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The low cycle fatigue response of a single crystal γ -containing CoNi-base superalloy has been investigated in air and in vacuum at 950 °C. The fatigue performance is demonstrated to be similar to the 1 st -generation single crystal Ni-base superalloy AM1. Fracture surface imaging and cross-sections on both alloys reveal that oxidation-assisted surface cracking is responsible for fatigue crack initiation in air. The fatigue performance improves under vacuum for both alloys as crack initiation transitions to internal casting pores retained from the solidification process. Recrystallized regions on the fracture surfaces of the vacuum-tested samples of both alloys are identified by electron backscattered diffraction, which has not been previously reported for single crystal Ni-base alloys at these test conditions. The role of the base element (Ni-vs. CoNi-vs. Co-base) on the fatigue performance is discussed.

Introduction

Single crystal (SX) Ni-base superalloys are the material of choice for blades and vanes in the hot sections of aeroengines and land-based gas turbines where a combination of high stresses and elevated temperatures are present [START_REF] Pollock | Alloy design for aircraft engines[END_REF]. After appropriate heat treatments, these alloys exhibit a two-phase microstructure that consists of a high volume fraction of sub-micron scale cuboidal precipitates (γ , L1 2 ) that are coherent with a solid-solution strengthened matrix (γ, A1). The compositions of these multi-component alloys have been designed in an evolutionary fashion over several decades to achieve a combination of excellent creep resistance, high strength, and oxidation resistance [START_REF] Darolia | Development of strong, oxidation and corrosion resistant nickel-based superalloys: critical review of challenges, progress and prospects[END_REF]. Additionally, these alloys must resist failure by cyclic loading, which can result in catastrophic fatigue failures in service. Low cycle fatigue (LCF), which is related to the cyclic stresses imposed by the start-stop cycle of gas turbines (e.g. a flight for an aero-engine), is a significant factor limiting component life [START_REF] Carter | Common failures in gas turbine blades[END_REF].

At high temperatures (> 850 °C), the LCF life of directionally solidified and SX Ni-base superalloys is controlled by crack initiation from the surface, assisted by oxidation [START_REF] Maldini | Creep and Fatigue Properties of a Directionally Solidified Nickel Base Superalloy at Elevated Temperature[END_REF][START_REF] Ott | Dependence of the Isothermal Fatigue Behaviour of a Monocrystalline Nickel-Base Superalloy on the γ/γ Morphology[END_REF][START_REF] Ott | Dependence of the high-temperature low-cycle fatigue behaviour of the monocrystalline nickel-base superalloys CMSX-4 and CMSX-6 on the γ/γ -morphology[END_REF][START_REF] Maclachlan | Fatigue behaviour and lifing of two single crystal superalloys[END_REF][START_REF] Pineau | High temperature fatigue of nickel-base superalloys -A review with special emphasis on deformation modes and oxidation[END_REF]. This is in contrast to intermediate temperatures (< 850 °C) where crack initiation primarily occurs at microstructural inhomogeneities such as internal casting pores that form during the solidification process [START_REF] Maclachlan | Fatigue behaviour and lifing of two single crystal superalloys[END_REF][START_REF] Steuer | Benefits of high gradient solidification for creep and low cycle fatigue of AM1 single crystal superalloy[END_REF][START_REF] Bortoluci Ormastroni | HCF and VHCF life sensitivity to solution heat treatment of a third-generation Ni-based single crystal superalloy[END_REF]. It is possible to increase the fatigue life significantly by reducing the size distribution of the casting pores through higher cooling rates during solidification [START_REF] Steuer | Benefits of high gradient solidification for creep and low cycle fatigue of AM1 single crystal superalloy[END_REF][START_REF] Lamm | The effect of casting conditions on the high-cycle fatigue properties of the single-crystal nickel-base superalloy PWA 1483[END_REF]. However, at high temperatures, similar fatigue life benefits are not realized unless testing is performed in high vacuum where the impact of environmental damage is reduced.

Co-and CoNi-base superalloys that contain a two-phase γ-γ microstructure have recently been investigated as candidate alloys for high temperature applications where Ni-base superalloys are currently employed in their single crystal form [START_REF] Suzuki | L1 2 -Strengthened Cobalt-Base Superalloys[END_REF][START_REF] Volz | Thermophysical and Mechanical Properties of Advanced Single Crystalline Co-base Superalloys[END_REF][START_REF] Stewart | Accelerated discovery of oxidation resistant CoNi-base γ/γ' alloys with high L12 solvus and low density[END_REF]. Novel materials that may be introduced into turbine hot sections must be evaluated for their high temperature LCF resistance. LCF studies on Co-base SXs have found that they exhibit significantly reduced fatigue lives compared to their Ni-base counterparts due to their increased susceptibility to oxidation-assisted surface cracking at intermediate temperatures [START_REF] Murray | Low Cycle Fatigue of Single Crystal γ -containing Co-based Superalloys at 750 °C[END_REF]. This can largely be attributed to the inability for model Co-base superalloys, such as ternary Co-Al-W alloys, to rapidly form a protective α-Al 2 O 3 oxide scale during high temperature exposure to air [START_REF] Yan | Effect of alloying on the oxidation behaviour of Co-Al-W superalloys[END_REF], or for these protective oxide scales to form with significant amounts of overlaying oxide [START_REF] Pollock | New Co-based γ -γ' high-temperature alloys[END_REF]. Since CoNi-base alloys have a larger solubility for beneficial alloying elements that can promote the formation of protective oxide scales, recent alloy designs have sought to design multi-component alloys that have balanced mechanical, thermophysical, or environmental properties [START_REF] Volz | Thermophysical and Mechanical Properties of Advanced Single Crystalline Co-base Superalloys[END_REF][START_REF] Lass | Multicomponent γ'-strengthened Co-based superalloys with increased solvus temperatures and reduced mass densities[END_REF][START_REF] Liu | Machine learning assisted design of γ -strengthened Co-base superalloys with multi-performance optimization[END_REF][START_REF] Zou | Machine Learning Assisted Design Approach for Developing γ -Strengthened Co-Ni-Base Superalloys[END_REF]. One such alloy is SB-CoNi-10+, which possesses an elevated γ -solvus temperature of approximately 1200 °C and quickly forms α-Al 2 O 3 after a 1 hr exposure to air at 1100 °C, resulting in thin overlying oxide scales on the order of 2 µm at this condition [START_REF] Stewart | Accelerated discovery of oxidation resistant CoNi-base γ/γ' alloys with high L12 solvus and low density[END_REF]. These improved properties allow for fatigue testing at higher temperatures in air without the assistance of a protective overlay coating used in prior studies on Co-base superalloys [START_REF] Murray | Low Cycle Fatigue of Single Crystal γ -containing Co-based Superalloys at 750 °C[END_REF].

