they can propagate, leading to
runner failure. To avoid this, elastic finite element models are used to limit maximum local stresses
with respect to the material’s yield stress by means of a safety factor [4]. Furthermore, linear elastic
fracture mechanics with a conservative Paris equation is employed to predict the defect growth.
One objective is to determine the maximum allowable initial defect sizes for a given design life,

e.g. 70 years. Further information and details can be found in [4, 21, 168-170].

In engineering practice, the crack growth increments produced by different load cycles under
constant amplitude loading are linearly summated to predict the crack growth under variable
amplitude loading. This prediction method will be termed hereafter as linear damage summation

(LDS). However, different studies reported that crack can grow faster or slower than predicted by
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linear damage summation [105, 108]. For instance, a single overload (OL) can notably decrease
the crack growth rates of the subsequent baseline cycles. A crack can even become non-growing
for a certain number of cycles that depends on load parameters such as Kmax,or, AKgL and Rgr (see
nomenclature and Figure 6. 1) [115, 171]. Thus, the LDS prediction overestimates crack growth in
the case of an overload followed by baseline cycles [172]. The crack growth delay or arrest was

mainly ascribed to larger plastic deformation and surface roughness left in the crack wake [45, 59].
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Figure 6. 1 Different load cycles under variable amplitude loading

On the other hand, LDS underestimates the effect of compressive underloads (Rur < 0) and
underloads (Rur > 0) [106, 117]. Compressive underloads flatten the crack wake asperities, which
propagates a non-growing crack or leads to crack growth acceleration of the baseline cycles. This
acceleration depends on AKur, AKgL and RpL parameters. However, as the crack grows, the
asperities are rebuilt in the crack wake, so progressive deceleration and crack arrest can occur again
[135]. The simple underload or the compressive underload must be applied periodically in order to

reduce the fatigue threshold [120, 128].

For simplicity, baseline cycles intercut with periodic underload cycles will be termed hereafter as
periodic underloads. The predicted crack growth in one block using LDS for a certain number of

underload cycles (ANur) and for baseline cycles (ANgL) is given by the following equation [173]:

(Aa) = (Aa), AN, +(Aa), AN, ©.1)

DS

The frequency of baseline cycles over underload cycles ANgL/ANuyL ratio is defined as n, hereafter.

As shown in Figure 6. 1, in the case of ANyL = 1, ANpL becomes equal to n. The measured crack
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growth per block (Aa)measured 1S compared to the predicted one (Aa)Lps. An interaction factor is
defined as the (Aa)measured / (A2)Lps ratio. When the ratio is higher than unity, it is an acceleration

factor; otherwise it is a retardation factor.

No interaction was found in a titanium alloy between periodic underloads (Rur = 0.1) and baseline
cycles (ReL=0.75 to 0.90) for n = 10° to 10° [174]. However, it was shown that as the underloads
are applied more frequently, the acceleration factor increases [95, 117]. These factors reached
values up to two in the Paris region [116, 117]. As high R ratios were employed (Rur = 0.5 and
Rger=0.75 to 0.85) the maximum acceleration factor of a given material is obtained for a particular
combination of AKgi/AKuL (y) and ANgi/ANuL (n) [116]. The effect was higher for a structural

steel as compared to an aluminum alloy.

Little information is available about physical mechanisms responsible for the crack growth
acceleration. In one study, after applying compressive underloads, a local measurement ahead of
the crack tip revealed a negative strain [120]. It was argued that this negative local strain favors the
crack tip to open at lower stress levels and leads to higher crack growth rate during of subsequent
baseline cycles. These lower stress opening levels are associated with tensile residual stress at the
crack tip. In the case of periodic underloads, it was also argued that the crack tip is periodically
squeezed and subjected to a tensile residual stress [175]. This stress decreases during the

subsequent baseline cycles until it reaches a steady state

Strain hardening can also explain the crack growth accelerations. Monotonically pre-strained
specimens (€ =+ 3%) made of aluminum alloy 2024-T351 and tested at R = 0.1 showed 50% crack
growth acceleration with respect to unstrained specimens made of the same material [125]. Crack
growth acceleration was also observed for the titanium alloy 6Al-4V in similar circumstances [126].
It was concluded that the strain hardening tends to decrease the ductility at the crack tip, leading to

an increase in crack growth rates.

Fractography analyses in the literature have shown that overloads and irregular loadings can
modify the striation spacings of the subsequent baseline cycles [176, 177]. In the case of periodic
underloads, baseline cycles striation spacings were not modified and it was concluded that the
acceleration effect occurs during the underloads [117]. However, other studies concluded that the

acceleration occurs during the crack growth of baseline cycles [116, 178].
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A limited number of studies have been performed on fatigue of turbine runners under variable
amplitude loading [155, 179]. The critical crack dimensions in turbine runners are reached when
the small cycles SIF range becomes equal to the fatigue threshold [155, 179, 180]. However, during
most of the fatigue life, the stress range of the small cycles (4 MPa; Table 6.1) induces a much
lower stress intensity factor range as compared to the fatigue threshold. Small cycles can be

neglected in the case of recently built runners where their amplitude does not exceed a few MPa.

In the present experimental work, we investigate the interaction effect between two large load
cycles, i.e. POV and SS sequences at constant Kmax values. The same load spectrum was imposed
on three steels of different microstructures (AISI 415, ASTM AS516, and AISI 304L). The
experimentally measured crack growths are compared to the ones predicted by LDS. The factors

leading to the differences between measured and predicted crack growths are discussed.

6.2 Materials

6.2.1 Chemical compositions and heat treatments

The contents of carbon (C), phosphorus (P) and nitrogen (N) were measured by the combustion
and fusion technics [159]. The contents of other elements including chrome (Cr) were measured
using the inductively coupled plasma mass spectrometry [181]. The chemical compositions for
each steel are given in Table 6.2. AISI 415 is a martensitic stainless steel, which is solution
annealed at 1000 °C, then water quenched and tempered at 600°C. ASTM AS516 is a ferritic-
pearlitic steel, which is hot rolled and slowly cooled at room temperature. AISI 304L is an
austenitic stainless steel, which is hot rolled and annealed. The cast versions of the three steels
(CA6NM, A27, and CF3, respectively) are often used in runner fabrication. The wrought versions
of these steels were chosen in order to have less dispersion in the results. In the following sections,

the wrought steels are referred as 415, A516 and 304L, respectively.

Table 6.2 Chemical compositions of studied materials (wt. %)

Steels C Cr Ni Mn P S Si Mo N Cu
415 0.026 13.02 3910 0.740 0.021 0.001 0.345 0.560 0.031 -

A516 0.200 0.060 0.020 0.770 - 0.014 0.025 <0.010 - 0.060

304L.  0.027 17.80 8330 2.000 0.026 0.011 0.300 0.296 0.080 0.360
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6.2.2 Microstructural characterization and tensile properties

After standard polishing down to 1 um diamond paste, the microstructures of three steels were
revealed by different etching techniques. The 415 steel was etched using modified Fry’s (0.5 g
CuClz, 25 ml HCL, 25 ml HNO3, 75 ml H20) followed by Villela’s reagents to reveal the prior
austenitic grain boundaries and the martensitic laths, respectively, as shown in Figure 6.2a. The
second phase in this steel is reformed austenite, which was formed during tempering. In order to
measure the volume fraction of this phase, the samples were acid thinned (75 ml HCI, 75 ml HNOs
and 100 ml H>O) to remove the induced deformation during the polishing. Afterwards, an X-ray
diffraction analysis was conducted using Cu K, source radiation with 0.05 degree per 4 seconds
for angles 20 from 40° to 140° using the Rietveld method [182] with an accuracy of + 1.5 %. It
revealed that the average volume fraction of reformed austenite on the three orthogonal planes is

17.7% with a standard deviation of + 2.9 %.

The A516 steel was etched using Nital 3% to reveal the ferritic-pearlitic microstructure (Figure
6.2b). The pearlite fraction was estimated on the three orthogonal planes using an optical
microscope and image analysis software. The average value is 24.4 % + 0.4 % , which is close to
the fraction estimated by the Iron-Carbon phase diagram for this steel [183]. As seen in Figure 6.2b,
the pearlite bands appear on the LS and TS planes, but pearlite is dispersed on the LT planes.

The 304L steel was electro-etched at 6 V direct current using aqueous oxalic acid 10% to reveal
austenitic grain boundaries (see Figure 6.2c). A low volume fraction of delta ferrite (around 2%)

was measured using a ferrite detector.

Ten Vickers microhardness measurements were carried out on the three orthogonal planes of each
steel with a force of 100 gf and a 15 s dwell time according to ASTM E384 [184]. The
microhardness of the 415 steel is the highest with an average of 298 + 6 HV. The 304L and A516
steels have lower values of 176 = 8 HV and 146 + 13 HV, respectively.

The prior austenite grain sizes on each plane were measured using an optical microscope and an
image analysis software according to ASTM E1382 [185]. The results with their standard

deviations are given in Table 6.3.
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Figure 6.2 Microstructure of the three wrought steels, a) 415, b) A516, and c) 304L

Table 6.3 Average prior austenite grain size on the three orthogonal planes of each steel (um)

Steels LT LS TS

415 105 +44 95 +46 96 +45
A516 20 £ 10 16 +7 16 £7
304L 58 +£17 52 £18 52 +£15

Three tensile tests in L and T directions were performed at a nominal strain rate of 2.5 x 10 s! at
room temperature according to ASTM E8M (25 mm gauge length and 5 mm specimen diameter)
[158]. The tensile properties for each steel and orientation are given in Table 6.4. The strain
hardening exponents (s) are those of the Hollomon’s equation (c = He®), where ¢ and ¢ are the true
stress and strain, and H is the strength coefficient [97].

