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VHCF properties of the Ni-based single crystal superalloy AM1 with pre-deformation have been investigated at 1000 °C. Pre-deformed material did not present life debit under fully reversed conditions (R = -1).

Pre-deformation decreased VHCF lifetime under high mean stress conditions (R = 0.5) with a presence mode I surface crack initiation. The pre-deformed material has microstructure coarsened bands lying on the former {111} slip planes, facilitating microstructure shearing during VHCF at R = 0.5. Slip traces increased surface roughness, causing surface recrystallization and fatal surface crack. Rejuvenation heat treatment after pre-deformation can restore the microstructure and the fatigue life.

Highlights

VHCF life of pre-deformed Ni-based single crystal superalloy at 1000 °C.

Pre-deformation has no effect on the VHCF life at R = -1.

Pre-deformation induces VHCF life debit at R = 0.5 and high mean stress.

Rejuvenation heat treatment restores VHCF life.

Introduction

Very high cycle fatigue (VHCF) life of Ni-based single crystal (SX) superalloys in fully reversed stress condition (R= -1) is generally controlled by the size and position of the largest casting pores [START_REF] Cervellon | VHCF life evolution after microstructure degradation of a Ni-based single crystal superalloy[END_REF][START_REF] Cervellon | Very High Cycle Fatigue of Ni-Based Single-Crystal Superalloys at High Temperature[END_REF][START_REF] Ormastroni | LCF, HCF and VHCF life sensitivity to solution heat treatment of a third-generation Ni-based single crystal superalloy[END_REF][START_REF] Cervellon | Crack initiation mechanisms during very high cycle fatigue of Ni-based single crystal superalloys at high temperature[END_REF][START_REF] Ormastroni | Tensile, low cycle fatigue and very high cycle fatigue characterizations of advanced single crystal nickel-based superalloys[END_REF]. This mainly results from the stress concentration in pores' vicinity that activates γ/γ' microstructure shearing by slip bands [START_REF] Cervellon | Crack initiation mechanisms during very high cycle fatigue of Ni-based single crystal superalloys at high temperature[END_REF]. In such conditions, a solidification pore (S-pore) in the interdendritic area becomes the main crack initiation site [START_REF] Anton | Porosity distribution and growth during homogenization in single crystals of a nickel-base superalloy[END_REF][START_REF] Link | Synchrotron tomography of porosity in single-crystal nickel-base superalloys[END_REF]. In a recent article by Cervellon et al., fatigue crack initiation mechanisms have been proposed for the VHCF regime (Nf >> 10 7 ) under fully reversed conditions at 1000 °C [START_REF] Cervellon | Crack initiation mechanisms during very high cycle fatigue of Ni-based single crystal superalloys at high temperature[END_REF]. This study described that stress concentration near a large S-pore induces intense localized shearing of γ' precipitates activating recrystallization and interacting solute element concentration [START_REF] Cervellon | Crack initiation mechanisms during very high cycle fatigue of Ni-based single crystal superalloys at high temperature[END_REF][START_REF] Hamadi | Consequences of a Room-Temperature Plastic Deformation During Processing on Creep Durability of a Ni-Based SX Superalloy[END_REF][START_REF] Kontis | The effect of chromium and cobalt segregation at dislocations on nickel-based superalloys[END_REF][START_REF] Kontis | The Role of Oxidized Carbides on Thermal-Mechanical Performance of Polycrystalline Superalloys[END_REF]. The local crack propagation threshold decreases as recrystallization proceeds. The crack propagation at the recrystallized area creates a "rough zone" at the fracture surface of a specimen failed by internal crack initiation [START_REF] Cervellon | Crack initiation mechanisms during very high cycle fatigue of Ni-based single crystal superalloys at high temperature[END_REF].

On the other hand, the VHCF life of Ni-based SX superalloys at a positive ratio (R > 0) is affected by the γ/γ' microstructure and the intrinsic creep strength [START_REF] Cervellon | VHCF life evolution after microstructure degradation of a Ni-based single crystal superalloy[END_REF][START_REF] Cervellon | Very High Cycle Fatigue of Ni-Based Single-Crystal Superalloys at High Temperature[END_REF][START_REF] Cervellon | Creep, Fatigue, and Oxidation Interactions During High and Very High Cycle Fatigue at Elevated Temperature of Nickel-Based Single Crystal Superalloys[END_REF]. Overaged and coarsened microstructures have lower creep durability and lower yield stress, especially at high applied stresses or higher strain rates [START_REF] Cervellon | VHCF life evolution after microstructure degradation of a Ni-based single crystal superalloy[END_REF][START_REF] Steuer | Creep behavior under isothermal and non-isothermal conditions of AM3 single crystal superalloy for different solutioning cooling rates[END_REF]. Therefore, since the specimen is in tensile loading during all periods of positive ratio condition with a very high strain rate (in the order of 10 2 /s), creep damages such as microstructure coarsening and cracks initiating from creep voids also take place in this VHCF regime.