In this work, the LCF response of a novel SX CoNi-base superalloy, SB-CoNi-10+, is investigated at 950 °C in air and in high vacuum. Tests in vacuum elucidate the intrinsic LCF resistance of SB-CoNi-10+ without the contribution of oxidation. The fatigue performance is compared to AM1, a 1 st -generation SX Ni-base superalloy. Observations on the post-mortem specimens by optical and electron microscopy provide insight into which microstructural features and damage mechanisms control fatigue crack initiation and fatigue life for these test conditions. These results suggest pathways for future improvements in fatigue performance in Co-and CoNi-base superalloys.

Methods

An alloy ingot of the SB-CoNi-10+ alloy was acquired from Sophisticated Alloys, Inc. Single crystalline bars of ∼15 mm diameter and ∼175 mm in length were fabricated through the Bridgman growth process with a five-bar investment mold. The mold was pre-heated to 1575 °C and extracted from the furnace hot zone with a withdrawal rate of 3.4 mm min -1 . After removal from the mold, the bars were solutionized in vacuum at 1245 °C for 12 h followed by aging at 1000 °C for 50 h to produce a γ/γ microstructure. Inductively coupled plasma optical emission spectrometry was used to determine the chemical composition of the SB-CoNi-10+ alloy ingot before casting and is displayed in Table 1 along with the composition of AM1. Volume fraction of γ measurements were made on SX pieces of SB-CoNi-10+ that were solutioned in vacuum at 1245 °C for 12 h and subsequently aged at various temperatures for 8 h. Alloy pieces were encapsulated in evacuated quartz before aging and quenched in water by breaking the capsules under water. Area fraction, A f , measurements were made on BSE images of the alloys using the Yen threshold and despeckle filter in Fiji and then converted into volume fractions, V f , using V f = A f 3/2 which assumes evenly dispersed cuboidal precipitates [START_REF] Yen | A New Criterion for Automatic Multilevel Thresholding[END_REF][START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]. Additional details on the SX SB-CoNi-10+ alloy have been reported in a previous publication [START_REF] Stewart | Accelerated discovery of oxidation resistant CoNi-base γ/γ' alloys with high L12 solvus and low density[END_REF].

Load-controlled fatigue tests were performed on four cylindrical dogbone samples machined from two of the SX bars. The diameter of the gauge sections were ∼5 mm with a gauge length of ∼16 mm. Each pair of samples produced by a SX bar were tested under similar loading conditions, but one test would be performed in air and the other in vacuum. The R-ratio (σ min /σ max ) for all tests was R = -1, the test temperature was 950 °C, and the cyclic frequency of the fatigue tests was 0.5 Hz. Tests were performed using the same procedure as presented in Steuer et al. [START_REF] Steuer | Benefits of high gradient solidification for creep and low cycle fatigue of AM1 single crystal superalloy[END_REF]. Stress-strain data was collected with ceramic-tipped extensometers for the tests performed in air due to access to the gauge section during testing. Stress-strain data was not collected for the vacuum tested specimens since placing an extensometer in the vacuum chamber is technically not possible. All fatigue tests were cycled to failure. Elastic stiffness and compliance tensors for single crystal SB-CoNi-10+ were collected by high temperature resonant ultrasound spectroscopy (RUS), and have been reported in a prior publication [START_REF] Goodlet | Temperature dependence of single crystal elastic constants in a coni-base alloy: A new methodology[END_REF]. The elastic properties of single crystal AM1 with respect to temperature were determined by a dynamic-resonance method (DRM) described in prior publications [START_REF] Mazot | Détermination par la méthode de résonance des constantes d'élasticité de monocristaux de superalliage base nickel am1 entre l'ambiante et 1100 °c[END_REF][START_REF] Cormier | In-situ determination of precipitation kinetics during heat treatment of superalloy 718[END_REF]26].

Compression testing of SB-CoNi-10+ was performed on 5 mm diameter by 5 mm tall cylindrical samples extracted by electric discharge machining from a heat-treated single crystal bar with the compressive axis along the solidification direction. The compressive strain rate was 1 × 10 -4 s -1

until a plastic strain of 5-10 % was reached. Testing was performed in air with heat applied by a clamshell furnace, the temperature controlled by a thermocouple placed on the specimen surface, and the platens lubricated with a boron nitride paste to limit frictional effects.

The AM1 fatigue data used for comparison comes from prior studies [START_REF] Steuer | Benefits of high gradient solidification for creep and low cycle fatigue of AM1 single crystal superalloy[END_REF][START_REF] Perruchaut | Etude des interactions fatigue-fluage-oxydation sur l'endommagement du superalliage monocristallin am1[END_REF] performed under load-control at the same temperature and stress conditions and on the same fatigue machine. Postmortem AM1 samples from these studies were acquired for microscopy studies presented here. The primary misorientations of the SB-CoNi-10+ SXs relative to the [001] crystallographic orientation were assessed by electron backscattered diffraction (EBSD) on cross-sections of the grips of the air-tested specimens sectioned perpendicular to the loading direction. Bar #1 had a primary misorientation from the [001] of 21°while Bar #2 had a primary misorientation of 13°. Since loadcontrol testing at high temperatures minimizes the impact of differing crystallographic orientation ([001], [111], [213], etc.) on fatigue life, load-control testing was preferred to strain-control in our study [START_REF] Fleury | Low cycle fatigue damage in nickel-base superalloy single crystals at elevated temperature[END_REF]. AM1 Bridgman, in air [START_REF] Steuer | Benefits of high gradient solidification for creep and low cycle fatigue of AM1 single crystal superalloy[END_REF] AM1 LMC, in air [START_REF] Steuer | Benefits of high gradient solidification for creep and low cycle fatigue of AM1 single crystal superalloy[END_REF] AM1 Bridgman, in vacuum [START_REF] Steuer | Benefits of high gradient solidification for creep and low cycle fatigue of AM1 single crystal superalloy[END_REF] SB-CoNi-10+ Bridgman, in air SB-CoNi-10+ Bridgman, in vacuum 950°C R s = -1 0.5 Hz Table 2 along with the applied test conditions. The maximum total strain for the two fatigue tests performed in air are presented in Fig. 2.