All steels show a quasi-isotropic behavior in L and T directions. A low dispersion in each direction
1s obtained for the 415 and A516 steels. The 304L steel shows more dispersion for the yield stress
in T direction as compared to L direction. The 415 steel has an almost perfectly plastic behavior
with a low strain hardening exponent. The A516 steel has higher strain hardening capacity as

compared to the 415 steel. On the other hand, the 304L steel has the highest strain hardening.
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Table 6.4 Tensile properties of the three wrought steels in L and T directions at room temperature

Stecls 0.2% yield Ultimate tensile Elongation at Strain hardening
strength (MPa) strength (MPa) rupture (&r) exponent (s)
415 (L) 725 £0 843 +4 0.21 £0.01 0.09
415 (T) 705 £9 835 +£6 0.19 £0.01 0.09
A516 (L) 300 +3 476 £5 0.37 £0.02 0.29
A516 (T) 301 =3 480 =5 0.36 +0.01 0.29
304L (L) 261 £0 704 £ 9 0.65 +0.04 0.60
304L (T) 283 +24 702 £10 0.69 +0.08 0.59

6.3 Experimental procedures

6.3.1 Loading parameters

The initial semi-elliptical defect dimensions (a % 2¢) that correspond to final fatigue fracture of a
blade runner after 20 and 70 years were estimated [154]. They are given in Table 6.5. The selected
values for the runner blade thickness and length (¢ x b) are 50 and 2000 mm, respectively.
Considering the maximum static stress of 200 MPa (Table 6.1) plus a typical tensile residual stress
of 100 MPa after tempering [186, 187], the maximum stress intensity factors are calculated based

on the following equation [188]:

1.65
ra (a a c a
K_=S_ . [|—F|l—,—,—, = 1+1.464| — (6.2)
R (KT PR )
where ¢ is the angle of a point on the front of the semi-elliptical defect, and /" and Q are geometric
functions that are given in [188]. The defect dimensions, the maximum nominal stress, and the
corresponding Kmax values are given in Table 6.5. The two Kmax values will be named hereafter as

Kmax,ZO and I<max,70-



68

Table 6.5 Maximum SIF at the tip of initial defects corresponding to runner lifetimes of 20 and

70 years

Lifetime Defect dimensions (a x 2¢) (mm) Smax (MPa) Kmax (MPa.m'?)

20 years 8 x 28 40.77
300
70 years 25%x6 19.43

The R ratios chosen for baseline cycles (POV) and underloads sequences (SS), and the
corresponding ratios of SIF ranges, V¥ are given in Table 6.6. The selected frequency ratios, n,
correspond to the minimum and maximum ratios of POV and SS sequences. These selected values

are typical of the working conditions of a power station [4, 154].

Table 6.6 Loading parameters for POV and SS sequences

Load cycles Frequency ANBL/ANUL (n) R AKsL/AKuL (¥)
Baseline
POV 3 to 5 per day 0.3,0.5,0.7
cycles 3and 10 0.78, 0.55, 0.33
SS  Underloads 0.5 to 1 per day 0.1

As a summary, for each steel, crack growth rates will be measured at two Kmax values, two

frequency ratios, n, and three ¥ ratios (AKuL corresponds to 0.9 Kmax in all cases).

6.3.2 Fatigue testing

Fatigue crack growth tests were performed using a closed loop Instron servo-hydraulic machine
equipped with a 100 kN dynamic load cell. Compact tension, C(T), specimens were tested in LT
orientation according to ASTM E647 [160]. The width and thickness of the specimens are 50.8
mm and 12.7 mm, respectively. Atmospheric conditions were periodically recorded with a thermo-
hygrometer. The test temperature was stable at 23°C while relative humidity varied between 40 %

and 45 %.

The three steels were tested at Kmax20 and Kmax,70 under constant amplitude loading and under
periodic underloads. In order to minimize the results scatter from one specimen to another, the
same specimen was used to generate all the data at each Kiax. Tests at constant Kmax give a direct

evaluation of load interactions under periodic underloads as compared to constant load tests [107].
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As shown in Figure 6.3, tests were conducted on each specimen under constant amplitude loading
between 0.25 and 0.45 a/W then under periodic underloads between 0.45 and 0.65 a/W (W is the

specimen width).

The crack growth rates under constant amplitude loading were measured at four different R ratios
(R=0.1, 0.3, 0.5, and 0.7) by varying the SIF range. A large number of cycles can be elapsed at R
= 0.1 to reach a stable crack growth rate at R = 0.7 and vice versa. In order to minimize these
transitory cycles, the R ratios were varied step by step in the load sequence. In order to verify the
crack length effect on crack growth rates, the load sequence is carried out in decreasing steps
followed by increasing ones as shown in Figure 6.3a. The crack growth rates were measured
optically using the secant method at both 1 Hz and 10 Hz. Three stable values of crack growth rate

were recorded.

Periodic underloads tests were performed at constant Kmax for six different loading blocks (two n
values at three ¥ ratios) as shown in Figure 6.3b. All tests were conducted at 1 Hz in order not to
have any overshoot in the load signal response. For each load block, three stable crack growth rates

were measured optically using the secant method.

a)
Decreasing steps Increasing steps
A ] Sl 1
- ° ™ e [ ool -
i R=0.
I
-9
£ R=0.5 R=0.5
w
R=03
. R=01 4 5
| L >
b) 0.25 Crack length (a/W) 0.45
N one block one block one block
e 00 00 00 00 R = 0.7
HE _ RHL = 05
s Rpr =03 n=3and 10
& [RyL=0.1
z
z n=3and 10
n=3and 10
R —— —— >
0.45 Crack length (a/W) 0.65

Figure 6.3 Applied loading sequence on the three steels at constant Kmax,

a) under constant amplitude loading, b) under periodic underloads



70

6.4 Results

6.4.1 Constant amplitude loading

Crack length effects are small for all steels. The most important one occurs at R = 0.1 and Kax20.
In the 415 steel the crack growth rate is only 1% higher at the beginning of the loading sequence
(a/W = 0.25) than at the end of the sequence (a/W = 0.45; Figure 6.3a). Similar trends are observed
for A516 and 304L steels but the relative differences are larger, about 4% and 7% respectively.

Frequency effects (1 Hz versus 10 Hz) on crack growth rates are very small in the 415 and 304L
steels. On the other hand, at R = 0.1, the A516 steel shows 5% higher crack growth rates at 1 Hz
as compared to 10 Hz. More important chemical activities such as oxidation at the crack tip may

increase the crack growth rates in the Paris region.

The 415 steel shows the lowest crack growth rates at all R ratios and both Kmax (Figures 6.6 and
5.7). On the other hand, the 304L steel has the highest rates. Intermediate values are obtained for
the A516 steel.

The crack opening displacement was measured using a clip gauge installed at the mouth of the
specimen. The load-displacement loops were analyzed after the test in order to evaluate the crack
closure levels using a 2% compliance offset criterion according to ASTM E647-11 [160]. At the

applied Kmax levels in this study, the crack closure was negligible for all steels at all R ratios.

In order to put into evidence the local crack path irregularities in the three steels, fracture surfaces
were cut in the middle of the specimen, then polished down to 1 pm diamond and etched as
explained in section 2.2. The crack deflection angles (6) and crack deflection lengths (/) were

measured as shown in Figure 6.4.

Crack propagation direction
EEEE—

Figure 6.4 Schematic of crack deflection angle (¢) and crack deflection length (/)

As shown in Figure 6.5a, the 415 steel shows the largest angles and lengths of crack deflections,
1.e.22.8 °£ 6.0 ° and 81.6 pum £ 30.1 um, respectively. Lower values were measured in the A516

steel with 18.0°+ 6.1 °and 26.7 um + 9.5 pm, and some crack branching were observed (see Figure
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6.5b). However, the 304L steel shows a quasi-straight crack path (Figure 6.5¢). The crack
deflection angle is equal to 7.3 © = 0.8 ° and the crack deflection length is equal to 35.2 um + 6.6

pum.