A plastic (pre-)deformation may occur during the processing (i.e. casting, heat treatments …) of airfoils made from Ni-based SX superalloys [START_REF] Hamadi | Consequences of a Room-Temperature Plastic Deformation During Processing on Creep Durability of a Ni-Based SX Superalloy[END_REF][START_REF] Pierret | Origin of localized rafting in Ni-based single crystal turbine blades before service and its influence on the mechanical properties[END_REF][START_REF] Utada | High-temperature pre-deformation and rejuvenation treatment on the microstructure and creep properties of Ni-based single crystal superalloys[END_REF]. If such plastic deformation (PD) is introduced in a component after the solution heat treatment, three microstructural events take place during subsequent aging treatments [START_REF] Hamadi | Consequences of a Room-Temperature Plastic Deformation During Processing on Creep Durability of a Ni-Based SX Superalloy[END_REF][START_REF] Utada | Kinetics of creep damage accumulation induced by a room-temperature plastic deformation introduced during processing of AM1 Ni-based single crystal superalloy[END_REF]: 1) Faster γ/γ' microstructure evolution in the vicinity of the slip band compared to the area far from the slip band; 2) S-pore and homogenization-pore (H-pores [START_REF] Anton | Porosity distribution and growth during homogenization in single crystals of a nickel-base superalloy[END_REF][START_REF] Epishin | Mechanism of porosity growth during homogenisation in single crystal nickel-based superalloys[END_REF]) growth assisted by enhanced γ/γ' microstructure evolution at the bands; 3) Dislocation climb favoring the nucleation of deformation pores (D-pores [START_REF] Epishin | Mechanisms of high-temperature creep of nickel-based superalloys under low applied stresses[END_REF]) within the bands. Moreover, during creep loading at high temperature (≥ 950 °C), faster microstructure coarsening along the former slip band accelerates the creep damage accumulation at nucleated and enlarged pores, ultimately leading to a shorter creep life [START_REF] Hamadi | Consequences of a Room-Temperature Plastic Deformation During Processing on Creep Durability of a Ni-Based SX Superalloy[END_REF][START_REF] Utada | Kinetics of creep damage accumulation induced by a room-temperature plastic deformation introduced during processing of AM1 Ni-based single crystal superalloy[END_REF]. When creep testing at a lower temperature with higher applied stresses (e.g., 850 °C / 500 MPa), γ/γ' microstructure shearing from creep void was observed locally in the microstructure coarsened band [START_REF] Hamadi | Consequences of a Room-Temperature Plastic Deformation During Processing on Creep Durability of a Ni-Based SX Superalloy[END_REF][START_REF] Utada | High-temperature pre-deformation and rejuvenation treatment on the microstructure and creep properties of Ni-based single crystal superalloys[END_REF]. Considering these microstructure evolutions and high-temperature behaviors of pre-deformed AM1 Ni-based SX superalloy, coarsened pores lying in the microstructure coarsened band with lower resistance to shearing may decrease the high-temperature fatigue life of the material.

Within this context, this study aims at investigating the influence of microstructural defects induced by prior plastic deformation on the VHCF lifetime of the AM1 SX superalloy. Another objective is to improve the understanding of fracture mechanisms in the VHCF regime at 1000 °C, both in fully reversed (R = -1) and with the application of a mean stress (R = 0.5). The experiments are achieved by a specifically-designed two-step machining procedure to obtain pre-deformed VHCF specimens. Because turbine blades may be pre-deformed during production [START_REF] Hamadi | Consequences of a Room-Temperature Plastic Deformation During Processing on Creep Durability of a Ni-Based SX Superalloy[END_REF][START_REF] Pierret | Origin of localized rafting in Ni-based single crystal turbine blades before service and its influence on the mechanical properties[END_REF][START_REF] Utada | High-temperature pre-deformation and rejuvenation treatment on the microstructure and creep properties of Ni-based single crystal superalloys[END_REF][START_REF] Utada | Kinetics of creep damage accumulation induced by a room-temperature plastic deformation introduced during processing of AM1 Ni-based single crystal superalloy[END_REF], and since high cycle fatigue properties have been imposed as new turbine airfoil design criteria by the airworthiness authorities (FAA, EASA), evaluating fatigue properties of pre-deformed material is an essential matter. Rejuvenation heat treatment, which can restore microstructure and creep life after pre-deformation [START_REF] Utada | High-temperature pre-deformation and rejuvenation treatment on the microstructure and creep properties of Ni-based single crystal superalloys[END_REF], is also tested in this study to evaluate its efficiency in restoring VHCF life. (Ni-7.6Cr-6.7Co-5.6W-2Mo-8Ta-5.2Al-1.2Ti-0.05Hf, wt.%) used in this study are from the same casting batch as our previous study [START_REF] Utada | Kinetics of creep damage accumulation induced by a room-temperature plastic deformation introduced during processing of AM1 Ni-based single crystal superalloy[END_REF]. SX bars with excellent crystallographic orientation (longitudinal misorientation from the perfect <001> direction less than 2°) were chosen for this study. VHCF test specimens with pre-deformation were prepared by following steps including two-step machining: 1) Machining SX bars into tensile test specimen (geometry given in Figure 1(a)) with parallel gauge section (i.e. smooth gauge part); 2) Mechanical polishing of a gauge section using P4000 SiC abrasive paper to remove residual stresses inherited from machining; 3) Apply tensile prior plastic deformation at room-temperature at a strain rate of 5.0×10 -4 /s using an Instron 8562 electromechanical machine. Plastic strain of the pre-deformed specimen was controlled at ~ 0.8% using an extensometer; 4) Aging heat treatments consisting of standard first (at 1100 °C for 5 h, air quench) and second (at 870 °C for 16 h, air quench) stages in the air using a resistive furnace; 5) Second machining into hourglass-shaped VHCF specimen with the geometry given in Figure 1(b) [START_REF] Cervellon | VHCF life evolution after microstructure degradation of a Ni-based single crystal superalloy[END_REF]; 6) Surface polishing up to a mirror finish (1 µm diamond paste) to remove residual stresses and plastically deformed layer coming from machining and to minimize surface roughness. These steps are presented as a diagram in Figure 2. The pre-deformed specimen is named "AM1-RTPD-HT1", whereas reference material without PD is named "AM1-HT1". The VHCF test using an ultrasonic fatigue machine requires a specimen with precise geometry to achieve resonance at ~20 kHz and 1000 °C. Therefore, VHCF specimens were machined from larger cylindrical specimens to introduce controlled pre-deformation strain in the central part of the VHCF specimen without changing the geometry. Rejuvenation treatment at 1290 °C for 20 min (air quench) was inserted between pre-deformation and aging treatments for microstructure restoration (this specimen is named "AM1-RTPD-Rejuv-HT1"). The rejuvenation treatment condition for pre-deformed AM1 was investigated and determined previously [START_REF] Utada | High-temperature pre-deformation and rejuvenation treatment on the microstructure and creep properties of Ni-based single crystal superalloys[END_REF]. 

