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Introduction

Damage during cyclic loading of polycrystalline metallic alloys used for turbine disk components involves the accumulation of plastic strain at the scale of individual grains, particularly in the vicinity of grain boundaries and interfaces. For example, Miao et al. [START_REF] Miao | Crystallographic fatigue crack initiation in nickel-based superalloy rené 88dt at elevated temperature[END_REF][START_REF] Miao | Microstructural extremes and the transition from fatigue crack initiation to small crack growth in a polycrystalline nickel-base superalloy[END_REF] reported for the nickel-base alloy René 88DT under very high cycle fatigue (VHCF) loading at room temperature that cracks initiated in high Schmid factor grains for the {111} 110 slip system, parallel to and slightly offset from coherent twin boundaries. The microstructural features that localize strain and initiate fatigue damage change between room temperature and turbine component service temperatures, due to a shift in the deformation mode [START_REF] Pineau | High temperature fatigue of nickel-base superalloys -a review with special emphasis on deformation modes and oxidation[END_REF][START_REF] Viswanathan | Investigation of creep deformation mechanisms at intermediate temperatures in René 88 {DT}[END_REF]. For example, at intermediate temperatures in nickel-base alloys, the secondary slip system {111} 112 becomes active [START_REF] Pineau | High temperature fatigue of nickel-base superalloys -a review with special emphasis on deformation modes and oxidation[END_REF][START_REF] Viswanathan | Investigation of creep deformation mechanisms at intermediate temperatures in René 88 {DT}[END_REF]. There is a need for quantitative assessment of the heterogeneous strain fields at the microscopic scale for the development of predictive models of monotonic and cyclic loading at component service temperatures and to better relate the local mechanical behavior to the global loading conditions. Crystal plasticity simulations based upon either molecular dynamics or finite elements are currently being developed to address these microstructural-influenced phenomena [START_REF] Déprés | A dislocation-based model for low-amplitude fatigue behaviour of face-centred cubic single crystals[END_REF][START_REF] Ghosh | Multiscale modeling of polycrystalline nickel-based superalloys accounting for subgrain microstructures[END_REF][START_REF] Cerrone | Modeling crack nucleation at coherent twin boundaries in nickel-based superalloys[END_REF][START_REF] Stein | Fatigue crack initiation, slip localization and twin boundaries in a nickel-based superalloy[END_REF] and localization of plasticity along slip bands or persistent slip bands [START_REF] Zhang | Simulation of slip band evolution in duplex ti-6al-4v[END_REF]. Experimental data on strain localization obtained via in situ scanning electron microscope (SEM) digital image correlation (DIC) is available [START_REF] Zhao | Investigation of three-dimensional aspects of grain-scale plastic surface deformation of an aluminum oligocrystal[END_REF][START_REF] Merzouki | Coupling between measured kinematic fields and multicrystal {SMA} finite element calculations[END_REF][START_REF] Héripré | Coupling between experimental measurements and polycrystal finite element calculations for micromechanical study of metallic materials[END_REF][START_REF] Walley | In-situ mechanical testing for characterizing strain localization during deformation at elevated temperatures[END_REF][START_REF] Carroll | High resolution digital image correlation measurements of strain accumulation in fatigue crack growth[END_REF][15][START_REF] Raabe | Micromechanical and macromechanical effects in grain scale polycrystal plasticity experimentation and simulation[END_REF][START_REF] Delaire | Plastic heterogeneities of a copper multicrystal deformed in uniaxial tension: experimental study and finite element simulations[END_REF][START_REF] Jin | Microscale characterization of granular deformation near a crack tip[END_REF] at the microscale, however few experiments [START_REF] Kammers | Digital image correlation under scanning electron microscopy: Methodology and validation[END_REF][START_REF] Gioacchino | Plastic strain mapping with sub-micron resolution using digital image correlation[END_REF][START_REF] Patriarca | Slip transmission in bcc fecr polycrystal[END_REF] have resolved strain fields at the scale of the localization of plasticity (slip bands). Recent studies [START_REF] Kammers | Digital image correlation under scanning electron microscopy: Methodology and validation[END_REF][START_REF] Gioacchino | Plastic strain mapping with sub-micron resolution using digital image correlation[END_REF][START_REF] Kammers | Self-assembled nanoparticle surface patterning for improved digital image correlation in a scanning electron microscope[END_REF][START_REF] Stinville | Sub-grain scale digital image correlation by electron microscopy for polycrystalline materials during elastic and plastic deformation[END_REF][START_REF] Echlin | Incipient slip and long range plastic strain localization in microtextured ti-6al-4v titanium[END_REF][START_REF] Esquivel | Digital image correlation of heterogeneous deformation in polycrystalline material with electron backscatter diffraction[END_REF] show that by minimizing or correcting the complex SEM imaging distortions [START_REF] Kammers | Digital image correlation under scanning electron microscopy: Methodology and validation[END_REF][START_REF] Kammers | Self-assembled nanoparticle surface patterning for improved digital image correlation in a scanning electron microscope[END_REF], it is possible to obtain the necessary spatial resolution to measure micrometer and sub-micrometer strain fields at room temperature where plasticity and slip localizes [START_REF] Kammers | Digital image correlation under scanning electron microscopy: Methodology and validation[END_REF][START_REF] Gioacchino | Plastic strain mapping with sub-micron resolution using digital image correlation[END_REF][START_REF] Kammers | Self-assembled nanoparticle surface patterning for improved digital image correlation in a scanning electron microscope[END_REF][START_REF] Stinville | Sub-grain scale digital image correlation by electron microscopy for polycrystalline materials during elastic and plastic deformation[END_REF][START_REF] Stinville | High resolution mapping of strain localization near twin boundaries in a nickel-based superalloy[END_REF][START_REF] Stinville | A combined grain scale elastic-plastic criterion for identification of fatigue crack initiation sites in a twin containing polycrystalline nickel-base superalloy[END_REF][START_REF] Jiang | Deformation compatibility in a single crystalline ni superalloy[END_REF]. Such information will allow for direct comparison with elastic and crystal plasticity simulations and ultimately support the development of improved models for life prediction.