(@ (®) ©

Figure 6.5 Crack path deflection under constant amplitude loading at Kmax,70 and R = 0.1 in the a)
415 steel, b) A516 steel, and c) 304L steel (crack propagates from left to right in the three cases)
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Figure 6.6 Crack growth rates versus load ratio and corresponding Walker predictions at Kmax,70
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Figure 6.7 Crack growth rates versus load ratio and corresponding Walker predictions at Kmax,20

For each steel and each R ratio, a straight line can be drawn in a da/dN-AK log-log plot knowing
the crack growth rates at Kmax,20 and Kmax,70. This gives the Cr and mr values of the Paris equation

(da/dN = Cr (AK)"R) corresponding to each load ratio. In order to take the R ratio effect into account,

the Walker equation is employed,
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da_ . _AK" (63)
dN *(1-R)’

where the exponent m is the arithmetic average of the four mgz values. The Cry and p parameters
are derived from a linear regression of data points in a log Cr — log (1-R) plot [22]. The three
parameters of the Walker equation are given in Table 6.7 for each steel. The crack growth rates
predicted by the Walker equation are compared to the measured ones at both Knax in Figures 6.6

and 5.7. The root mean square of the relative errors is calculated at both Kmax. The mean error is

higher at Kmax20; it is equal to 11%, 12% and 16% for the 415, the A516 and the 304L steels,

respectively.
Table 6.7 Parameters of Walker equation for each steel
Steels m Cro p
415 2.96 4.08 x 107 0.46
A516 3.07 4.92 x 10? 0.21
304L 2.75 1.38 x 108 0.34

The fatigue striations under constant amplitude loading are not clearly visible for any steel at Kiax,70
even at R = 0.1. However, they are visible at Kimax,20 and R = 0.1on the fatigue surfaces of the 415
and A516 steels (Figure 6.8a and b) and well defined on those of the 304L steel (Figure 6.8c). The
striation spacing for the 415 steel is equal to 0.510 = 0.03 pm/striation and is larger than the
macroscopic crack growth rate, equal to 0.161 £ 0.02 pm/cycle (see Figure 6.8). The striation
spacings for the A516 and 304L steels are equal to 0.405 + 0.07 and 0.497 + 0.05 pm/striation,
respectively, and are closer to the macroscopic growth rates, equal to 0.277 £+ 0.02 and 0.285 +
0.03 um/cycle, respectively. As the load ratio increases towards 0.7, striations become no more

visible for the 415 and A516 steels but are still visible for the 304L steel (Figure 6.8d).
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Figure 6.8 Fatigue striations on fatigue surfaces under constant amplitude loading at Kimax 20, (2)
415 steel at R =0.1, (b) A516 steel at R =0.1, c) 304L steel at R = 0.1, and d) 304L steel at R =
0.7 (crack propagates from left to right in all cases)

6.4.2 Periodic underloads

As described in Figure 6.3(b), after constant amplitude load sequences, underloads were
periodically applied after 3 and 10 baseline cycles at three R ratios (RgL = 0.3, 0.5 and 0.7). Crack
growth rates were measured for each loading block at Kimax,20 and Kmax,70. They were always larger
than those predicted using the LDS method (equation 1). The maximum acceleration factors
generally occur when Rpr = 0.7. They are listed in Table 6.8 for both Kmax and n. The highest
acceleration factors were obtained for the 304L steel (up to 2.53) and the lowest for the 415 steel

(close to unity).

For all steels the acceleration factors are lower at Kmax20 as compared to Kmax70. This is in
agreement with other results which showed higher acceleration factors at lower Kmax [116]. Further,
the acceleration factors obtained at n = 3 are lower than at n = 10 for all steels (e.g., 2.28 versus

2.53 for the 304L steel).
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Table 6.8 Maximum acceleration factors for the three steels at both Kimax and n

Kmax,70 Kmax,20
Steels n=3 n=10 n=3 n=10
415 1.11 1.35 1 1.14
AS516 1.39 1.71 1.25 1.46
304L 2.28 2.53 1.73 1.79

LDS exactly predicts crack growth when AKgL tends to the AKut, i.e. the acceleration factor is

equal to 1 when ¥ = AKg/AKuL =1 (ReL = 0.1). However, as the AKgr and ¥ decreases (RsL

increases), the acceleration factors increase (Figures 6.9 and 6.10). At both Kmax, the maximum

value is reached at ¥ = 0.33 (RpL = 0.7) for 415 and A516 steels. However, this is not the case for
the 304L steel. The maximum is at ¥ = 0.55 (RpL = 0.5) at Kmax,70 (Figure 6.9) and there is nearly

the same acceleration factor for all ¥ values at Kimax 20 (Figure 6.10).
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Figure 6.9 Acceleration factors for the three steels at Kmax,70 and n = 10 (curves are obtained from

a third order polynomial regression of the data)
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Figure 6.10 Acceleration factors for the three steels at Kmax,20 and # = 10 (curves are obtained

from a third order polynomial regression of the data)

The root mean square of the SIF ranges (AKms) was also proposed to predict crack growth under

irregular load spectrums [189]. It is given by the following equation:
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(6.4)

where ¢ is the total number of cycles in one load block. In the present study, the equation 4 reduces

to

L =\/(1‘RUL)2 en(1=Ry ) 6.5)

™ K n+l1

max

Selecting Rur = 0.1, RgL = 0.7 and n = 10, equation 5 gives an equivalent R, ratio equal to 0.6.
The two prediction methods based on LDS and AK.ns are compared in Table 6.9 with the measured
crack growth at Kmax70, ¥ = 0.33 and » = 10 (these conditions correspond to the highest
acceleration factors). Both methods are non-conservative since they underestimate the measured
crack growth rates. The method based on AK;msresults in a larger acceleration factor than that based
on LDS. The two last columns of Table 6.9 give a comparison with crack growth under constant
amplitude loading at R = 0.7 and 0.5. The crack growth at R = 0.7 gives the worst prediction. On
the other hand, the measured crack growths under constant amplitude loading at R = 0.5 are close
to those measured under periodic underloads. This means that the load block with periodic
underloads can be substituted by a load block of constant amplitude loading with an equivalent R

ratio that is lower than that given by equation 5 (Rms).

Table 6.9 Comparison of measured crack growth with different prediction methods for the three

steels (acceleration factors are calculated at Kmax,70, ¥ = 0.33 and n = 10)

Aalw =033 Aa|w=033 Aa|w=033 Aa|w=033 Aa|w=033
Steels
(mm/block) Aa|Lps Aa| AKrms Aa|r=0.7 Aa|r=0s
415 486 x 107 1.35 1.56 3.03 0.91
AS16  7.76 x10° 1.71 1.92 4.32 1.12

304L 1.72 x 10* 241 3.45 5.87 1.54
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6.5 Discussion

As the crack tip interacts locally with the microstructure, the crack can deflect and branch. This
results in a reduction of the effective stress intensity factor and crack growth rate [190]. In other
words a deflected crack requires more elapsed cycles to grow along a certain distance as compared
to a quasi-straight crack. However, this deceleration can be outweighed by a preferential
microstructural path followed by the crack tip [75]. The crack growth rates were the highest for the
304L steel under constant amplitude loading. The quasi-straight crack path observed in the 304L
steel (Figure 6.5¢) as compared to the tortuous crack path in the other two steels (Figure 6.5a and

b) can be one reason explaining the highest crack growth rates in this steel.

As explained in the Introduction, there is a debate in the literature whether crack growth
acceleration under periodic underloads occurs during the underload cycle or during the baseline
cycles [116, 117, 178]. In the present study, a fractography analysis was carried out to address this
question. There was a clear distinction between underload striations and baseline cycles striations
in the case of the 304L steel at Kmax 20 (Figure 6.11). Striation spacing measurements were carried
out using an image analysis software. The average striation spacing at Rur = 0.1 is close to the one
measured at R = 0.1 under constant amplitude loading (0.567 = 0.05 versus 0.497 + 0.05
um/striation, respectively). Thus, acceleration of crack growth does not occur during the

underloads.

The fatigue striations at R = 0.7 under constant amplitude loading are poorly defined as compared
to the baseline cycle striations under periodic underloads. In spite of that, it was found that the
macroscopic crack growth in one cycle at R = 0.1 (0.285 = 0.03 pm) is comparable to that of 10
cycles at R = 0.7 (0.272 £ 0.01 um) as shown in Figure 6.7. Thus, assuming that the average
microscopic crack growth remains proportional, the striation spacing of ten baseline cycles should
be equal to that of an underload in one load block. However, the striation measurements in Figure
6.11a show that ten baseline cycles striation spacings, 100sL, are on average three times larger than
one underload striation spacing, dur (1.737 £ 0.70 versus 0.567 £ 0.05 um, respectively). These
observations substantiate that acceleration factors are due to a faster crack growth during baseline

cycles rather than during underloads.
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Figure 6.11 Striations on fatigue surfaces in the 304L steel at Kmax20 under periodic underloads
(ReL=10.7, RuL = 0.1 and n =10). Figure 5.11 (b) is an enlargement of Figure 5.11 (a) (the crack

propagates from left to right in all cases)

A combination of high amount and slow decrease of the tensile residual stress after the underload
can contribute to higher crack growth during baseline cycles as compared to constant amplitude
loading [120, 175]. In the present study, considering baseline cycles striations of the 304L steel
shown in Figure 6.11, there is not a large difference between the first five striation spacings, 55s1.!
and the second five ones, 582 (0.898 + 0.02 pm as compared to 0.839 + 0.03 pm, respectively).
It can be concluded that the decrease of the tensile residual stress is slow for this steel and cannot
be seen on the striation spacings of the first 10 baseline cycles. More subsequent cycles are required

to see a marked difference between striation spacings.

As stated in the literature, the strain-hardening can also lead to crack growth acceleration [125,
126]. In the present study, the periodic underloads can strain-harden the crack tip and lower the
local, leading to a faster crack growth during the baseline cycles. The 304L steel has the highest
acceleration factors and the 415 steel has the lowest ones (Figures 6.9 and 6.10). Intermediate
values are obtained for the A516 steel. This difference in acceleration factors probably results from

the different strain hardening behaviors of these steels (see tensile properties, Table 6.4).

Regarding the crack growth prediction methods, the LDS method provides a good prediction of
crack growth in the 415 steel at low and high Kmax. However, this method underestimates the crack
growth in the A516 steel and more importantly in the 304L steel. The prediction based on AKms

prediction underestimates the crack growth in all steels more than LDS does.
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6.6 Conclusions

Fatigue crack growths in three steels, AISI 415, ASTM A516, and AISI 304L were measured under
constant amplitude loading and variable amplitude loading at two Kmax levels. The tests under
constant amplitude loading were conducted at 4 load ratios (R=0.1, 0.3, 0.5, and 0.7). Those under
variable amplitude loading consist of baseline cycles at three load ratios (R = 0.3, 0.5, and 0.7)
intercut with periodic underloads at R = 0.1. For simplicity, this load sequence was termed periodic
underloads. The crack growth rates under constant amplitude were employed in the linear damage
summation method to predict the crack growth under periodic underloads. Thereafter, the measured

crack growths were compared to this prediction.