Experimental procedures
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Initial microstructures of AM1-RTPD-HT1 and AM1-RTPD-Rejuv-HT1 are shown in Figure 2. Bands of coarsened γ′ precipitates were observed in AM1-RTPD-HT1 and they are called "microstructure coarsened bands" whereas they were absent in AM1-RTPD-Rejuv-HT1. Diameter of S-pores (black arrows in Figure 2) was measured using the surrounding diameter method [START_REF] Steuer | Benefits of high gradient solidification for creep and low cycle fatigue of AM1 single crystal superalloy[END_REF] and it was 70 µm at maximum for both AM1-RTPD-HT1 and AM1-RTPD-Rejuv-HT1, a value equivalent to the one measured in AM1 SX superalloy tested in the previous study [START_REF] Cervellon | Very High Cycle Fatigue of Ni-Based Single-Crystal Superalloys at High Temperature[END_REF]. D-pores (white arrows in Figure 2(a)) were nucleated in AM1-RTPD-HT1 during aging treatments.

Details of the microstructure coarsened bands and pores are available in previous studies from the authors [START_REF] Hamadi | Consequences of a Room-Temperature Plastic Deformation During Processing on Creep Durability of a Ni-Based SX Superalloy[END_REF][START_REF] Utada | Kinetics of creep damage accumulation induced by a room-temperature plastic deformation introduced during processing of AM1 Ni-based single crystal superalloy[END_REF].

In addition, AM1-RTPD-Rejuv-HT1 presented equivalent γ/γ′ microstructure to AM1-HT1 [START_REF] Utada | High-temperature pre-deformation and rejuvenation treatment on the microstructure and creep properties of Ni-based single crystal superalloys[END_REF]. All fatigue tests were performed at 1000 °C, 20 kHz, and R = -1 and 0.5 using an ultrasonic fatigue machine following the procedures described previously [START_REF] Cervellon | VHCF life evolution after microstructure degradation of a Ni-based single crystal superalloy[END_REF][START_REF] Cervellon | Very High Cycle Fatigue of Ni-Based Single-Crystal Superalloys at High Temperature[END_REF][START_REF] Ormastroni | LCF, HCF and VHCF life sensitivity to solution heat treatment of a third-generation Ni-based single crystal superalloy[END_REF][START_REF] Cervellon | Crack initiation mechanisms during very high cycle fatigue of Ni-based single crystal superalloys at high temperature[END_REF]. The VHCF specimen is designed specifically for the testing machine and its first tension/compression mode resonant frequency is 20 ± 0.5 kHz. Specimen center was heated by induction heating method and the temperature was measured and controlled using a dual-wavelength pyrometer, forming a closed-loop temperature controlling system. PID parameters of the induction heating device were adjusted so as to achieve an excellent temperature control at 1000 °C (+/-2 °C) despite self-heating of the specimens that may occur at high alternating stresses (σa > 200 MPa) in the beginning of the tests. A piezoelectric transducer transformed a sinusoidal electrical signal into a longitudinal mechanical wave which was amplified by an ultrasonic horn. Tests at R = -1 were performed under strain-controlled mode. A constant mean load was applied using a pneumatic device for the tests at R = 0.5.

Fractographic and microstructural analyses of failed specimens were performed using an optical microscope and a field emission gun scanning electron microscope (JEOL JSM-7000F). Longitudinal cross sections of AM1-RTPD-HT1 specimens after VHCF tests at 1000 °C, f = 20 kHz, R = -1, σa = 209 MPa and at 1000 °C, f = 20 kHz, R = 0.5, σmax = 551 MPa were prepared for microstructure observations. A combination of mechanical polishing up to 1-µm diamond powder and chemical etching by aqua regia was applied for observing γ/γ′ microstructure. The longitudinal cut specimens were finished either by electrochemical polishing using Struers LectroPol-5 system (electrolyte A3, operated at 45 V for 5 s) or mechanical polishing using colloidal silica solution (particle size 0.04 μm) for the electron backscatter diffraction (EBSD) analysis using a JEOL JSM-6100 scanning electron microscope equipped with EDAX forward scatter detector. Crystallographic orientation in inverse pole figure (IPF) maps refers to the loading direction of the specimen.

Results

A) VHCF tests results

VHCF tests were performed on pre-deformed AM1 at 1000 °C with stress ratios of R = -1 and 0.5 (Figure 4).

Under fully reversed condition (R = -1), both AM1-RTPD-HT1 and AM1-RTPD-Rejuv-HT1 have a similar lifetime compared to the reference "AM1 Bridgman", which was processed with standard heat treatments without pre-deformation [START_REF] Cervellon | Very High Cycle Fatigue of Ni-Based Single-Crystal Superalloys at High Temperature[END_REF]. In the tests with a positive ratio of R = 0.5, AM1-RTPD-Rejuv-HT1 performed similarly to the reference AM1-HT1. AM1-RTPD-HT1 failed at a similar life to the reference at R = 0.5 and σmax = 413 MPa and 560 MPa. However, AM1-RTPD-HT1 exhibited a shorter fatigue lifetime of nearly one decade at higher maximum stress condition of σmax = 620 MPa and 551 MPa. and lifetime up to ~10 9 cycles (Figure 6(a)). The size of critical S-pore and surrounding rough zone are consistent with previous results from the literature [START_REF] Cervellon | Very High Cycle Fatigue of Ni-Based Single-Crystal Superalloys at High Temperature[END_REF]. Also, traces of the microstructure coarsened band were apparent in all AM1-RTPD-HT1 specimens tested at R = -1 (see white arrows in Figures 6). Apart from the cracks of AM1-RTPD-HT1 at R = 0.5, and σmax = 551 MPa, line traces transverse to the specimen's longitudinal direction were also observed (white arrows in Figures 7(c,d)). The same specimen had slip marks parallel to the {111} plane on the surface viewed from a different direction (black arrows in Figure 7(d)). Such {111} slip traces are similar to those previously observed at the specimen's surface just after pre-deformation or after creep tests at temperatures above 950 °C [START_REF] Hamadi | Consequences of a Room-Temperature Plastic Deformation During Processing on Creep Durability of a Ni-Based SX Superalloy[END_REF][START_REF] Utada | Kinetics of creep damage accumulation induced by a room-temperature plastic deformation introduced during processing of AM1 Ni-based single crystal superalloy[END_REF]. AM1-RTPD-HT1 at R = 0.5 and σmax = 620 MPa had crack initiation from the surface as well. This specimen showed a very high density of {111} slip traces near fracture surface (Figure 8(a)) compared to specimen tested at σmax = 551 MPa. AM1-HT1 and AM1-RTPD-Rejuv-HT1 had by far a lower number of {111} slip bands compared to AM1-RTPD-HT1. Surface micro-cracks were also observed in some of those specimens at the intersection of two slip bands; however, the failure came from an internal crack initiation site (i.e., an S-pore). Non-fatal surface cracks that do not lead to the failure have been reported in the thesis by Cervellon [START_REF] Cervellon | Propriétés en fatigue à grand et très grand nombre de cycles et à haute température des superalliages base nickel monogranulaires[END_REF]. Close to the specimen's surface, microstructure coarsening proceeded much faster inside the band (Figure 9(c))