For the test performed at σ a = 305 MPa, the accumulation and subsequent saturation of ratcheting strains during load-control testing is observed. Loading was in the elastic regime macroscopically for this test, indicated by the closed nature of the hysteresis loops (not shown). After ∼5,000 cycles, the alloy ceases to accumulate ratcheting strain and the max strain stabilizes. In the case of the This indicates the presence of a yield strength anomaly in this CoNi-base alloy around 750 °C, as has been observed in other γ -containing CoNi-base superalloys [START_REF] Fan | The temperature dependence of hightemperature strength and deformation mechanism in a single crystal CoNi-base superalloy[END_REF]. The room temperature yield strength of SB-CoNi-10+ is lower than AM1 and most other SX Ni-base superalloys [START_REF] Caron | Influence of chemistry on the tensile yield strength of nickel-based single crystal superalloys[END_REF].

At the max tensile load of the first cycle, the sample loaded to 305 MPa had a max strain of 0.3% and the sample loaded to 405 MPa had a max strain of 0.6%, which is double the value of the lower stress test. This can be partially attributed to differences in the Young's modulus between these two specimens as a result of the elastic anisotropy introduced by the misorientation of both crystals from [001] along the loading direction. The σ a = 305 MPa tested sample is more misoriented (21°) from [001] compared to the σ a = 405 MPa tested sample (13°) and therefore has a higher stiffness along the loading direction.

A previous study experimentally measured the elastic constants of single crystals of SB-CoNi-10+ from room temperature to 927 °C using RUS [START_REF] Goodlet | Temperature dependence of single crystal elastic constants in a coni-base alloy: A new methodology[END_REF]. This produced a stiffness tensor (C ij , in Voigt notation) and an associated compliance tensor (S ij ) for this alloy. These tensors as a function of temperature are presented in Fig. 3. These measurements can be used to estimate the directional Young's modulus for the misoriented single crystals in this work by extrapolating these results to 950 °C, which was accomplished by fitting the C ij and S ij with second-order polynomials of the form y = a + bx + cx 2 . These curve fits match the data well, with R 

Fracture Surfaces and Surface Cracking

Optical micrographs of the post-mortem fracture surfaces for both SB-CoNi-10+ and AM1 are shown in Fig. 5. The samples tested in air (Fig. 5a-c) are discolored compared to the vacuumtested samples due to oxidation of the fracture surfaces during testing (Fig. 5d-f). For both test environments, crack initiation was observed to occur at the sample surface or internally near the sample surface. These regions are identified by their characteristic semi-elliptical shape [START_REF] Si | Stress Intensity Factors for Edge Cracks in Round Bars[END_REF][START_REF] Aursand | Mode I stress intensity factors for semi-elliptical fatigue cracks in curved round bars[END_REF].

Interestingly, the vacuum-tested SB-CoNi-10+ specimens both feature a region with radius of 1.5 mm centered on the crack initiation site that is more rough than the corresponding regions in AM1 or in any of the air-tested samples. These regions are indicated by small black arrows in Fig. 5d,e. This rough region is also rougher than the subsequent region of long crack propagation.

This subsequent region has characteristics of ductile fracture followed by tensile fracture. Fig. 5f shows contrast of remnant dendrite structure on the fracture surface of AM1 tested in vacuum. Similar dendrite structure is not observed on the vacuum tested CoNi-alloy. This may be due to the persistent chemical microsegregation which is often present in SX Ni-base superalloys after standard solutionizing heat treatments used in industry [START_REF] Fuchs | Solution heat treatment response of a third generation single crystal Ni-base superalloy[END_REF]. The investigated CoNi-alloy is known to have less pronounced dendritic microsegregation compared to SX Ni-base superalloys in addition to an extended solutioning heat treatment (1245 °C / 12 h) above the γ -solvus [START_REF] Stewart | Accelerated discovery of oxidation resistant CoNi-base γ/γ' alloys with high L12 solvus and low density[END_REF][START_REF] Murray | A defect-resistant Co-Ni superalloy for 3D printing[END_REF][START_REF] Murray | Microstructure and Tensile Properties of a CoNi-Based Superalloy Fabricated by Selective Electron Beam Melting[END_REF].

Overview SE images of the regions where crack-initiation occurs are displayed in Fig. 6. For the air-tested specimens (Fig. 6a-c), the crack initiation was always clearly observed to be from the sample surface. The vacuum tested specimens (Fig. 6d-f) did not have clear evidence of distinct microstructural features responsible for the crack initiation that occurred near the sample surface.

It is likely that these microstructural features may have become damaged, particularly during the compressive portions of the cycling loading. Despite this, it is thought that near-surface solidification pores or clusters of solidification pores are responsible for the sub-surface crack initiation in vacuum [START_REF] Steuer | Benefits of high gradient solidification for creep and low cycle fatigue of AM1 single crystal superalloy[END_REF].

Optical observations along the gauge sections reveal arrays of periodic surface cracks on the surfaces of the air-tested SB-CoNi-10+ specimens (Fig. 7). The sample in Fig. 7a has angled surface cracks that correspond well to the measured primary misorientation of the SX from the [001] orientation. This indicates that the surface cracks likely follow the secondary dendrite arms or the γ/γ interfaces [START_REF] Ott | Dependence of the high-temperature low-cycle fatigue behaviour of the monocrystalline nickel-base superalloys CMSX-4 and CMSX-6 on the γ/γ -morphology[END_REF][START_REF] Mughrabi | The importance of sign and magnitude of γ/γ lattice misfit in superalloys -With special reference to the new γ -hardened cobalt-base superalloys[END_REF].

Cross-sections

Cross-sections were taken along the loading direction near the surface crack initiation sites of each specimen in order to make observations of oxidation and sub-surface damage after fatigue cycling.