The 304L steel has the highest crack growth rates as compared to the two other steels under constant
amplitude loading. The quasi-straightness of the crack path can be one parameter explaining this
difference. Walker equations were derived for each steel. They give good predictions of the crack

growth rates at both Kiax and all R ratios.

Crack growths under periodic underloads are higher than those predicted by linear damage
summation of crack growth under constant amplitude loading. The acceleration factors are the
highest in the 304L steel (up to 2.53) and the lowest in the 415 steel (close to unity). Intermediate
values are obtained for the A516 steel. The acceleration factors are maximum at the higher value
of n (n =10 versus n = 3) and at the lower Kmax level (19.43 MPa.m!?) for all three steels. The

higher the load ratio of baseline cycles, the higher the acceleration factors are in most conditions.

The fractography analysis of the 304L steel at Kmax20 show that acceleration factors are due to
faster crack growth during the baseline cycles. A combination of high tensile residual stress and
slow decrease of this stress after an underload can be one cause of this faster crack growth.
Moreover, strain hardening induced by periodic underloads can decrease the ductility at the crack

tip, also leading to higher crack growth during the subsequent baseline cycles.

In the present study where the SIF range of small load cycles are much lower than the fatigue
threshold, the linear damage summation can be employed to predict the defects growth in the
runners made of 415 steel due to large cycles like POV and SS. However, for the runners made of
the other two steels, the acceleration factors should be considered in the prediction in order not to

underestimate fatigue crack propagation.
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CHAPTER 7 ARTICLE 2: FATIGUE THRESHOLD AT HIGH STRESS
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A review of different load procedures to reach the fatigue threshold under constant amplitude
loading and periodic underloads is presented. The aim of this experimental work is to determine
the effect of turbine start/stop sequences (periodic underloads) on the fatigue threshold of small
cycles at high stress ratio (baseline cycles) in two steels used in turbine runners, i.e. AISI 415 and
304L steels. Keeping Kmax constant, a first load procedure is conducted with decreasing AK to
measure fatigue thresholds at 2 x 107 mm/cycle under both constant amplitude loading and
periodic underloads at various frequencies. Then a second load procedure is conducted to measure
fatigue thresholds under periodic underloads at one frequency with increasing AK of baseline
cycles from zero. The periodic underloads applied above a certain frequency decrease the fatigue
threshold measured at crack propagation rate of 2 x 107 mm/cycle. The decrease in fatigue
threshold due to periodic underloads is about five times higher when it is measured at 6.7 x 10

mm/cycle.

Keywords: Fatigue threshold; Constant Kmax procedure; Periodic underloads; Turbine runner steels; Linear

damage summation



Nomenclature

a
Aaplock
Kimax
AK
AKgBL
AKesr
AKn
AKih conv
AKih true
AKn,caL

Abbreviations

BL
CAL

LT
PUL
SS
SIF

UL

crack length

crack growth in one load block

maximum SIF

SIF range

SIF range of baseline cycles

effective SIF range

threshold SIF range

conventional fatigue threshold (2 x 10”7 mm/cycle)

true fatigue threshold (6.7 x 10 mm/cycle)

true fatigue threshold under constant amplitude loading
number of baseline cycles over number of underload cycles
stress ratio

stress ratio of an underload cycle

cyclic plastic zone size of an underload cycle

baseline cycles

constant amplitude loading
longitudinal direction of the plate
long-long transverse orientation
periodic underloads

start/stop sequences

stress intensity factor

transverse direction of the plate

single underload
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7.1 Introduction

Critical regions of turbine runners are subjected to small stress amplitude cycles that are
superimposed to a static tensile stress. These small cycles at very high frequency are generated by
the pressure fluctuations in runners that are induced by hydraulic phenomena and rotor-stator
interactions. Further large stress amplitude cycles at low frequency are generated by changes in the
operating conditions of the power station that varies the static tensile stress, i.e., start/stop

sequences, power output variations and load rejections.

In recently built runners, the amplitude of small cycles is low (a few MPa) and does not induce
crack growth, so these cycles can be neglected on condition that the crack is not very large. In such
a case, the relevant issue is to know the interaction effect between different large cycles on the
crack growth. A first study on this effect was recently made by the authors for different steels used
in turbine runners [191]. However, in aged runners in operation since many years, the stress
amplitude of small cycles can reach higher values (tens of MPa) that contribute to the crack

propagation [ 154, 155].

The small stress cycles reach a very high number (about 7 x 10" cycles) during the 70 years design
life of the runner [154]. If a pre-existing defect is subjected to these cycles, the SIF range at its tip
must be below the fatigue crack growth threshold; otherwise, the defect will propagate and cause
a premature failure of the runner. For this reason, the fatigue threshold at high R ratios has to be

measured at very low crack growth rates.

Further, the static tensile stress is periodically decreased to zero by the start/stop (SS) sequences.
These sequences, which are to be considered as periodic underloads, may cause a decrease in the
fatigue threshold of baseline cycles at high R ratios [ 103, 108]. As a consequence, the critical length
of a defect may be decreased. Therefore, the fatigue threshold of the baseline cycles intercut with

periodic underloads should also be measured.

First we present a literature review of previous studies on load procedures conducted to measure
fatigue threshold under constant amplitude loading and periodic underloads. The term "periodic
underloads" is also used to name the variable amplitude loading consisting of baseline cycles

intercut with periodic underloads.

In fatigue crack propagation tests at constant R-ratio, after a conventional pre-cracking, initial AK

and Knax parameters have to be gradually decreased with respect to crack length, a, in order to
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reach the fatigue threshold. However, a higher decreasing gradient of the aforementioned
parameters induces a higher increase in the crack closure levels during the decreasing procedure
[25]. This can decrease the crack growth rate at a given AK in the near-threshold region and
increase the fatigue threshold at a given crack growth rate [32]. As a consequence, different load
procedures are proposed in the literature in order to minimize crack closure, while reaching the

fatigue threshold.

In order to minimize crack closure while reaching the fatigue threshold some studies proposed a
step-by-step decreasing Kmax procedure [192]. Throughout the test, the decrease in Kmax at each
step should not be more than 10% and the crack length must grow three times beyond the previous
monotonous plastic size [32, 109]. These conditions lead to an increase of the gradient, dKmax/da,
as Kmax decreases towards the fatigue threshold. Moreover, they were imposed to minimize the
plasticity-induced crack closure in the lower Paris region. However, when the crack approaches
the near-threshold region, the roughness-induced crack closure level becomes much higher than

the plasticity-induced crack closure [39, 110].

Later, some authors proposed a continuous decreasing Kmax procedure (Figure 7.1a) where the
relative decrease of the monotonous plastic zone with the crack length remains constant [161, 192].

This leads to the following equation,

1 (deax J -Cc < , at constant R ratio (7.1)

K da

max

As a result, the gradient, dKmax/da, decreases as Kmax decreases towards the fatigue threshold.
Further, a wide range of fatigue tests with different C gradients were conducted on different alloys
in order to find conditions that minimize the crack closure while reaching fatigue threshold. The
results suggested that the negative C gradient should not be lower than -0.08 mm™ [32]. The
previous studies were gathered in order to write the body of the ASTM standard E647 [160].

Under loading at high R ratios using a decreasing gradient close to the one suggested by ASTM
standard (C = -0.06 mm™), a higher fatigue threshold was obtained by increasing the initial Kmax in
an 5083-H321 aluminum alloy [32, 35]. Based on fractographic observations, it was concluded that
this effect is due to some crack closure induced by a high initial Kmax. This is confirmed by recent
studies which also measured local crack closure at high R ratios using the ASTM load shedding

procedure [85, 175]. Another study has shown that the fatigue threshold of an 2024-T3 aluminum



86

alloy is sensitive to the initial Kmax as well as to the decreasing gradient, dKmax/da, while that of a

6Al-4V titanium alloy is less sensitive to these parameters [193].

In order to eliminate the effects of the initial Kmax and the decreasing gradient, dKmax/da, while
reaching the fatigue threshold at high R ratios, another procedure was proposed. It consists of
keeping Kmax constant while AK is gradually decreased until the fatigue threshold, AKw, is reached

(Figure 7.1b). This decrease is made according to the following equation,

L(dAKj =C < , at constant Kmax (72)
AK\ da

In this procedure where the monotonous plastic zone size remains constant throughout the test, a
higher decrease in the cyclic plastic zone size does not induce a higher crack closure in the crack
wake in aluminum and steel alloys [36, 194]. As a result, a high decreasing gradient, dAK/da, can
be applied and a fatigue threshold can be reached in a shorter time [36]. Other studies, conducted
on a wide range of aluminum and titanium alloys using decreasing gradients, dAK/da, between -

0.06 mm! and -0.62 mm have confirmed that there is no gradient effect [37, 195-197].

(2)

Figure 7.1 Two different load procedures to measure the fatigue threshold at high R ratio, (a)
constant R ratio (ASTM standard), (b) constant Kmax [37]

However, the fatigue threshold measured by this procedure may depend on the Kmax level [195].
As Kmax 15 increased, mechanisms of static fracture (e.g. void growth) are promoted at the crack

tip, which decreases the fatigue threshold for some alloys [198, 199].