Engineered polycrystalline superalloys are operated under oxidizing conditions at intermediate and high temperatures with superimposed cyclic loading. High-resolution SEM DIC procedures that have yielded new insights into the deformation processes at room temperature need to be developed for elevated temperature investigations. Here we present an advanced sub-grain DIC technique applied to nickel base superalloys with average grain size below 50 μm to observe the straining processes at the sub-grain scale during monotonic and cyclic loading at temperatures up to 650 • C. The new approach employs ex-situ testing and the stable oxide layer that forms during thermal exposure as the DIC speckle pattern for the investigation of strain localization during plasticity at temperatures up to 650 • C in the low cycle fatigue (LCF) regime.

Experimental Materials

Three commercially available polycrystalline nickel-base superalloys used for turbine disk applications were investigated in this research: René 88DT, Inconel 718DA and IN100. All these alloys have grain sizes that are between 10-50 μm and contain multiple size populations of one or more strengthening phases (indicated as γ and γ ), which grow from solution and in subsequent aging steps [29]. The unique attributes of each alloy are described presently. The grain structure of each alloy is displayed in Fig. 1 using electron backscatter diffraction (EBSD) measurements.

The polycrystalline powder metallurgy processed nickelbase superalloy, René 88DT, has a nominal composition of 13Co, 16Cr, 4Mo, 4W, 2.1Al, 3.7Ti, 0.7Nb, 0.03C, 0.015B (wt%) [START_REF] Krueger | Development and introduction of a damage tolerant high temperature nickel-base disk alloy[END_REF]. The microstructure of the alloy consists of a γ matrix and two populations of γ precipitates: larger secondary and nm-scale tertiary γ within the γ grains [START_REF] Krueger | Development and introduction of a damage tolerant high temperature nickel-base disk alloy[END_REF]. The size of the secondary γ phase is about 100-200 nm, while tertiary γ precipitates are several nanometers in diameter. Crystallographic features have been previously studied using EBSD measurements [START_REF] Miao | Fatigue crack initiation in nickel-based superalloy René 88 dt at 593 c[END_REF] showing that the material possesses very weak crystallographic texture, a large population of 3 boundaries (58% by 2D measurements and 70% by 3D measurements of the total boundary fraction [START_REF] Lenthe | Statistical assessment of fatigue-initiating microstructural features in a polycrystalline disk alloy[END_REF]), an average grain size of 26 μm, and a low fraction of large grains on the order of two to five times of the average grain size.

The direct aged Inconel 718 (IN718DA) material used in this study was extracted from a forged bar. The nominal composition of this alloy is 0.14Co, 17.97Cr, 0.023C, 0.0062N, 17.3Fe 0.56Al, 1Ti, 5.4Nb, 0.03C (wt%) [START_REF] Texier | Microstructural features controlling the variability in low-cycle fatigue properties of alloy inconel 718da at intermediate temperature[END_REF]. A hardened primary (γ ) and secondary (γ ) direct-aged microstructure results from the aging heat treatment step applied directly after the forging operations with a grain size of 25 μm. The size of the primary γ phase is about 60 nm, while secondary γ precipitates display a disk-like shape with several nanometers in diameter.