Overview images taken along the gauge sections of SB-CoNi-10+ tested in air and vacuum are presented in Fig. 8 respectively. These measurements were made from the tip of the oxidized crack to the original metal sample surface. Fatigue cycling in vacuum did not produce any periodic cracks along the gauge section (Fig. 8b,d). Images near the fracture surfaces in Fig. 9 show that the air-tested samples have extensive oxidation across the fracture surface as well as near the fatal crack initiation site.

In the case of the vacuum tested samples, large regions of fine, equiaxed, recrystallized grains were observed across the initial 1.5 mm of the fatal crack. While the fatal cracks grew perpendicular to the loading direction in all tests, the air-tested samples possessed flatter fracture surfaces compared to the rough, undulating surfaces of the vacuum tested samples close to the crack initiation site, which is displayed in Fig. 9a,b.

The qualitative EDX map shown in Fig. 10a-h was collected on a characteristic oxidized surface crack in the sample cycled at σ a = 305 MPa. A focused region on the crack tip is shown in Fig. 10ip. Decomposition of the γ-γ microstructure into other phases around the crack tip is not observed, and the denuded zones of γ depletion are thin. These scans reveal the presence of a Cr-enriched Al-oxide that limits the extent of the oxidation beneath the alloy surface significantly compared to oxidized cracks previously observed in Co-base superalloys [START_REF] Murray | Low Cycle Fatigue of Single Crystal γ -containing Co-based Superalloys at 750 °C[END_REF]. This oxide has been previously identified as α-Al 2 O 3 by TEM diffraction in previous studies of this alloy after isothermal oxidation at 1100 °C [START_REF] Stewart | Accelerated discovery of oxidation resistant CoNi-base γ/γ' alloys with high L12 solvus and low density[END_REF]. A porous (Co,Ni)O oxide is also present within the crack, along with the presence of a variety of Ta-rich oxides and Co-containing spinels, as expected. The outward diffusion of Co and Ni ions is responsible for the outward protrusion of the (Co,Ni)O oxide seen at the surface.

Additionally, a 'scalloped' morphology can be seen in the Al signal in Fig. 10d and the Cr signal in Fig. 10f, which is thought to occur due to the repeated formation and breaking of the oxide scale during fatigue cycling in air. Similar oxidation behavior is observed in the SB-CoNi-10+ sample tested at the higher cyclic stress of σ a = 405 MPa.

To confirm the presence and nature of the recrystallized regions on the vacuum-tested samples, Similar LCF tests (T = 950 °C, σ a = 400/397 MPa, in air/vacuum) have been performed and previously reported on 1 st -generation Ni-base SX superalloy AM1 [START_REF] Steuer | Benefits of high gradient solidification for creep and low cycle fatigue of AM1 single crystal superalloy[END_REF][START_REF] Perruchaut | Etude des interactions fatigue-fluage-oxydation sur l'endommagement du superalliage monocristallin am1[END_REF]. After acquiring these previously tested samples, cross-sections along the loading direction allowed for a direct comparison of the oxidized surface cracks in both Ni-and CoNi-alloy classes. Since the observation of large recrystallized regions on the fracture surfaces of the CoNi-base specimens were unexpected, and as these have never been reported in the literature for Ni-based SX superalloys, the previously tested shown by the oxidized crack on the fracture surface of the AM1 cross-section in Fig. 12. However, the secondary cracks do not penetrate as deeply into the Ni-alloy as they do into the CoNi-alloy and these cracks are not as prevalent in the cross-sections taken through the fatal crack. The average secondary crack length was 11 µm with a standard deviation of 4 µm, with a maximum measured length of 16 µm in the set of only four cracks that were observed. This is interesting since the fatigue lifetime for the Ni-alloy (6,820 cycles) and the CoNi-alloy (5,892 cycles) tested at σ a = 400 MPa in air are similar. So, despite the superior oxidation resistance of the AM1 alloy, this appears to have not resulted in a significant difference in fatigue life between these alloy classes.

Interestingly, large recrystallized regions of fine grains were also observed along the fracture surface of the AM1 sample fatigued in vacuum, although these regions were less prevalent than in the CoNi-base material. EBSD maps acquired on these fine grain regions shown in Fig. 13 reveals that the recrystallized grains had low internal misorientations while the base SX below these regions was heavily deformed. The authors are not aware of similar observations on SX Ni-base superalloys that have undergone high-temperature vacuum fatigue cycling in the literature. Using the same grain size measurement method as before, the average grain size was measured as 0.39 µm on a 15 Observations of these small, spherical precipitates have been observed on the fracture surface of AM1 that has undergone high cycle fatigue testing at 1000 °C [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], however these precipitations are somewhat unexpected since AM1 is known to not be highly susceptible to TCP phase formation, especially when compared to subsequent generations of alloys that contain additions of Re [START_REF] Caron | Recent Studies at Onera on Superalloys for Single Crystal Turbine Blades[END_REF]. Similar phases were not observed on the fracture surface of the CoNi-base alloy, or on the AM1 specimens tested in air. (c,k) Ni K,(d,l) Al K,(e,m) O K,(f,n) Cr K,(g,o) Ta L, and (h,p) W L. The contrast of each map has been adjusted in FIJI so that the minimum and maximum x-ray signal corresponds to black and white, respectively. 

Discussion

The fatigue performance of SB-CoNi-10+ is found to be similar to AM1 in air and in high vacuum.