In some studies on a 2024-T351 aluminum alloy and in low carbon steels, the step-by-step
decreasing Kmax procedure was conducted to measure the fatigue threshold of baseline cycles at a

high R ratio with underloads periodically applied during the Kimax decrease (Figure 7.2) [120, 128,
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200]. The fatigue threshold at high R ratio was decreased by the periodic underloads. This decrease
depends on two parameters. The first one is the ratio of the number of baseline cycles over that of

underloads,

AN,
ne (7.3)

UL

As shown in Figure 7.3, the fatigue threshold at high R ratio of the 2024-T351 aluminum alloy

decreases with decreasing n, below n = 10% [120, 128].

The second parameter is the ratio of the SIF range of baseline cycles over that of periodic

underloads,
AK
_Akyg 7.4
Y=k (7.4)

UL

As shown in Figure 7.3, the fatigue threshold of the 2024-T351 aluminum alloy under compressive
periodic underloads (Rur = -0.2) is further decreased as compared to periodic underloads (Rut. =

0).

AW

time

Figure 7.2 Step-by-step decreasing Kmax load procedure to measure the fatigue threshold at
constant high R ratio under PUL (adapted from [128])
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Figure 7.3 Effect of n ratio on the fatigue threshold at high R ratio of an 2024-T351 aluminum

alloy under periodic underloads (PUL) and periodic compressive underloads (PCUL) (adapted
from [128])

Regarding the constant Kmax, the periodic underloads decrease the fatigue threshold at high R ratios
[133, 134]. In a study on a IMI 834 titanium alloy, several load procedures were conducted under
constant amplitude loading at different Kmax levels, as well as under periodic underloads where
several consecutive underloads are applied in each load block while AKgr is gradually decreased
(Figure 7.4) [132]. The consecutive underloads are represented by only one large cycle in the figure.
As Kmax increases, the fatigue thresholds under constant amplitude loading and periodic underloads

decrease (Figure 7.5). The relative decrease in the fatigue threshold increases as Kmax decreases.

A
K
high Ry, ratio
AI((h
1 t 1
Ry, =0.1
>
time

Figure 7.4 Constant Kmax procedure to measure the fatigue threshold at high R ratio under PUL
(adapted from [132])
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Figure 7.5 Kmax effect on the fatigue threshold under CAL and PUL (adapted from [132])

Note that in most of the aforementioned studies, fatigue threshold is conventionally measured under
constant amplitude loading and periodic underloads at crack growth rates of about 10”7 mm/cycle.
However, it was pointed out that as the crack growth rate decreases, the effect of periodic

underloads on the fatigue threshold can increase [108].

In the present experimental work, we measure the fatigue threshold of baseline cycles at crack
growth rates of 2 x 1077 and 6.7 x 10 mm/cycle at a constant Kmax for two stainless steels, i.e. AISI
415 and 304L, used in turbine runners. Afterwards, we determine the effect of periodic underloads

on the fatigue threshold of baseline cycles at those crack growth rates using two load procedures.
7.2 Materials and experimental procedure

7.2.1 Materials

Fatigue crack propagation in AISI 415 and 304L steels is investigated in this study. For simplicity,
these steels are hereafter called the 415 and 304L steels. The 415 is a hot rolled martensitic stainless
steel, which is annealed at 1000° C, then water cooled and tempered at 600° C. The 304L is a hot
rolled and annealed austenitic stainless steel. The cast version of these two steels (CA6NM and
CF3, respectively) are often used in turbine runners fabrication, however, here the wrought versions
were chosen in order to have less dispersion in the results. The chemical composition of both
steels are given in [191]. After polishing down to 1 pm with diamond paste, the microstructures of
the two steels are revealed using different etchants and etching techniques [191] (Figure 7.6). The

austenitic grain sizes on each plane are measured using an image analysis software according to
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the guidelines of ASTM E1382 [185]. The measured grain sizes on the three orthogonal planes are
close together in each steel. The average values are 100 + 45 pum in the 415 steel, and 56 = 16 pm
in the 304L steel.
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Figure 7.6 Microstructure of the two wrought steels: (a) 415 steel, and (b) 304L steel

Tensile properties of each steel in L and T directions are close together [191]. The average yield
strengths are 725 MPa and 261 MPa and the average ultimate tensile strengths are 843 MPa and
704 MPa, in the 415 and 304L steels, respectively.

7.2.2 Fatigue testing

Tests were performed using a closed loop servo-hydraulic machine equipped with a 20 kN dynamic
load cell. Compact tension specimens having geometry according to ASTM E647, 50.8 mm wide

and 12.7 mm thick, were tested in LT orientation [160].

For each steel, one compact tension specimen is pre-cracked at Kimax = 11.11 MPa.m"? and R=0.1.
This value corresponds to a nominal stress of 170 MPa, applied to a semi-elliptical defect with
dimensions of 2.5 mm x 6 mm at the surface of a turbine runner [154, 155]. Keeping Kmax constant,
a first load procedure is conducted with decreasing AK in order to measure fatigue thresholds under
both constant amplitude loading and periodic underloads at various frequencies. Then a second
load procedure is conducted to measure fatigue thresholds under periodic underloads at one

frequency with increasing AKgL from zero.

Atmospheric conditions were periodically recorded with a thermo-hygrometer. The test
temperature was 23°C with a relative humidity between 40 % and 45 %. All tests were conducted
with a frequency equal to 15 Hz. The crack growths were optically measured and their rates were

determined using the secant method.
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Throughout the tests, the crack opening displacement was measured using a clip gauge installed at
the mouth of the specimen. The load-displacement loops were analyzed after each test in order to
evaluate the crack closure levels in the baseline and underload cycles using a 4% compliance offset

criterion according to ASTM E647 [160].

a) First load procedure (CAL and PUL)

After the pre-cracking, the initial Kmax is held constant while AK is decreased according to equation
2 with C = -0.29 mm! until the crack reaches a growth rate equal to 2 x 10”7 mm/cycle (Figure 7.7
and Figure 7.8, sequence 0-1). A conventional fatigue threshold, AKin conv, 1S measured at this crack

growth rate, that is a typical rate considered in most of studies on AK.

Then, at constant Kmax and at AKgr = AKin,conv, periodic underloads at Rur = 0.1 are applied at a
given frequency (Figure 7.7, point 2). The periodic underloads increase the crack growth rate of

the baseline cycles, so the growth rate at point 1 in Figure 7.8 increases to the one at point 2.
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Figure 7.8 Expected results of load procedure in Figure 7.7 in a da/dN — AKgL plot

Next, AKpL is decreased according to equation 2 with C = -0.49 mm™' until the crack reaches a
growth rate equal to 2 x 107 mm/cycle (Figure 7.7 and Figure 7.8, sequence 2-3). Here, a

conventional fatigue threshold, AK conv, 1s measured under periodic underloads.

Finally, the crack growth rate is measured at the last AK conv Without periodic underloads, i.e.
under constant amplitude loading (Figure 7.7, point 4). Therefore, the growth rate at point 3 in

Figure 7.8 drops to the one at point 4. In this study, the limit of crack growth detection is 5 x 1073
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mm. If a crack is non-growing after 0.75 x 10° cycles, its growth rate is below 6.7 x 10" mm/cycle.

The AK at 6.7 x 10 mm/cycle is what we call hereafter the true fatigue threshold, AKih true.

The load procedure is first conducted at a small underload frequency, corresponding to n = 1.25 %
10°. Then the n ratio is gradually decreased from 1.25 x 10° to 1.25 x 10? (hereafter, we refer to n
ratios ranging from 10° to 10? for simplicity). If no increase in crack growth rates is measured in

sequence 1-2 at a given n ratio, the sequence 2-3-4 is not conducted.

b) Second load procedure (PUL)

Keeping Kmax = 11.11 MPa.m'?, a second load procedure is conducted in order to measure fatigue
thresholds under periodic underloads with increasing AKgL step by step. The measurements are
made at n = 1.25 x 10° only and we refer hereafter to n = 10* for simplicity. The crack is subjected

to 600 load blocks i.e. 0.75 x 10° cycles in each step.

The first step is conducted under periodic underloads without baseline cycles (Figure 7.9 and
Figure 7.10, point 0). In the next step, the initial value of AKgL corresponds to 20% of AKh,conv
measured at n = 10° in the first load procedure. This value is increased by 20% in each step until
an increase in the crack growth rate is measured (Figure 7.9, sequence 0-1). The first AKgr that
does increase the crack growth rate is the true fatigue threshold, AKi tue, under periodic underloads

(Figure 7.10, point 1).

Next, AKgL is still increased by 20% in each step (Figure 7.9 and Figure 7.10, sequence 1-2) until
the crack reaches a growth rate higher or equal to 2 x 107 mm/cycle. This gives another

measurement of the conventional fatigue threshold, AKn conv, under periodic underloads.
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Figure 7.10 Expected results of load procedure in Figure 7.9 in a da/dN — AKpL plot
7.3 Results and discussion

7.3.1 First load procedure

The measured crack growth rates under constant amplitude loading in both steels are represented
by a full line in Figure 7.11 and Figure 7.12. The conventional fatigue thresholds, AKh,conv, at 2 x

107 mm/cycle under constant amplitude loading (point 1) are close each other (3.32 and 3.35
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MPa.m'?, respectively). Periodic underloads at n = 10° and 103 do not increase the crack growth
rate of baseline cycles in both steels. However, as the periodic underloads are applied more

frequently at n = 10* and less, the crack growth rate of baseline cycles increases.