with a very high density of dislocation traces (Figure 9(e)). Because of heavy deformation close to the surface, the dendritic structure could not be identified. These specimens did not have intermetallic phases other than γ matrix and γ′ precipitates (i.e., TCP phases). AM1 is indeed known to be an alloy with a very stable microstructure without TCP precipitation after over 400 h of creep test at 1050 °C [START_REF] Utada | Kinetics of creep damage accumulation induced by a room-temperature plastic deformation introduced during processing of AM1 Ni-based single crystal superalloy[END_REF]. 

Discussion

A) Effect of pre-deformation in fully reversed condition R = -1

In the previous study, stereological analyses were performed on void/pore size and counts in AM1-RTPD-HT1 [START_REF] Utada | Kinetics of creep damage accumulation induced by a room-temperature plastic deformation introduced during processing of AM1 Ni-based single crystal superalloy[END_REF]. Increase in void size and density induced by pre-deformation before aging treatments has been evidenced [START_REF] Utada | Kinetics of creep damage accumulation induced by a room-temperature plastic deformation introduced during processing of AM1 Ni-based single crystal superalloy[END_REF]. Since void/pore size is the critical factor controlling the VHCF durability in the Ni-based SX superalloys under fully reversed condition [START_REF] Cervellon | Very High Cycle Fatigue of Ni-Based Single-Crystal Superalloys at High Temperature[END_REF][START_REF] Ormastroni | Tensile, low cycle fatigue and very high cycle fatigue characterizations of advanced single crystal nickel-based superalloys[END_REF], the pre-deformed material having a lifetime similar to non-pre-deformed material seems contradictory.

Recalling that both reference and AM1-RTPD-HT1 are produced by the Bridgman SX casting method with similar casting parameters, primary dendrite arm spacings, S-pores, and eutectics are assumed to be comparable in these materials in the as-solutioned state. Thus, the probability of having a critical S-pore within the gauge center section of the VHCF specimens are equivalent. In the previous study, larger voids' counts and size distribution are not significantly different among the two materials, AM1-HT1 and AM1-RTPD-HT1 [START_REF] Utada | Kinetics of creep damage accumulation induced by a room-temperature plastic deformation introduced during processing of AM1 Ni-based single crystal superalloy[END_REF]. Diameter of S-pores in AM1-RTPD-HT1 was within the range of reference data taken from the previous study [START_REF] Cervellon | Very High Cycle Fatigue of Ni-Based Single-Crystal Superalloys at High Temperature[END_REF], as described in the experimental procedures. Moreover, it has already been shown that increased void size by over-aging did not affect the VHCF life of CMSX-4 tested under similar testing conditions [START_REF] Cervellon | VHCF life evolution after microstructure degradation of a Ni-based single crystal superalloy[END_REF]. An increased number of smaller H/D-pores by pre-deformation (compare Figures 3(a,b)) is not an essential factor controlling the VHCF life of Ni-based SX superalloys under fully reversed conditions, in good agreement with a previous analysis by Cervellon et al. [START_REF] Cervellon | VHCF life evolution after microstructure degradation of a Ni-based single crystal superalloy[END_REF].

The fracture surface of all AM1-RTPD-HT1 specimens after VHCF tests exhibited either a {111} plane or pattern of the microstructure coarsened band. Moreover, in the fully reversed VHCF conditions, multiple S-pores were exposed on the fracture surface with the surrounding rough zone (Figure 6) and were connected to microstructure coarsened bands. These imply that, although pre-deformation may not affect the initiation of the fatal crack and overall durability in these conditions, the microstructure coarsened bands and pores lying on the bands remained as preferable damaging sites that assist crack propagation up to the final fracture. By increasing the duration of VHCF tests at R = -1 (tests in excess of 10 10 cycles), an effect of pre-deformation on VHCF life might be observed, resulting from a prolonged time to allow sufficient microstructure evolution within the coarsened bands.