This comparison is remarkable since AM1 has excellent oxidation resistance in the 900-1100 °C regime and is often used as a baseline comparison for environmental resistance for other SX Nibase superalloys [START_REF] Caron | High γ' Solvus New Generation Nickel-Based Superalloys for Single Crystal Turbine Blade Applications[END_REF][START_REF] Fedorova | Quantification of growth kinetics and adherence of oxide scales formed on Ni-based superalloys at high temperature[END_REF][START_REF] Audigié | High-temperature cyclic oxidation behaviour of Pt-rich γ-γ' coatings. Part I: Oxidation kinetics of coated AM1 systems after very long-term exposure at 1100 °C[END_REF]. These fatigue tests demonstrate a significant improvement in high temperature fatigue response in SB-CoNi-10+ compared to previous studies on Co-base superalloys which exhibited short fatigue lifetimes due to extensive oxidation-assisted surface cracking and inferior strength compared to SX Ni-base superalloys, with fatigue lifetimes being two orders of magnitude shorter compared to Ni-base SX superalloys at the investigated test conditions [START_REF] Murray | Low Cycle Fatigue of Single Crystal γ -containing Co-based Superalloys at 750 °C[END_REF]. This improvement can partially be attributed to (i) the oxidation behavior of the SB-CoNi-10+ alloy and (ii) the improved high temperature strength of the SB-CoNi-10+ alloy. Previous Co-base superalloys were not able to quickly form a protective layer of α-Al 2 O 3 after high temperature exposure to air [START_REF] Yan | Effect of alloying on the oxidation behaviour of Co-Al-W superalloys[END_REF]. The formation of a Cr 2 O 3 scale has been previously demonstrated for γcontaining Co-base alloys, however the necessary elevated Cr content can result in destabilisation of the two-phase γ-γ microstructure near the oxidizing sample surface [START_REF] Yan | Effect of alloying on the oxidation behaviour of Co-Al-W superalloys[END_REF]. Additionally, it is known that Cr 2 O 3 is susceptible to volatilization in the presence of water vapor at elevated temperatures and is therefore not desirable for alloys that experience these temperatures for extended time periods in service [START_REF] Opila | Volatility of Common Protective Oxides in High-Temperature Water Vapor: Current Understanding and Unanswered Questions[END_REF][START_REF] Berthod | Kinetics of high temperature oxidation and chromia volatilization for a binary Ni-Cr alloy[END_REF][START_REF] Berthod | Influence of water vapour on the rate of oxidation of a Ni-25wt.%Cr alloy at high temperature[END_REF]. Similar to other investigated CoNi-alloys, the compositional design of SB-CoNi-10+ relies on elevated amounts of Al and Cr which contributes to the enhanced oxidation response of the alloy [START_REF] Stewart | Accelerated discovery of oxidation resistant CoNi-base γ/γ' alloys with high L12 solvus and low density[END_REF].

Ternary Co-Al-W alloys exhibit significantly lower γ volume fractions at the testing temperature of 950 °C, since many of these alloys have a γ -solvus temperature near 1000 °C or lower [START_REF] Suzuki | L1 2 -Strengthened Cobalt-Base Superalloys[END_REF][START_REF] Sato | Cobalt-Base High-Temperature Alloys[END_REF][START_REF] Bauer | Microstructure and creep strength of different γ/γ -strengthened Co-base superalloy variants[END_REF]. Fig. 14 shows the temperature evolution of the γ volume fraction at thermodynamic equilibrium of SB-CoNi-10+ compared to AM1, showing that at 950 °C both alloys retain a high volume fraction of γ near 70 %. The alloying approach and the subsequent properties of SB-CoNi-10+ would not be feasible without the nearly equal Co:Ni ratio in this alloy, which greatly widens the two-phase γ-γ field and allows for more compositional flexibility in alloy design [START_REF] Stewart | Accelerated discovery of oxidation resistant CoNi-base γ/γ' alloys with high L12 solvus and low density[END_REF][START_REF] Shinagawa | Phase Equilibria and Microstructure on γ Phase in Co-Ni-Al-W System[END_REF][START_REF] Zenk | Intermediate Co/Ni-base model superalloys -Thermophysical properties, creep and oxidation[END_REF].

Comparing the oxidized surface cracks in SB-CoNi-10+ to AM1, it is apparent that the oxidation resistance would need to be further improved to limit the extent of oxidation into the CoNi-alloy during high temperature fatigue cycling in air. This is suggested by the average measured secondary crack lengths in the CoNi-alloys (61 µm) being significantly longer than the oxidized cracks observed in AM1 (11 µm). It is likely that further enhancement of the oxidation resistance in this compositional space should be possible, but this may come at the cost of reduced high temperature strength or other desired properties.

From observations of the largest non-fatal cracks in the cross-sections of the air-tested CoNialloys, calculations of the stress intensity range at the crack tip, ∆K, can be made. These can be used to estimate a lower bound for the threshold stress intensity range, ∆K Th , necessary for long crack propagation in the steady-state Paris regime since these secondary cracks were likely near threshold length yet still in the crack initiation stage. For an edge crack in a round bar, the stress intensity range can be written as:

∆K = F ∆σ √ πa. ( 1 
)
where ∆K is the stress intensity range, F is a shape factor based on a semi-elliptical surface crack, ∆σ is the range of the tensile cyclic stresses, and a is the length of the surface crack [START_REF] Si | Stress Intensity Factors for Edge Cracks in Round Bars[END_REF]. The a edge crack in a round bar with a curved front, F = 0.74, into Eq. 1 results in an estimate for the threshold stress intensity factor for SB-CoNi-10+ tested at 950 °C in air to be ∆K Th ≈ 5.9-7.9

MPa √ m. For AM1 at 950 °C in air, a value of 10 MPa √ m has been reported previously using compact tension crack growth experiments at R = -1 [START_REF] Geuffrard | Amorçage et micro-propagation de fissure en fatigue à haute température à partir de défauts dans un superalliage monocristallin[END_REF]. Therefore, the threshold stress intensity factors are similar in range between SB-CoNi-10+ and AM1, especially after considering that the estimate for SB-CoNi-10+ is likely an underestimate due to the investigated cracks still being in the initiation stage. Compact tension fatigue crack growth experiments at high temperature in air and vacuum would further refine this measurement, and account for factors such as oxide-induced crack closure that can affect the effective stress intensity at the crack tip [START_REF] Yablinsky | Characterization of fatigue mechanisms in ni-based superalloys[END_REF].