Figure 7.11 and Figure 7.12 show all crack growth rates measured in both steels using the load
sequences in Figure 7.7. In particular, the variation in crack growth rates during the load sequences
1-2-3-4 at n = 107 are indicated by dotted lines. At AKgr = AKnconv under constant amplitude
loading the crack growth rate in the 415 steel increases to 5 x 107 mm/cycle under periodic
underloads (point 2, Figure 7.11), while the one in the 304L steel reaches 10 mm/cycle (point 2,
Figure 7.12).

It was presumed that strain hardening induced by periodic underloads lower the ductility in front
of the crack tip. This effect is higher in steels with higher strain hardening and it induces a faster
crack growth during the baseline cycles [191]. As a result, crack growth rate under periodic

underloads n = 10? at in the 304L steel is two times higher than the 415 steel.

This higher increase in crack growth rate under periodic underloads in the 304L steel is associated
with a higher decrease in AKpL to reach again 2 x 107 mm/cycle at point 3. At n = 10%, the
conventional fatigue threshold, AKpconv, at 2 x 10”7 mm/cycle is equal to 2.42 MPa.m'"? in the

304L steel as compared to 2.69 MPa.m'? in the 415 steel.

At the aforementioned values of AKgL, the crack growth rates of baseline cycles without periodic
underloads become non-measurable in both steels (below 6.7 x 10 mm/cycle; point 4). In the case
of 304L steel a further increase in AKgy. from 2.42 to 2.73 MPa.m!? does not induce a crack growth.
The true fatigue threshold, AKih true, under constant amplitude loading stands between 2.73 and 2.85
MPa.m'? in the 304L steel. It stands between 2.69 and 2.95 MPa.m'? in the 415 steel.
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Figure 7.12 Log-linear plot of crack growth rates versus SIF range of baseline cycles under CAL

and PUL at different n ratios in the 304L steel

The conventional fatigue threshold, AKin,conv, remains constant under periodic underloads at n >

10° (Figure 7.13). However, it starts to decrease between 10° and 10*. Atn =103, AKinconv decreases
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by 12% in the 415 steel and by 15% in the 304L steel. At n = 107, it decreases by 19% and 28%,

respectively.
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Figure 7.13 Decrease in AKin,conv due to periodic underloads in both steels

Applying an underload creates a large cyclic plastic zone in front of the crack. The crack growth
rate of the subsequent baseline cycles can be affected as the crack grows through this zone [201].

The cyclic plastic zone size can be calculated by the following equation;
tye'= (1/37) % (AKef/20yc) (7.5)

where the cyclic yield stress, oyc, 1s estimated at 690 MPa in the 415 steel and at 280 MPa in the
304L steel [202, 203]. While crack closure is never detected in the baseline cycles, the effective
fraction of the SIF range, AKe/AK in an underload cycle is about 0.82 in the 415 steel and 0.72 in
the 304L steel; the variations between n = 10? and 10° being relatively low. At constant AK = 10
MPa.m"? and R = 0.1, the cyclic plastic zone is estimated to be 0.45 x 102 mm in the 415 steel and
2.16 x 10”2 mm in the 304L steel.

In Figure 7.13, the horizontal upper scale gives the crack growth increment per load block, Aaplock
=2 x 107 mm (n+1), and the two vertical dashed lines give the underload cyclic plastic zone sizes

in both steels.
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At high n, the crack growth per block, Aapiock, 1s much higher than the cyclic plastic zone size, tyc,
so that the crack growth rate of baseline cycles is not affected. However, as n decreases, Aaplock
decreases and becomes of the same order of magnitude as ryc. The decrease in AKn,conv indicates

that the mean crack growth rate of the baseline cycles starts to increase.
7.3.2 Second load procedure

The second load procedure is first used to measure the true fatigue threshold, AKn e, under
periodic underloads. As shown in Figure 7.14, crack growth rates are below 6.7 x 10 mm/cycle
in the 415 steel with underload cycles only (point 0) and with baseline cycles until AKgL = 1.5
MPa.m'? (point 1). The first increase in crack growth rates are obtained at AKp. = 1.7 MPa.m'?.

Thus, the true fatigue threshold stands between 1.5 and 1.7 MPa.m'2.

Then crack growth rates are measured by increasing AKpp until 2 x 107 mm/cycle. The
conventional fatigue threshold is close to that measured following the first load procedure (3.03

versus 2.93 MPa.m'?).

The conventional fatigue threshold at 2 x 107 mm/cycle, AKconv, under constant amplitude
loading decreases by 9% due to periodic underloads (from 3.32 to 3.03 MPa.m'?). However, as
shown in Figure 7.14, the decrease is much higher at very low crack growth rates. As previously
mentioned, the true fatigue threshold AKin e under constant amplitude loading stands between
2.69 and 2.95 MPa.m!?, while that under periodic underloads stands between 1.5 and 1.7 MPa.m'?.
Therefore, AKm,wue under constant amplitude loading decreases by an average of 43% due to

periodic underloads.
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Figure 7.15 Effect of periodic underloads at 7 = 10° on AKin cony and AKin e of the 304L steel in
a log-linear da/dN — AKgr plot

A similar behavior is observed in the 304L steel. The conventional fatigue threshold at 2 x 1077

mm/cycle, AKi conv under constant amplitude loading decreases by 12% due to periodic underloads
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(from 3.35 to 2.95 MPa.m'?). However, as shown in Figure 7.15, the decrease is much higher at
very low crack growth rates. The true fatigue threshold, AKn true, under constant amplitude loading
decreases by an average of 61% due to periodic underloads. The conventional fatigue threshold,
AKih,conv, under periodic underloads value is only 4% higher than the one measured following the

first load procedure.
7.4 Conclusions

The aim of the present study was to determine the effect of turbine runners start/stop (SS) sequences
(periodic underloads) on the fatigue threshold of small cycles at high stress ratio (baseline cycles)

in the 415 and 304L steels.

A first load procedure was conducted at constant Kmax with decreasing AK to measure a
conventional fatigue threshold, AKi conv, under constant amplitude loading and under periodic
underloads at different n ratios. Then a second load procedure was conducted with increasing AKgL

from zero to measured AKin true and AKin conv under periodic underloads at n = 1.25 x 10°.

According to the first procedure, AK conv Starts to decrease under periodic underloads at n below
10°, when the crack growth per block becomes of the same magnitude as the underload cyclic
plastic zone. While AK conv under constant amplitude are close together in both steels, the decrease

in AKihconv due to periodic underloads is higher in the 304L steel.

The conventional fatigue thresholds measured under periodic underloads following the first and
second procedures are close together. According to the second load procedure, AKn e decreases
by 43% and 61% due to periodic underloads at n = 1.25 x 10° in the 415 and 304L steels,

respectively, as compared to 9% and 12% decreases in AKih,conv.

The measured crack growth rates are higher than those predicted by linear damage summation
(LDS). As AKgL increases from zero, the acceleration factor increases and it reaches a maximum
value below AKw, e under constant amplitude loading. However, the crack growth rate predicted

by LDS increases above AKi e , Which leads to a rapid decrease in the acceleration factor.

The periodic underloads do not decrease the fatigue threshold of baseline cycles above n = 1.25 x
10°. In turbine runners, the number of small cycles (baseline cycles) is around 7 x 10'° during the
70 years of design life. As a result, in order to avoid a decrease in the fatigue threshold, the number

of start/stop sequences or other large cycles (periodic underloads) should be kept below 5 x 10°.
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CHAPTER 8 GENERAL DISCUSSION

8.1 Crack growth under constant amplitude loading

The results of the last four chapters are summarized and discussed in this chapter. Some additional

results are presented and discussed.

It is straightforward to measure crack growth rates under constant amplitude loading in the Paris
region. After a precracking, the initial AK and Kmax should be increased with respect to crack length,
a, at a constant R ratio. As an advantage, the shape and amount of the increasing gradients,

dKmax/da, do not affect crack growth rates in the Paris region [32].

In Chapter 5 and 6, crack growth rates were measured under constant amplitude loading in the
Paris region for the 415, A516 and 304L steels. Measured crack growth rates in the 415 steel are
lower than the 304L steels in the Paris region for all R ratios. The A516 has intermediate crack

growth rates as compared to other two steels.

It becomes more complicated to measure crack growth rates in the near-threshold region. After a
precracking, the initial AK and Kmax should be decreased with respect to crack length, a, at a
constant R ratio to reach a fatigue threshold [32]; however, a high amount of decreasing gradient,
dKmax/da, can induce extra crack closure level, which leads to an underestimation of the crack
growth rate at a given AK and an overestimation of the fatigue threshold. A load procedure with a
slow and continuous decreasing gradient, i.e. so called the ASTM E647 procedure, is proposed to
minimize extra crack closure while reaching the fatigue threshold [32]; however, initial Kmax level,

and dKmax/da can still induce extra crack closure [35].

In order to eliminate the consequences of the initial Kmax and its decreasing gradients, it was
proposed to keep the Kmax constant while AK is decreased to reach AKy, at high R ratios. In this
procedure, the dKmax/da is equal to zero and only dAK/da is gradually decreased to reach the fatigue
threshold. Still only dAK/da can induce extra crack closure but it is much lower than the one

induced by both decreasing gradients [35].

Conducting the ASTM load procedure at high R ratio leads to an increase in measured crack growth
rates; however, after a specific high R ratio, crack growth rates do not further increase and the

fatigue threshold becomes constant [63]. On the other hand, in the constant Kiax procedure, crack
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growth rates measured at high R ratios always increase and the fatigue threshold decreases. This is

reported in some aluminum alloys and titanium alloys [195, 198].