In the previous studies performed at Institut Pprime, it was almost impossible to identify secondary cracks outside of the main crack initiation site of specimen tested at R = -1 [START_REF] Cervellon | VHCF life evolution after microstructure degradation of a Ni-based single crystal superalloy[END_REF][START_REF] Cervellon | Very High Cycle Fatigue of Ni-Based Single-Crystal Superalloys at High Temperature[END_REF][START_REF] Ormastroni | LCF, HCF and VHCF life sensitivity to solution heat treatment of a third-generation Ni-based single crystal superalloy[END_REF][START_REF] Cervellon | Crack initiation mechanisms during very high cycle fatigue of Ni-based single crystal superalloys at high temperature[END_REF][START_REF] Ormastroni | Tensile, low cycle fatigue and very high cycle fatigue characterizations of advanced single crystal nickel-based superalloys[END_REF][START_REF] Cervellon | Creep, Fatigue, and Oxidation Interactions During High and Very High Cycle Fatigue at Elevated Temperature of Nickel-Based Single Crystal Superalloys[END_REF]. Once again, slip bands intersecting with S-pores can help pore growth during subsequent aging treatment, but it did not change pore size drastically. Slight difference in S-pore size was confirmed to be negligible because AM1-RTPD-HT1 showed similar VHCF performance to the non-pre-deformed AM1. Contrarily to the previous studies, several pores were triggering recrystallization in AM1-RTPD-HT1 at σa = 209 MPa, like in Figure 10(c). Those pores were mostly connected to the microstructure coarsened band. The γ/γ′ microstructure around this pore and the recrystallized area is coarser compared to the other areas. The micro shearing had probably started from the pore, and it created a local intense strain field. Once the local plastic deformation reaches a certain amount, it accelerates the microstructure evolution and activates the recrystallization. Cervellon et al. have already presented this mechanism in the same VHCF conditions [START_REF] Cervellon | Crack initiation mechanisms during very high cycle fatigue of Ni-based single crystal superalloys at high temperature[END_REF]. In the non-pre-deformed specimens, S-pore with surrounding recrystallized area was only present at the fracture surface [START_REF] Cervellon | Very High Cycle Fatigue of Ni-Based Single-Crystal Superalloys at High Temperature[END_REF].

From the present study, it is suggested that coarsened and degraded γ/γ′ microstructure surrounding S-pore favors the primary process (microstructure shearing) of a crack initiation. Some S-pores in the non-pre-deformed material have coarse microstructure nearby due to sub-grain boundaries and eutectics. Indeed, S-pore connected to the microstructure coarsened band is a favorable site for this crack initiation process in the pre-deformed material.

These degraded γ/γ′ microstructures may have locally higher dislocation density before applying load that assisted the shearing process [START_REF] Hamadi | Consequences of a Room-Temperature Plastic Deformation During Processing on Creep Durability of a Ni-Based SX Superalloy[END_REF], which is different from pre-rafted microstructure that does not affect VHCF life at the same conditions [START_REF] Cervellon | VHCF life evolution after microstructure degradation of a Ni-based single crystal superalloy[END_REF]. Therefore, the number of cycles required to initiate a fatal crack is the same regardless of pre-deformation; however, the number of potential primary crack initiating pore is increased by the pre-deformation.

B) Enhanced shearing and recrystallization at positive stress ratio condition, R = 0.5

In previous studies, Cervellon et al. have shown that the γ/γ′ microstructure (morphology and size) controls the VHCF life at 1000 °C of Ni-based SX superalloys when a high mean stress is superimposed to the alternating stress [START_REF] Cervellon | VHCF life evolution after microstructure degradation of a Ni-based single crystal superalloy[END_REF][START_REF] Cervellon | Creep, Fatigue, and Oxidation Interactions During High and Very High Cycle Fatigue at Elevated Temperature of Nickel-Based Single Crystal Superalloys[END_REF]. VHCF damages include a creep contribution when the material is exposed to high-temperature and a tensile stress for all testing periods [START_REF] Cervellon | Creep, Fatigue, and Oxidation Interactions During High and Very High Cycle Fatigue at Elevated Temperature of Nickel-Based Single Crystal Superalloys[END_REF][START_REF] Wright | High Cycle Fatigue in a Single Crystal Superalloy: Time Dependence at Elevated Temperature[END_REF]. At a very high strain rate in the tensile deformation, a degraded γ/γ′ microstructure presents lower yield stress than the optimal cuboidal microstructure [START_REF] Cervellon | VHCF life evolution after microstructure degradation of a Ni-based single crystal superalloy[END_REF][START_REF] Epishin | Microstructural degradation of CMSX-4: Kinetics and effect on mechanical properties[END_REF][START_REF] Tinga | Directional coarsening in nickel-base superalloys and its effect on the mechanical properties[END_REF][START_REF] Leidermark | Tension/compression asymmetry of a single-crystal superalloy in virgin and degraded condition[END_REF][START_REF] Fedelich | Experimental characterization and mechanical modeling of creep induced rafting in superalloys[END_REF]. In the present study, the microstructure coarsened bands have a higher dislocation density both in bulk (Figure 9(d)) and especially at the surface layer (Figure 9(e)). In addition, during creep at 850 °C / 500 MPa or 1050 °C / 200 MPa, microstructure shearing occurred much more frequently inside the microstructure coarsened bands [START_REF] Utada | High-temperature pre-deformation and rejuvenation treatment on the microstructure and creep properties of Ni-based single crystal superalloys[END_REF]. Therefore, fatigue damage mechanisms can proceed faster inside the microstructure coarsened bands when the creep damage is active, and the VHCF life of pre-deformed AM1 may decrease at high mean stress conditions. Furthermore, initial dislocations introduced by a combination of pre-deformation and subsequent aging treatments can enhance dislocation penetration from the matrix into the precipitates that accelerate the damaging process.

The shorter VHCF lifetime of AM1-RTPD-HT1 compared to AM1-HT1 at the conditions R = 0.5 / σmax = 551