We report observations of large regions of recrystallized grains on the fracture surfaces of all samples tested in vacuum, which, to the best of our knowledge, have not been reported previously in the superalloy LCF literature. This is most likely due to a lack of fatigue testing on SX superalloys in high vacuum combined with other studies not cross-sectioning these specimens along the loading direction. However, similar recrystallization processes have been observed at high temperatures in SX Ni-base superalloys after very high cycle fatigue (VHCF) [START_REF] Cervellon | Crack initiation mechanisms during very high cycle fatigue of Ni-based single crystal superalloys at high temperature[END_REF], out-of-phase thermal-mechanical fatigue (TMF) [START_REF] Moverare | Deformation and damage mechanisms during thermalmechanical fatigue of a single-crystal superalloy[END_REF], creep testing to high strain levels [START_REF] Rettberg | Localized recrystallization during creep in nickel-based superalloys GTD444 and René N5[END_REF], and after creep tests where room temperature plastic deformation was introduced by tension before testing [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]. Recrystallization can occur through plastic deformation due to the formation of dense dislocation walls, sub-grain boundaries, and finally new grain boundaries [START_REF] Lehto | Adaptive domain misorientation approach for the EBSD measurement of deformation induced dislocation sub-structures[END_REF]. However, the lack of misorientation within the recrystallized grains shown by the GROD maps in Fig. 11c,g and Fig. 13e indicates that these fine grains are formed in the wake of the fatigue crack, with recrystallization occurring due to minimization of stored strain energy with the assistance of elevated temperatures present during testing [START_REF] Bozzolo | Viewpoint on the Formation and Evolution of Annealing Twins During Thermomechanical Processing of FCC Metals and Alloys[END_REF]. This is further supported by observations of cracked casting pores in the vacuum-tested CoNi-alloy showing that plastic deformation is present around the pores after testing but has not resulted in recrystallization.

cycled at σ a = 300 MPa shown in Fig. 15. EBSD mapping displayed in Fig. 16 was collected around the pair of cracked pores in Fig. 15a and shows that recrystallization has not occurred in the vicinity of the cracks that initiate from the casting pores. This suggests that recrystallization likely occurs in the wake of the crack as a result of the enhanced plastic deformation around the crack tip. This is contrary to the case of high temperature VHCF where the accumulation of plastic deformation and subsequent recrystallization around microstructural inhomogenieties is responsible for crack initiation [START_REF] Cervellon | Crack initiation mechanisms during very high cycle fatigue of Ni-based single crystal superalloys at high temperature[END_REF].

The recrystallized grains on the fracture surface are often found in groupings of many grains in addition to a thinner layer of recrystallization that covers the fracture surface. It is proposed that the fatal fatigue cracks are occasionally arrested during their growth, and that the closure of the crack lips under fully-reversed cycling conditions plastically deforms nearby regions. This eventually induces recrystallization due to the combination of high temperature (T = 950 °C) and sufficient plastic deformation. This is further supported by observations that recrystallization does not occur next to crack faces in coated AM1 during fatigue cycling in air at R = 0.05 and T = 950 °C, i.e.

when there is no compressive portion of the load-cycle [32]. The size of these recrystallized pockets seems to be correlated with the misorientation between the loading direction and the orientation of the SX from the [001], with crack arrest occurring more frequently and leading to more subsurface deformation for the misoriented SX shown in Fig. 11a-d These observations of large recrystallized regions on both the CoNi-base and Ni-base alloys raise interesting questions about the differences in plastic damage accumulation and crack propagation between these two alloy classes. The lack of an oxidizing environment for these tests prevents oxidation-assisted fatigue crack growth, and leads to longer fatigue lifetimes. What is not clear is whether the larger regions of recrystallized grains can be solely attributed to differences in sample orientation, or if chemical composition has a significant effect. It is well known that additions of Co to Ni reduces the stacking fault energy of the alloy [START_REF] Beeston | The Stacking-Fault Energy of Some Nickel-Cobalt Alloys[END_REF]. Alloys of higher Co content would promote the dissociation of unit dislocations to partial dislocations, resulting in reduced crossslip and recovery at high temperatures and a higher susceptibility for recrystallization [START_REF] Vamsi | High-throughput approach for estimation of intrinsic barriers in FCC structures for alloy design[END_REF]. The susceptibility to recrystallization of model multi-component Ni-, CoNi-, and Co-base superalloys has been studied by Rockwell hardness indentation testing followed by subsequent super-solvus heat treatment [START_REF] Volz | Castability and Recrystallization Behavior of γ -Strengthened Co-Base Superalloys[END_REF]. As the Co content of the alloys increased, the radius of the region of recrystallized grains around the applied hardness indents also increased [START_REF] Volz | Castability and Recrystallization Behavior of γ -Strengthened Co-Base Superalloys[END_REF]. However, it is currently unclear whether the higher susceptibility to recrystallization in Co-base alloys affects fatigue crack initiation.

Therefore, this behavior may not have a significant effect on the fatigue performance of SX alloys since a significant portion of fatigue life is spent in crack initiation as opposed to propagation [START_REF] Brundidge | Processing to fatigue properties: benefits of high gradient casting for single crystal airfoils[END_REF].

Despite the presence of the large regions of recrystallized grains on the fracture surfaces of all vacuum-tested samples, it is still strongly asserted that the size and distribution of casting pores is responsible for fatigue crack initiation and subsequent fatigue life in these alloys. This is strongly supported by the study of Steuer et al. where reducing the pore size distribution through increased cooling rates during liquid metal cooling assisted SX casting resulted in significantly enhanced fatigue life compared to conventionally cast specimens [START_REF] Steuer | Benefits of high gradient solidification for creep and low cycle fatigue of AM1 single crystal superalloy[END_REF]. Observations of cracked casting pores in the vacuum-tested CoNi-base alloys shown in Fig. 15 and Fig. 16 provide evidence for casting pores being responsible for crack initiation for fatigue performed in vacuum. Despite larger recrystallized regions in the SX SB-CoNi-10+ specimens, LCF lives in vacuum were similar or even slightly better than the AM1 alloy. This is remarkable since it is likely that CoNi-alloys exhibit lower yield strengths compared to Ni-base alloys due to their lower resistance to precipitate shearing [START_REF] Titus | Creep-induced planar defects in L12-containing Co-and CoNi-base single-crystal superalloys[END_REF][START_REF] Feng | Shearing of γ' particles in Co-base and Co-Ni-base superalloys[END_REF].