The definition of fatigue crack growth threshold corresponds to a crack that do not grow below a
certain AK or the one that starts to grow by increasing AK step by step from zero. It should be
stated that the definition of the crack growth rate that corresponds to the fatigue threshold crack
depends on the testing conditions such as precision of crack growth detection and the elapsed
number of cycles. In many studies, the test condition cannot reach a crack growth rate below 1 x
10" mm/cycle [31, 120, 165]. Thus, they have defined a AK corresponding to the aforementioned
crack growth rate as the fatigue threshold [204, 205]. The aforementioned fatigue threshold is also
recommended in American Standard ASTM E647 [160]. Since many studies have used the
aforementioned definition, we preferred to call this fatigue threshold as the conventional fatigue

threshold (AKih,conv).

On the other hand, a AK corresponding to a lower crack growth rate equal to 1 x 108 mm/cycle is
defined as the fatigue threshold according to the British Standard [206]. In this study, when the
crack starts or stops growing after a given AK for a length of 0.005 mm and 0.75 x 107 cycles, it is
considered a true fatigue threshold. This corresponds to a growth rate equal to 6.7 x 10 mm/cycle
(AKn,true). Visual crack growth detected with an optical microscope has enabled this study to reach

such precision.

In Chapter 5, crack growth rates were measured under constant amplitude loading using the ASTM
test procedure at R = 0.1 and 0.7. Crack growth rates at R = 0.1 in the 415 steel are lower than the
ones in the 304L steel, in the Paris region, but become higher in the near-threshold region. As the
AK approaches AKi,conv the near-threshold region, crack closure levels increase in both steels and
crack growth rates versus AKefr become close to each other. Crack closure is mainly induced by
crack path irregularities and crack tip plasticity. The crack path deflection that is presumed to
induce crack closure is higher in the 415 than the 304L steel. On the other hand, the plasticity that
induces crack closure is lower in the 415 steel than the 304L steel. Thus, it can be stated that the
crack closure is mainly induced by crack path irregularities in the 415 steel and mainly induced by

plasticity in the 304L.

Crack closure is detected at R = 0.1 but this is not the case at R = 0.7. Crack growth rates estimated
by AKetr at R = 0.1 are higher than the ones at R = 0.7 in both steels. This leads to an estimated
closure-free fatigue threshold at R = 0.1 that is lower than the one at R = 0.7. This may be due to
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an overestimation of crack closure in the load-COD curve at R = 0.1 or to a local crack closure at
R = 0.7 [74, 85]. The observation on the crack path in the steels shows that similar crack path

deflections also exist at high R ratio that may lead to crack closure.

Tensile residual stress is induced during the fabrication and welding procedure in runners [186].
This stress increases the maximum stress intensity factor at the crack tip, which can decrease the
fatigue threshold. For this reason, crack growth rates are also measured using the constant Kmax
procedure at Kmax = 19.44 MPa.m'? and compared to those at high R ratios measured at R = 0.7 in

Chapter 5 and at Kmax = 11.11 MPa.m'? in Chapter 7.

Conventional fatigue threshold, AKihconv, measured at R = 0.7, corresponds to 3.35 and 3.38
MPa.m'? in the 415 and 304L steels, respectively. These AKinconvat R = 0.7 each decrease by 1%
at Kmax,1 in both steels. These values further decrease by 8% in the 415 and by 9% in the 304L
steels at Kmax,2 (Figure 8.1 and Figure 8.2). Crack closure was not observed at high R ratios for

Kmax,l and Kmax,Z .
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Figure 8.1 Effect of Kmax on crack growth rates at high R ratios in the 415 steel
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Figure 8.2 Effect of Kmax on crack growth rates at high R ratios in the 304L steel

Tests conducted on the 415 and 304L steels show that only slightly higher crack growth rates are
measured at Kmax2 as compared to the ones at Kimax,2 and R = 0.7. At higher Kpax, there is an 8%
and 9% decrease in AKmconv in the 415 and 304L steels, respectively. As the crack growth rates
decrease, the decrease in AKin e corresponds to 10% and 12%, respectively. Thus, there the Kmax

has a little effect of on the near-threshold region at high R ratios.

8.2 Crack growth under periodic underloads

It is more complicated to measure crack growth rates under periodic underloads in the Paris region
than the ones under constant amplitude loading. A procedure similar the one used under constant
amplitude loading can be conducted by increasing an initial Kmax With respect to crack length, a,
which leads to an increase in the initial AKpL and AKyr at a constant R ratio; however, increasing
the dAKgr/da and dAKur/da can affect the crack growth rate under periodic underloads [107].
Therefore, in Chapter 6, it was decided to conduct crack growth at a constant Kimax in order to better

measure the interaction between baseline cycles and underloads.

The results in Chapter 6, in the Paris region, showed that measured crack growths under periodic
underloads in the 415 steel are close to the ones predicted by LDS. On the other hand, measured
crack growths in the 304L steel are three times higher than those predicted by LDS. Intermediate

values were obtained for the A516 steel. The 415 steel has the lowest strain hardening exponent,
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the 304L has the highest one, and the A516 has intermediate values. Therefore, it is concluded that

as the monotonous strain hardening increases in the steels, the acceleration factor increases.

That being said, the aforementioned conclusion is given by comparing three different steels with
different strain hardening capacity. Many other factors may influence the acceleration factor in one
steel as compared to the other two. Thus, acceleration factors should be compared in a same steel
with different monotonous strain hardening. It should be mentioned that comparing the cyclic strain
hardening curve for these steels should be compared, but we decided to compare them by the

available measured monotonic strain hardening curve.

For this reason, tensile and CT specimens were fabricated from a new plate of A516 steel to
compare their strain hardening and acceleration factors with those of A516 steel in Chapter 6 (old
plates of A516 steel). These two different plates are referred to as the new A516 steel and old A516

steel.

Results show that the new A516 steel respects all tensile properties suggested by the ASTM A516
standard. On the other hand, the old A516 steel respects all values proposed by the standard except
for the tensile strength (Table 8.1). The new A516 steel has a lower strain hardening exponent as

compared to the old one (0.24 vs 0.29).

Table 8.1 Comparison of tensile properties in the old and new A516 steel with ASTM A516

0.2% Yield Tensile Maximum Strain hardening
Steels stress (MPa) strength (MPa) elongation (&r) exponent (s)
New AS16 344 511 0.26 0.24
Old A516 300 476 0.37 0.29
ASTM A516 260 (min.) 485-620 0.21 (min.) -

In order to calculate acceleration factors in the new AS516 steel, crack growth rates should be
measured under constant amplitude loading and periodic underloads. Using a CT specimen with
the same geometry as the one specified in Chapter 6, crack growth rates are measured under
constant amplitude loading at R = 0.1 and R = 0.7 to calculate the LDS in the new A516. The crack
growth rate under constant amplitude loading at R = 0.1 is 3.02 x 10 mm/cycle and at R = 0.7 is
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1.77 x 10 mm/cycle. These values are close to those in the old A516, which is 2.91 x 107
mm/cycle and 1.77 x 10°° mm/cycle, respectively.

Crack growth rates were then measured under periodic underloads with underloads at R = 0.1
followed by baseline cycles at R = 0.7 with n =3 and 10 at Kinax = 19.44 MPa.m'2. Ratios between
measured crack growths and those predicted by LDS are given as acceleration factors in the new
AS516 and are compared to those in the old one in Table 8.2. The new A516 steel has lower
acceleration factors at both n values as compared to the new one. In other words, the old A516
steel with the higher strain hardening exponent has higher acceleration factors than the new one.
Thus, it can be said that increasing the monotonous strain hardening in a steel such as the A516

results in an increase in acceleration factors.

Table 8.2 Comparison of acceleration factors in the old and new A516 steels at n =3 and 10 at

Kinax = 19.44 MPa.m'?

Acceleration factors

Steel n=3 n=10
New A516 1.26 1.61
Old A516 1.39 1.77

Regarding the fractography analysis in Chapter 6, it is concluded that an underload followed by
baseline cycles causes an increase in crack growth during baseline cycles. Moreover, it is presumed
that an underload also induces a combination of high tensile residual stress and strain hardening

that increase crack growth during subsequent baseline cycles.

One of the most complicated procedures is the measurement of crack growth rates under periodic
underloads in the near-threshold region. Many studies in literature applied decreasing gradients
suggested by the ASTM E647 to reach the fatigue threshold of baseline cycles; periodic underloads
are subsequently applied to see the effect of periodic underloads on the fatigue threshold [120].
Other load procedures applied the decreasing gradients suggested by the ASTM E647 for baseline
cycles combined with periodic underloads to reach the fatigue threshold [120]; however, the
aforementioned procedures generate a dAKgi/da and dAKyi/da that induce extra crack closure in

the crack wake while reaching the fatigue threshold. Other studies conducted load procedures at a
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constant Kmax under periodic underloads in order to eliminate the decreasing gradient, dAKyi/da,

to minimize extra crack closure levels while reaching the fatigue threshold [132].

In Chapter7 two load procedures were proposed at a constant Kmax. In the first load procedure, the
AK was decreased in order to reach the conventional fatigue threshold, AKin,conv under constant
amplitude loading. The load procedure also leads to the measurement of the conventional fatigue

threshold under periodic underloads for n ranging from 1.25 x 10? and 1.25 x 10°.