MPa and σmax = 620 MPa is clearly the consequence of pre-deformation. However, unlike other specimens that exhibited internal crack initiation, AM1-RTPD-HT1 presented multiple cracks from the surface and did not have This recrystallization depth is the same as the crack depth shown in Figure 12(d), which has recrystallized grains at its tip. This recrystallized depth suggests that recrystallization causes crack initiation and mode I crack opening at the surface, but it is not necessary for cracks to propagate further. Crack tip plasticity shown as slip bands in Figure 12(a,c) is a typical one observed in mode I crack transitioning into mode II crack [START_REF] Flouriot | Strain localization at the crack tip in single crystal CT specimens under monotonous loading: 3D Finite Element analyses and application to nickel-base superalloys[END_REF][START_REF] Sabnis | Microdamage modelling of crack initiation and propagation in FCC single crystals under complex loading conditions[END_REF] and is enough to During isothermal creep tests, local microstructure shearing in the band was more apparent in the creep conditions with higher stress [START_REF] Utada | High-temperature pre-deformation and rejuvenation treatment on the microstructure and creep properties of Ni-based single crystal superalloys[END_REF]. This is consistent with the fact that shearing inside the band was facilitated in the pre-deformed material during the VHCF test at a positive ratio condition with high maximum stress. According to a previous study from the authors, time dependent creep damage should be accumulated faster inside the microstructure coarsened band and causes earlier failure [START_REF] Utada | Kinetics of creep damage accumulation induced by a room-temperature plastic deformation introduced during processing of AM1 Ni-based single crystal superalloy[END_REF]. However, at the lower maximum stress condition (~400 MPa), the VHCF lifetime was not affected by the pre-deformation in the S-N diagram (Figure 2(b)). Fatigue tests with a lower applied mean stress can be an option to clarify the possibility of localized creep damage accumulation within the band. Decreasing the testing frequency can be another option to check this possibility; however, a lower strain rate may change the active deformation and damage mechanisms [START_REF] Cervellon | Creep, Fatigue, and Oxidation Interactions During High and Very High Cycle Fatigue at Elevated Temperature of Nickel-Based Single Crystal Superalloys[END_REF]. Overall, the difference in VHCF life between pre-deformed and non-pre-deformed specimens at this condition (σmax ~400 MPa) remains within the standard variability observed among all the data generated at Institut Pprime using different Ni-based SX superalloys and this machine (over 300 VHCF test results at 1000 °C, including different R ratios).

Another remaining question is whether the pre-deformation effect on the VHCF life gradually increases with an increase of σmax from ~400 MPa to ~550 MPa or if there is a critical mean stress that activates a transition in failure mechanism from an internal to a surface site according to the mechanism shown in Figure 13. Earlier in this section, we explained that facilitated shearing in the microstructure coarsened band is an important factor of more sensitive to the alloy's precipitate size as the strain rate increases [START_REF] Cervellon | VHCF life evolution after microstructure degradation of a Ni-based single crystal superalloy[END_REF][START_REF] Epishin | Microstructural degradation of CMSX-4: Kinetics and effect on mechanical properties[END_REF][START_REF] Tinga | Directional coarsening in nickel-base superalloys and its effect on the mechanical properties[END_REF][START_REF] Leidermark | Tension/compression asymmetry of a single-crystal superalloy in virgin and degraded condition[END_REF][START_REF] Fedelich | Experimental characterization and mechanical modeling of creep induced rafting in superalloys[END_REF]. Because coarsened microstructure locally has lower shear resistance, pre-deformed material should undergo higher plastic strain magnitude within the microstructure coarsened bands, creating rough surface that critically affects fatigue life. This is also a reason why only few slip traces were observed very close to the fracture surface of AM1-HT1 and AM1-RTPD-Rejuv-HT1 (see Figure 8). Meanwhile, AM1-RTPD-HT1 at lower mean stress presented more {111} slip traces (Figure 8(b)), which means slip activation is still favorable but without any impact on the fatigue life. Surprisingly, AM1-RTPD-HT1 at σmax = 560 MPa performed better that at σmax = 551 MPa. The specimen tested at σmax = 560 MPa presented both internal and surface cracks (Figure 5(d)). This means that the two failure modes (internal and surface) are competing, but the surface crack did not grow enough to further control the ultimate failure. It is therefore suggested that σmax ~550 MPa could be border condition above which the failure mechanism explained in Figure 13 become active. AM1-RTPD-HT1 at σmax = 620 MPa had high density of slip traces near the fracture surface (Figure 8(a)), meaning that γ/γ′ microstructure shearing is strongly favorable at a higher maximum stress condition.

The border condition for drastic fatigue life reduction is possibly determined by the sensitivity to the microstructure shearing and resulting surface roughness that activates surface recrystallization. In another words, at a higher maximum stress condition, microstructure shearing becomes locally more important in coarsened microstructure bands and the local level of microstructure degradation within a coarsened band can be a determining factor of the overall VHCF lifetime at R = 0.5, and more generally, at high R ratios at this temperature.

A reliable quantification would require a larger number of VHCF tests at around suspected border conditions and it remains a field for further investigation.

C) VHCF life restoration by rejuvenation heat treatment

Like creep properties presented in one of our previous studies [START_REF] Utada | High-temperature pre-deformation and rejuvenation treatment on the microstructure and creep properties of Ni-based single crystal superalloys[END_REF], rejuvenation treatment after pre-deformation successfully restored VHCF properties in all conditions tested in this study. It was especially effective in the positive stress ratio condition where pre-deformation leads to a debit in VHCF lifetime at high maximum stresses (σmax > 550 MPa). This result supports the fact that a coarsened microstructure affects fatigue life when a high mean stress is applied at high temperatures [START_REF] Cervellon | VHCF life evolution after microstructure degradation of a Ni-based single crystal superalloy[END_REF]. On the other hand, further S-pore growth by additional high-temperature re-solution treatment and stress relaxation, which is one of the risks using a rejuvenation treatment, had not occurred and rejuvenation showed no effect on the VHCF life of the material. The effectiveness of rejuvenation treatment is demonstrated in VHCF behavior in addition to the creep properties [START_REF] Utada | High-temperature pre-deformation and rejuvenation treatment on the microstructure and creep properties of Ni-based single crystal superalloys[END_REF].

Conclusions

Fatigue properties of AM1 Ni-based single crystal superalloy with prior plastic deformation applied between solution and aging treatment has been tested in the very high cycle domain at 1000 °C using an ultrasonic fatigue machine (f = 20 kHz). The main conclusions established in this study are: VHCF lifetime and main crack initiation mechanisms in fully reversed (R = -1) conditions were not affected by either the microstructure coarsened band or the increased density of smaller pores in pre-deformed material. Fractographic and microstructural observations on pre-deformed material showed multiple pores presenting the primary process of crack initiation associated with local recrystallization around them.