The more desirable solidification characteristics of CoNi-base superalloys may result in a reduction in their pore size distributions, which would result in improved fatigue performance over Ni-base superalloys. More favorable partitioning of highly segregating alloying additions during solidification would result in reduced mushy zone heights [START_REF] Stewart | Accelerated discovery of oxidation resistant CoNi-base γ/γ' alloys with high L12 solvus and low density[END_REF][START_REF] Tsunekane | Single-crystal solidification of new Co-Al-W-base alloys[END_REF][START_REF] Murray | A defect-resistant Co-Ni superalloy for 3D printing[END_REF], which could facilitate liquid flow between primary dendrite arms during solidification and therefore reduce the size distribution of the casting pores [START_REF] Brundidge | Structure refinement by a liquid metal cooling solidification process for single-crystal nickel-base superalloys[END_REF]. For SX Ni-base superalloys, an estimate for the maximum pore diameter, d pore , has been suggested by Brundidge et al. to be closely related to the secondary dendrite arm spacing (SDAS), λ 2 , by the simple relation of d pore = 1.15λ 2 [START_REF] Brundidge | Processing to fatigue properties: benefits of high gradient casting for single crystal airfoils[END_REF]. A longitudinal cross-section of the region above the pigtail for as-cast SX SB-CoNi-10+ resulted in an average SDAS of 72.7 µm.

This is similar to the SDAS in Ni-base superalloys solidified by the Bridgman method at the same withdrawal rate of 3.4 mm min -1 [START_REF] Brundidge | Processing to fatigue properties: benefits of high gradient casting for single crystal airfoils[END_REF]. However, while metallographic cross-sections on Ni-base alloys have revealed pore sizes that fulfill the previous relation, measurements of both the as-cast and fully heat-treated CoNi-alloy resulted in d pore < 30 µm. Smaller maximum pore sizes would require more cycles for fatigue crack initiation and longer lifetimes for fatigue in vacuum at these high temperature test conditions. Confirmation of this relationship between alloy chemistry and pore size distribution would require more statistical measurements of the pore size distribution in both alloys through techniques such as x-ray tomography since metallographic cross-sections do not capture the 3D pore shapes and their size distribution.

Conclusions

In conclusion, this study reports on the LCF response of a SX CoNi-base superalloy. Observations of the post-mortem specimens revealed several different types of damage that form and we have compared these damage mechanisms to those found after similar fatigue testing of SX Ni-base superalloy AM1. The following findings from this study are:

• Load-controlled LCF tests on a novel SX CoNi-base superalloy at T = 950 °C in air and in vacuum reveal a fatigue performance similar to 1 st -generation SX Ni-base superalloy AM1.

• Oxidized surface cracks are responsible for fatigue crack initiation in air at T = 950 °C, while sub-surface casting pores are responsible for crack initiation in vacuum. For the same solidification conditions, the CoNi-base alloy possesses smaller solidification pores compared to Ni-base SXs.

• Large recrystallized regions were found along the fracture surface of all alloys tested in vacuum at T = 950 °C and fully-reversed conditions.
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Figure 1 :a

 1 Figure 1: S-N diagram of SB-CoNi-10+ at 950 °C / R = -1 / f = 0.5 Hz tested in air and in vacuum compared to 1 st -generation SX Ni-base superalloy AM1 [9, 27]. Trendlines are only intended to guide the eye and do not represent a curve fit.

Figure 2 :

 2 Figure 2: Maximum total strain vs. cycles for each of the LCF tests on SB-CoNi-10+ in air. T = 950 °C, R = -1.

σ a = 405

 405 MPa cycled sample, sample failure occurred at 5892 cycles, and a saturation point for ratcheting strains was not reached during this test. Once fast crack propagation occurs near the end of the fatigue life, the hysteresis loops in both tests open significantly, indicating large crack opening and plastic damage accumulation. High temperature quasi-static compression tests on single crystalline SB-CoNi-10+ resulted in a 0.2% offset yield strength of 372 MPa at 950 °C. This is consistent with the max total strain plot presented in Fig. 2 since the test performed at σ a = 305 MPa reached a stabilization point while the test performed at σ a = 405 MPa (slightly above the quasi-static yield strength) never reached a stabilized regime. Additional compression tests at room temperature and 750 °C resulted in measured yield strengths of 502 MPa and 595 MPa, respectively.

  2 values above 0.98 for all fits. The [001] Young's modulus for AM1 and SB-CoNi-10+ as a function of temperature are presented in Fig.4. For a single crystal of SB-CoNi-10+ loaded along the [001] direction, the Young's modulus would be 117.8 GPa at room temperature and would decrease to 74.2 GPa at the testing temperature of 950 °C. AM1 exhibits a higher [001] Young's modulus of 128.5 GPa at room temperature which decreases to 92.1 GPa at 950 °C[26]. Other single crystalline CoNi-alloys have been demonstrated to become less stiff with increasing temperature at a faster rate than single crystal Ni-base superalloys[START_REF] Volz | Thermophysical and Mechanical Properties of Advanced Single Crystalline Co-base Superalloys[END_REF]. The 13°misoriented bar of SB-CoNi-10+ would be slightly stiffer with a room temperature modulus of 130.1 GPa that decreases to 85.6 GPa at 950 °C. The 21°170 misoriented bar has the largest increase in stiffness, as expected, with a room temperature modulus of 151.9 GPa that falls to 108.6 GPa at 950 °C.

Figure 3 :

 3 Figure 3: (a) C ij and (b) S ij with respect to temperature for single crystal SB-CoNi-10+. Data adapted from Goodlet et al. [23].

Figure 4 :

 4 Figure 4: Experimentally determined [001] Young's modulus with respect to increasing temperature for Ni-base single crystal alloy AM1 compared to SB-CoNi-10+ [24, 26, 32].