The conventional fatigue threshold, AKn conv, under periodic underloads at n = 1.25 x 10° and 1.25
x 10°%is equal to the one under constant amplitude loading for the 415 and 304L steels; however,
as the n decreases below 10°, the AKnconv decreases to lower values. This decrease reaches a
maximum at n = 10? in both steels in our study, and is associated with a mean increase in crack

growth rate under periodic underloads.

This maximum increase in the mean crack growth rate at n = 10? and Kiax = 11.11 MPa.m"? can
be compared with the one at Kmax = 19.44 MPa.m'? in the 415 and 304L steels in Chapter 6. For
this reason, crack growth rates for baseline cycles are measured at R = 0.7 followed by periodic
underloads at R = 0.1 at Kimax = 19.44 MPa.m'? and n = 10°. This increase in crack growth rate is
compared with the one at Kimax = 11.11 MPa.m'? in both steels and is shown in Figure 8.3. As the
AKgr decreases from 5.83 to 3.32 MPa.m!”?, acceleration factors increase from 1.35 to 2.35,
respectively in the 415 steel. This factor increases from 2.5 to 5 in the 304L steel, respectively.
This shows that as Kmax and AKpp decrease towards AKincony at 2 X 10”7 mm/cycle, periodic

underloads at R = 0.1 have a higher effect on baseline cycles at R = 0.7.
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In Chapter 7, the second load procedure is conducted at Kmax = 11.11 MPa.m!? under periodic
underloads by increasing AKgL step-by-step to reach AKin tue and AKinconv. This procedure shows
that AKu e under periodic underloads at 6.7 x 10° mm/cycle is 5 times lower than the
conventional one at 2 x 107 mm/cycle. Therefore, it can be stated that the effect of periodic
underloads is higher at lower crack growth rates. The first and second load procedures result in

similar AK conv under periodic underloads.

The effect of Kmax on crack growth rates under periodic underloads should also be investigated.
For this reason, the proposed first and second load procedures in Chapter 7 are conducted at Kmax
= 19.44 MPa.m'? and n = 10°, and the results are compared to those obtained at Kmax = 11.11
MPa.m'"2. For simplicity, Kmax of 11 MPa.m"? and 19.44 MPa.m"? are hereafter called Kmax,1 and

Kmax,2 .

It is complicated to define the true fatigue threshold, AKn e, under periodic underloads at Kimax,2.
The crack path deflection increases at Kimax,2, as a result the very low crack growth rates can increase

or decrease depending on the crack path.

At Kmax2, crack is growing with underloads at AKur = 17.49 MPa.m!? with a growing rate equal
to 1.8 x 10 mm/cycle that does not increase as AKpL increases from zero to 0.77 MPa.m'?. A first

increase in crack growth rate is detected at AKgr = 0.92 MPa.m'"?, however, it subsequently
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decreases to that of underloads at AKgr = 1.33 MPa.m'? (Figure 8.4). As AKgL increases to 1.59
MPa.m!?, the crack growth starts to increase continuously with AKgL until it reaches 2 x 107

mm/cycle.

The AKihtrue at Kimax2 under constant amplitude loading stands between 2.54 and 2.66 MPa.m'? at
Kimax,2, which is close to values at Kmax,1. A first increase of the crack growth rates under periodic
underloads leads to 67% decrease in AKihtrue at Kmax,2 under constant amplitude loading. On the
other hand, a continuous increase in the crack growth rates under periodic underloads leads to 44%

decrease in AKih true at Kimax,2 Which is close to the 43% decrease in AKw at Kmax,1 (Figure 8.4).

As previously mentioned for the case of 415 steel, the conventional fatigue threshold, AKin conv,
under periodic underloads at Kmax,11s 12% lower than the one under constant amplitude loading at
Kmax.1 (3.12 versus 3.32 MPa.m"?). This value at Kmax2 is 14% lower than the one under constant

amplitude loading (2.66 versus 3.12 MPa.m'?).

Similar results are obtained in the 304L steel, the true fatigue threshold under constant amplitude
loading is equal to 2.48 MPa.m!? and 2.70 MPa.m!”? at Kimax>. The first increase of the crack growth
of the underloads leads to 74% decrease in the AKih true at Kmax2. On the other hand, a continuous
increase in the crack growth rates leads to 62% decrease in the AKw,wue Which is close to 63%

decrease in AK at Kmax,1 (Figure 8.5).

The conventional fatigue thresholds, AKin conv, at Kmax,11s 15% lower than the one under constant
amplitude loading (3.09 versus 3.35 MPa.m!?). The conventional fatigue threshold under periodic
underloads at Kmax,2is 19% lower than the one under constant amplitude loading (2.52 versus 3.09

MPa.m'?) .
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CHAPTER 9 CONCLUSION AND RECOMMENDATIONS

9.1 Conclusions

In the 415 steel, crack growth rates versus AK under constant amplitude loading at R = 0.1 are
lower than the ones in the 304L steel in the Paris region. As AK approaches AKinconv in the near-
threshold region, crack closure levels increase in both steels and the crack growth rates versus the
estimated AKefr become close to each other. It is presumed that crack closure is mainly induced by

crack path irregularities in the 415 steel and mainly induced by plasticity in the 304L.

Crack growth rates and AKi,conv at R = 0.7 are close together in both steels. An increase in Kmax

slightly decreases the conventional and real fatigue thresholds in both steels.

In the first study, it can be concluded that crack growth due to POVs and SS sequences can be
linearly summed using the LDS prediction in the Paris region for the 415 steel; however, a
maximum acceleration factor of 1.5 and 2.5 should be considered in the LDS prediction for the
AS516 and 304L steel, respectively. Increase in the monotonous strain hardening in turbine runner

steels increases acceleration factors.

Fractography analysis revealed that an underload followed by the baseline cycles causes an

increase in the crack growth during baseline cycles, which leads to higher acceleration factors.

It is presumed that a combination of high tensile residual stress and slow decrease of this stress
after an underload can be one cause of this faster crack growth. Moreover, strain hardening induced
by periodic underloads can decrease ductility at the crack tip, also leading to higher crack growth

during subsequent baseline cycles.

In the second study, periodic underloads do not decrease the fatigue threshold of small cycles
(baseline cycles) above n = 1.25 x 10°. In turbine runners, the number of small cycles is around 7
x 10'% during the 70 years of design life. As a result, in order to avoid a decrease in the fatigue
threshold, the number of start/stop sequences or other large cycles (periodic underloads) should be

kept below 5 x 10°.

Periodic underloads applied below n = 1.25 x 10° decrease the conventional fatigue threshold
measured at 2 x 107" mm/cycle. This decrease is higher in the 304L steel as compared to 415 steel.
According to the second load procedure, AKn e under constant amplitude loading decreases by

43% and 61% due to periodic underloads at n = 1.25 x 10° in the 415 and 304L steels, respectively,
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as compared to 9% and 12% decreases in AKinconv. The decreases in the conventional fatigue

thresholds due to periodic underloads following the first and second procedures are similar.

Tensile residual stress is induced in runners during the fabrication and welding. This leads to an
increase in Kmax level at the tip of the defects in runners and may propagate them. At Kmax,2, the
conventional fatigue threshold decreases by 8% and 9% in the in the 415 and 304L steels. As the
crack growth rates decrease, the decrease in AKin e corresponds to 10% and 12%, respectively.
There is a similar decrease in the conventional and real fatigue threshold due to periodic underloads

or large cycles at Kiax,1 and Kmax 2.

9.2 Further recommendations

In the turbine runners stress spectrum, a startup and a spin-no-load (SNL) occur before reaching
the maximum stress. The startup and SNL are shown in Figure 9.1 in a repeated start/stop sequence
(sequence A). It was assumed that both types of stress do not induce a crack growth at the beginning
of the stress spectrum. Consequently, they were neglected, and the effect of interaction between
small stress cycles and SS sequences on crack growth was investigated in Chapter 6; however,
some studies have considered that periodic startups can induce crack growth [155]. Consequently,
it was suggested to decrease the maximum stress reached by periodic startups [155]. This raises
the question about what the maximum stress level that periodic startups and the SNL can reach

without inducing crack growth is. A test procedure can be conducted to address this question.

Sequence A Repeated sequence A

&0 — Maxirmum Opening
500 4

400

~ Shuldewn
300

200

Micrastrain (US|

50 100

Time [s]

Figure 9.1 Startup and SNL in an operating turbine runner with a repeated sequence
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A general stress spectrum in hydraulic turbine runners mainly consists of small cycles, power out
variations (POVs), and start/stop (SS) sequences [154]. Therefore, the interaction between three
aforementioned stress cycles on crack growth could have been studied; however, the stress spectra
were simplified to investigate and understand the effect of two stress cycles on crack growth in two
studies. By considering the results and test procedures proposed in this study, we recommend that
future studies investigate the interaction between three stress cycles on crack growth and fatigue

threshold of small cycles as shown in Figure 9.2.

K N

Small cycles: 1.7 to 3x10° cycles /day

1 N Y e WY A
\ \/

V POV: 3 to S/day
|

SS: 1 to 3/day

L
Cd

Time

Figure 9.2 Stress spectrum with three stress cycles imposed at the defect tip

As previously mentioned, as crack growth in a load block, Aapiock, decreases and becomes of the
same order of magnitude as underload cyclic plastic zone, ryc, the AKwmconv under constant
amplitude loading starts to decrease. This indicates that the mean crack growth rate of baseline
cycles starts to increase. A prediction model to predict the decrease in AK conv and increase in the
mean crack growth rate as a function of the Aapiock Over rye can be studied and proposed in future

works.
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