Pre-deformation decreased the VHCF lifetime by more than a decade at a positive stress ratio (R = 0.5) and high mean stress condition. The microstructure coarsened band in the pre-deformed material facilitated γ/γ′ microstructure shearing at a very high strain rate in the ultrasonic fatigue test, resulting in {111} slip traces appearing on the specimens' surface. The accumulated slip along <110>-type generatrices of the specimens led to a locally higher density of dislocations and stress concentration, hence triggering surface recrystallization. Mode I surface cracks were initiated from the recrystallized area and then transitioned to crystallographic cracking, leading to the earlier failure by nearly one decade compared to the specimen without pre-deformation.

Rejuvenation treatment can restore VHCF lifetime at a positive stress ratio condition and does not affect fatigue life in all the other conditions tested in this study.

Figure 1 .

 1 Figure 1. Geometries of cylindrical gauge specimens for tensile pre-deformation (a) and hourglass-shaped specimens for the VHCF test (b).

Figure 2 .

 2 Figure 2. Material history diagram showing an order of machining/polishing, RTPD (room temperature plastic deformation), rejuvenation, and aging treatments.

Figure 3 .

 3 Figure 3. Initial microstructure of AM1-RTPD-HT1 (a, c) and AM1-RTPD-Rejuv-HT1 (b, d). Black and white arrows in lower magnification images (a, b) are pointing at S-pores and D-pores, respectively. Dotted lines in (c) are indicating the microstructure coarsened band.

Figure 4 .

 4 Figure 4. Results of VHCF tests at 1000 °C / f = 20 kHz in the S-N diagram. The alternating stress is plotted as a function of the number of cycles to failure for R = -1 (a). The maximum stress is plotted as a function of the number of cycles to failure for R = 0.5 (b). Data points of AM1 Bridgman in (a) are taken from reference [2].

  In AM1-RTPD-HT1 tested with R = -1 and σa = 209 MPa, multiple and isolated S-pores on the fracture surface (Figure6(b)) presented features similar to the main crack initiating pore (i.e., presence of a rough zone). Multiple S-pores were exposed in the fracture surface of specimens that failed at lower stresses as well.

Figure 5 .

 5 Figure 5. Fractography of AM1-RTPD-HT1 tested at 1000 °C, f = 20 kHz, R = -1, σa = 209 MPa (a), AM1-RTPD-HT1 tested at 1000 °C, f = 20 kHz, R = 0.5, σmax = 551 MPa (b), AM1-HT1 tested at 1000 °C, f = 20 kHz, R = 0.5, σmax = 573 MPa (c) and AM1-RTPD-HT1 tested at 1000 °C, f = 20 kHz, R = 0.5, σmax = 560 MPa. Black arrows are pointing at the main crack initiating pore (a, c, d) and surface failure initiating sites (b). White arrows in (d) are pointing at surface cracks. Rectangles 1 and 2 in (a) are shown as magnified images in Figure 6(a) and 6(b), respectively. Dotted lines in (b) are indicating the microstructure coarsened bands. White curve in (b) is showing one of dendrite structures.

Figure 6 .

 6 Figure 6. Magnified image of VHCF specimen (AM1-RTPD-HT1) tested at 1000 °C, f = 20 kHz R = -1, σa = 209 MPa shown in Figure 5(a). The main crack initiation site is indicated by a black arrow with the rough zone surrounded by the dotted line (a). Another solidification pore on the fracture surface is indicated by a black arrow in (b). White arrows are pointing at microstructure coarsened bands.

Figure 7 .

 7 Figure 7. Appearances of the VHCF specimen (AM1-RTPD-HT1) tested at 1000 °C, f = 20 kHz, R = 0.5, σmax = 551 MPa from two different directions (a, b). Rectangles in (a) and (b) are shown in (c) and (d), respectively. Black arrows in (c) are pointing at surface cracks. The microstructure of crack A is presented in Figures 11 and 12. Black arrows in (d) are showing {111} slip traces appearing on the cylindrical surface. White arrows in (c) and (d) are line traces transverse to the loading direction. Dotted line in (a) is the cutting plane for microstructure observation (see Figure 11).

Figure 8 .Figure 9 .

 89 Figure 8. Appearances of the VHCF specimens tested at 1000 °C, f = 20 kHz, R = 0.5. AM1-RTPD-HT1 at σmax = 620 MPa (a), AM1-RTPD-HT1 at σmax = 413 MPa (b), AM1-RTPD-Rejuv-HT1 at σmax = 582 MPa (c), and AM1-RTPD-Rejuv-HT1 at σmax = 454 MPa (d). Black arrows are pointing at {111} slip traces.

Figures 10 (

 10 Figures10(a, b) are showing γ/γ′ microstructure around an S-pore on the fracture surface associated with a rough zone. Like in previous studies[START_REF] Cervellon | VHCF life evolution after microstructure degradation of a Ni-based single crystal superalloy[END_REF][START_REF] Cervellon | Crack initiation mechanisms during very high cycle fatigue of Ni-based single crystal superalloys at high temperature[END_REF], a high density of shear traces and disturbed γ/γ′ microstructure were observed below the rough zone (Figure10(b)). Figure10(c) is an example of an S-pore where cracks are propagating along recrystallized grains (see Figure10(d)), which will become the rough zone and can be considered as an intermediate stage before failure[START_REF] Cervellon | Crack initiation mechanisms during very high cycle fatigue of Ni-based single crystal superalloys at high temperature[END_REF].

Figure 10 .

 10 Figure 10. Microstructure observed along longitudinal cut of AM1-RTPD-HT1 specimen tested at 1000 °C, f = 20 kHz, R = -1, σa = 209 MPa. (a) The area near the fracture surface with S-pore exhibiting the rough zone indicated by the dotted curve. (b) Magnification of the rectangle in (a) showing microstructure shearing in between dotted lines. (c) S-pore inside the specimen. The dotted curve is showing the evolved microstructure with crack propagation. (d) IPF map of the area around the crack in (c) superimposed on forward scatter detector signal. Arrows are showing recrystallized grains along the crack path.