Figure 5 :

 5 Figure 5: Stitched optical micrographs of the post-mortem fracture surfaces of (a,b,d,e) SB-CoNi-10+ and (c,f) AM1 tested at 950 °C with test conditions of: (a) σ a = 305 MPa in air, (b) σ a = 405 MPa in air, (c) σ a = 400 MPa in air, (d) σ a = 300 MPa in vacuum, (e) σ a = 400 MPa in vacuum, and (f) σ a = 397 MPa in vacuum. Small black arrows indicate rough regions in SB-CoNi-10+.

  and detailed views of the regions near where crack initiation occurred are presented in Fig. 9. In the case of the air-tested specimens, oxidized surface cracks that penetrate into the sample are observed along the gauge section. The σ a = 305 MPa tested sample had an average secondary crack length of 61 µm with a standard deviation of 34 µm on a set of 58 measured cracks, while the σ a = 405 MPa tested sample had an average secondary crack length of 61 µm with a standard deviation of 48 µm on a set of 101 measured cracks. The measured crack densities were 4.5 and 7.5 cracks per mm for the σ a = 305 MPa and 405 MPa tests, respectively. The longest measured secondary cracks in the 305 MPa and 405 MPa tested samples were 217 µm and 220 µm,

Figure 6 :

 6 Figure 6: SE micrographs of the regions surrounding the crack initiation sites of (a,b,d,e) SB-CoNi-10+ and (c,f) AM1 tested at 950 °C with test conditions of: (a) σ a = 305 MPa in air, (b) σ a = 405 MPa in air, (c) σ a = 400 MPa in air, (d) σ a = 300 MPa in vacuum, (e) σ a = 400 MPa in vacuum, and (f) σ a = 397 MPa in vacuum.

Figure 7 :

 7 Figure 7: Stitched optical micrographs of surface oxidation and cracking along the gauge section of the SB-CoNi-10+ samples tested at 950 °C in air with (a) σ a = 305 MPa in air and (b) σ a = 405 MPa in air

Figure 8 :

 8 Figure 8: BSE micrographs of the gauge sections of cross-sectioned post-mortem SB-CoNi-10+ specimens tested at (a,c) σ a = 305 MPa in air and (b,d) σ a = 300 MPa in vacuum

Figure 9 :

 9 Figure 9: BSE micrographs of the fracture surfaces of cross-sectioned post-mortem SB-CoNi-10+ specimens tested at (a,c) σ a = 305 MPa in air and (b,d) σ a = 300 MPa in vacuum

Figure 10 :

 10 Figure 10: Qualitative EDX mapping of an oxidized surface crack in SB-CoNi-10+ tested at σ a = 305 MPa in air. The collected x-ray signals were (b,j) Co K, (c,k) Ni K, (d,l) Al K, (e,m) O K, (f,n) Cr K, (g,o) Ta L, and (h,p) W L. The contrast of each map has been adjusted in FIJI so that the minimum and maximum x-ray signal corresponds to black and white, respectively.

Figure 11 :

 11 Figure 11: EBSD maps showing the formation of recrystallized regions on the fracture surfaces of the SB-CoNi-10+ specimens tested at (a-d) 300 MPa in vacuum and (e-h) 400 MPa in vacuum. (a-b, e-f) IPF maps are presented alongside (c,g) GROD maps with a 0-45°scale and (d,h) KAM maps with a 0-5°scale.

Figure 12 :

 12 Figure 12: SEM BSE images of cross-sections of AM1 at (a-b) regions near the surface crack initiation sites as well as (c-d) images of the gauge section for samples tested at (a,c) T = 950 °C, σ a = 400 MPa in air and (b,d) T = 950 °C, σ a = 397 MPa in vacuum.

Figure 13 :

 13 Figure 13: SEM BSE images (a-b) and EBSD maps (c-f) of AM1 tested at T = 950 °C, σ a = 400 MPa in vacuum. The presence of W-rich particles are found along the fracture surface, along with thin regions of recrystallized grains. An IPF map of a focused view of a large region of recrystallized grains is shown in (d), along with a (e) GROD map and a (f) KAM map.

Figure 14 :

 14 Figure 14: Temperature evolution of the γ volume fraction for SB-CoNi-10+ and AM1 [51, 52]. Applied curve fits are only intended to guide the eye.

Figure 15 :Figure 16 :

 1516 Figure 15: SEM BSE images of (a) a group of cracked pores and (b) and isolated cracked pore in SB-CoNi-10+ tested at T = 950 °C, σ a = 300 MPa in vacuum

  . Lastly, these recrystallized regions are not observed on any of the tests performed in air. This could imply that recrystallization is further driven by diffusion and chemical segregation within the highly deformed regions, as has been proposed byHamadi et al. where the diffusion of γ-forming elements such as Co and Cr are the main driver of recrystallization in AM1 during high temperature creep along slip bands that were introduced by room temperature deformation[START_REF] Hamadi | Consequences of a Room-Temperature Plastic Deformation During Processing on Creep Durability of a Ni-Based SX Superalloy[END_REF]. The formation of bright TCP precipitates along the fracture surface in AM1 (see Fig.13a,b) further supports that significant chemical diffusion occurs in the heavily deformed layer below the fracture surface, similar to the observation of TCP phases formed in CMSX-4 during out-of-phase TMF as shown by Moverare et al.[START_REF] Moverare | Deformation and damage mechanisms during thermalmechanical fatigue of a single-crystal superalloy[END_REF] or during VHCF at 1000 °C as shown by Cervellon et al.[START_REF] Cervellon | Very High Cycle Fatigue of Ni-Based Single-Crystal Superalloys at High Temperature[END_REF].
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Table 1 :

 1 Experimentally measured alloy compositions of SB-CoNi-10+ and AM1 in at.%

	Alloy	Co	Ni	Al Cr Ta W	C	B	Other
	SB-CoNi-10+ [14] Bal. 36.8 13.3 5.8 3.5 1.0 0.06 0.08 0.026Hf, 0.004Y
	AM1 [9]	6.7 Bal. 11.6 9.0 2.6 1.9	-	-	1.3Mo, 1.4Ti
	Fracture surface and surface cracking observations were made using 3D-stitching on a Keyence
	VHX-5000 optical microscope. Cross-sections for scanning electron microscopy (SEM) were metallo-
	graphically prepared by grinding down to 1200 grit SiC paper and polishing down to 1 µm diamond

(MPa) Number of cycles to failure, N f

  

	AM1 Bridgman, in air [27]

Table 2 :

 2 Test

	Bar #1	950	-1	305 MPa	Air	61,729
	Bar #1	950	-1	300 MPa	Vacuum	184,992
	Bar #2	950	-1	405 MPa	Air	5,892
	Bar #2	950	-1	400 MPa	Vacuum	40,201

conditions for load-control fatigue tests on SB-CoNi-10+ SX Bar Label Temp. (°C) R-ratio σ a (MPa) Environment Cycles to Failure, N f