Figures 11 (

 11 Figures 11(a) is showing the low magnification microstructure at the surface of AM1-RTPD-HT1 specimen tested at 1000 °C, f = 20 kHz, R = 0.5, σmax = 551 MPa (cutting plane before polishing is shown in Figure 7(a)). Despite a very short test duration (~ 50 s), multiple surface cracks were observed, as well as the microstructure coarsened bands indicated by dotted lines in the same figure to help the reader. Figure 11(b) is a crystallographic orientation map superimposed to an image quality (IQ) map obtained by EBSD analyses. Three surface recrystallization areas are in this IPF + IQ map. A darker area in an IQ map corresponds to an area with a higher dislocation density that decreases diffraction quality. Two areas on the right and left are associated with initiated cracks. The recrystallized area located in the middle is a potential third crack initiation site (see arrow in Figure 11(b)). The specimen's surface layer of ~30 μm in thickness has dark areas and lines, as observed in Figure 11(b). The bands with disturbed microstructure, like the one shown in Figure 9(c), are observed in this layer. Figure 11(c) shows the crack filled with oxide and surrounded by the γ′-depleted zone all along the crack path up to the tip.

Figure 11 .

 11 Figure 11. Microstructure observed along longitudinal cross section (~ (110) plane) of AM1-RTPD-HT1 specimen tested at 1000 °C, f = 20 kHz, R = 0.5, σmax = 551 MPa. (a) Low magnification image taken from the area with surface cracks. Dotted lines are indicating the microstructure coarsened bands. (b) Merged IPF + IQ maps at the surface layer indicated by the rectangle in (a). Arrow is pointing at the recrystallized area without crack. (c) Backscatter electron image of the area indicated by the rectangle in (b).

Figure 12 .

 12 Figure 12. Microstructure observed along longitudinal cross section (~ (110) plane) of AM1-RTPD-HT1 specimen tested at 1000 °C, f = 20 kHz, R = 0.5, σmax = 551 MPa, failed at 1.0 × 10 6 cycles. (a, b) Secondary electron images showing γ/γ′ microstructure. (c, d) IPF maps in the same area as (a, b). (a, c) and (b, d) are corresponding to the cracks indicated as A and B in Figure 11(a), respectively.

  Figures 7(d) and 8 compared to that in either AM1-HT1 or AM1-RTPD-Rejuv-HT1, although the test duration of AM1-RTPD-HT1 was by far shorter at high mean stress condition. With a very high density of dislocations at the surface layer shown in Figure 11(b) and a high density of the slip band traces on the surface, the sub-surface microstructure can be considered as the key in this specimen's fatigue failure.

  ensure further crack propagation. Once the crack penetrates the deformed layer, crystallographic cracking take place until failure. Fracture surface in Figures5(b) and 7(a, b) is showing fracture planes similar to what has been shown in the literature [29-32].

Figure 13 schematically

 13 Figure 13 schematically represents the crack initiation mechanism that occurred in AM1-RTPD-HT1 at 1000 °C, f = 20 kHz, R = 0.5, σmax = 551 MPa and σmax = 620 MPa. The microstructure coarsened bands lying on {111} plane facilitates shearing (see microstructure in Figure9(c-e) and schematic illustration in Figure13(b)). This leads to {111} slip traces at the specimens' surface, as observed in Figure7(d). Slip trace intersection with the specimen's <110> generatrix leads to a greater stress concentration due to the slip accumulation and the creation of a locally greater roughness (Figures13(b, c)). The deformed layer is created underneath the stress concentration area, and a high density of dislocations is accumulated at the transverse trace (Figure13(d)). Recrystallization is subsequently triggered at the surface layer (Figure13(e)), which can be assisted by oxidation (there is also 45 min of soak at 1000 °C before the application of the alternating/mean stress used for specimens' emissivity stabilization, ensuring a reliable temperature control during the tests) that leads to an Al depletion and very local γ′ dissolution[START_REF] Srivastava | Effect of specimen thickness on the creep response of a Ni-based single-crystal superalloy[END_REF][START_REF] Moverare | Damage mechanisms of a high-Cr single crystal superalloy during thermomechanical fatigue[END_REF].Finally, mode I crack opening starts at the recrystallized area and propagates like other typical fatigue mode I cracks (Figure13(f))[START_REF] Flouriot | Strain localization at the crack tip in single crystal CT specimens under monotonous loading: 3D Finite Element analyses and application to nickel-base superalloys[END_REF][START_REF] Sabnis | Microdamage modelling of crack initiation and propagation in FCC single crystals under complex loading conditions[END_REF]. Once these mode I micro-cracks become long enough, they bifurcate into a mode II crack, and specimen ultimately fails with crystallographic cracking (see fracture surface in Figure5(b))[START_REF] Busse | Criteria evaluation for the transition of cracking modes in a single-crystal nickel-base superalloy[END_REF][START_REF] Chen | Transition behavior from Mode I cracking to crystallographic cracking in a Ni-base single crystal superalloy[END_REF][START_REF] Suzuki | Temperature dependent fatigue crack propagation in a single crystal Ni-base superalloy affected by primary and secondary orientations[END_REF][START_REF] Neu | Crack paths in single-crystal Ni-base superalloys under isothermal and thermomechanical fatigue[END_REF].

Figure 13 .

 13 Figure 13. Schematic illustration of the crack initiation mechanisms in pre-deformed Ni-based SX superalloys at high temperature and high applied mean stress VHCF test.

  Deformed layer is formed at the stress concentrated area with high density of dislocation at the transverse trace (e) Recrystallization occurs at the transverse trace (f) Mode I crack initiation and propagation starts at the recrystallized area life. Several studies on Ni-based SX superalloys have shown that the yield strength becomes
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