The IN100 material was also powder metallurgy processed, having a composition of 12.4Cr, 18.5Co, 4.7Ti, 5.5Al, 3.2Mo, 0.8V and 0.07C (wt%). The average grain size of the IN100 material is 49 μm. The material contains primary, secondary, and tertiary γ precipitates that form during cooling and aging steps, as previously observed [START_REF] Milligan | Effects of microstructure on the high temperature constitutive behavior of in 100[END_REF][START_REF] Li | Crystallographic initiation of nickel-base superalloy in100 at rt and 538 c under low cycle fatigue conditions[END_REF]. Grain boundaries are decorated with primary μmscaled irregular shaped γ . Cooling induced γ particles with the form of ogdoadically-diced cubes are also visible in each γ grain.

Mechanical Testing and Sample Preparation

Monotonic testing was performed on the René 88DT material in air at 650 • C on a electromechanical machine in stress control mode at various maximum tensile stresses ranging from 800 MPa to 1025 MPa. Cyclic testing was performed in air at 400 • C and 650 • C in the low cycle fatigue (LCF) and high cycle fatigue (HCF) regimes. Fatigue tests were performed in a symmetric, uniaxial, push-pull mode on an electromechanical machine at various maximum stresses raging from 758 MPa to 1000 MPa, with a R-ratio of -1 or -0.5 and a frequency of 1 Hz. Cylindrical dogbone-shaped specimens with a gauge diameter of 5 mm and gauge length of 16 mm were used in this study. The samples were heated using an induction coil and the testing temperature was controlled within ±10 • C along the gauge section of the fatigue specimens using a calibrated infrared pyrometer.

Sub-grain scale DIC measurements were made at different percentages of the fatigue lifetime following the methodology in Fig. 2. Sub-grain scale DIC refers to the strain measurements at the scale that is approximately 1/10 the grain size or lower. The grain orientations from the DIC measurement areas were collected using EBSD. Thermal treatments of the samples, at temperatures of 400 • C or 650 • C, were performed over a 12 hour period prior to cyclic deformation with heating and cooling rates of 10 • C min -1 . The thermal treatments result in a fully developed oxide layer at the sample surfaces in all of the polycrystalline nickel base superalloys investigated [START_REF] Pineau | High temperature fatigue of nickel-base superalloys -a review with special emphasis on deformation modes and oxidation[END_REF][START_REF] Mahesh | Oxidation behaviour of selected ni-and fe-based superalloys in air at 900 • C under cyclic conditions[END_REF][START_REF] Brumm | The oxidation behaviour of nial-i. phase transformations in the alumina scale during oxidation of nial and nial-cr alloys[END_REF][START_REF] Cruchley | Chromia layer growth on a ni-based superalloy: subparabolic kinetics and the role of titanium[END_REF][START_REF] Chen | Oxidation behavior of several chromia-forming commercial nickel-base superalloys[END_REF][START_REF] Greene | Oxidation of inconel 718 in air at high temperatures[END_REF][START_REF] Wallwork | Some limiting factors in the use of alloys at high temperatures[END_REF][START_REF] Munro | Evaluated material properties for a sintered alpha-alumina[END_REF]. SEM images were acquired prior to mechanical deformation, establishing the unstrained DIC base measurement. Thereafter, samples were heated to temperatures of 400 • C or 650 • C for 2 hours to form a stable oxide on the sample surfaces, as described in more detail in Section "Development and Validation of a DIC Technique for use at 650 • C", after which cyclic deformation was performed. These fatigue experiments were interrupted after 1-10 cycles and then at 20% and 95% fatigue life. The interrupted experiment samples were cooled to room temperature and SEM images were collected from the same location as those of the unstrained samples.

DIC analyses were then performed on the sets of SEM images captured at different numbers of fatigue cycles in order to determine the in-plane residual plastic strain field at the sample surface using the methodologies developed and described in more detail elsewhere [START_REF] Stinville | Sub-grain scale digital image correlation by electron microscopy for polycrystalline materials during elastic and plastic deformation[END_REF]. The stable oxide layer that forms during the initial, deformation-free, thermal treatment provides secondary electron SEM contrast that is used by the DIC algorithms to track displacements and ultimately measure strain fields at the sample surface. The crack densities and fatigue lifetimes for samples tested with or without interruptions were indistinguishable for the specimens tested.

EBSD and sub-grain DIC measurements require flat specimens, therefore two flat areas 2.5 mm in width and 8 mm in length were machined into the opposite sides of the gauge section of selected fatigue specimens, shown Fig. 2 The flow chart in (a) shows the methodology for sample preparation, EBSD data collection, and SEM DIC collection before and after thermomechanical cycling. Initially the samples were exposed to thermal cycles without mechanical deformation to form a stable oxide and baseline SEM DIC image set. Subsequently, a sample is fatigue cycled with periodic interruptions to measure the residual strain field with SEM DIC. The thermomechanical fatigue setup including the induction coil heater and laser extensometer is shown in (b) and (c) in Fig. 3. The geometry of the flat areas was designed to limit stress concentrations due to machining. The flat areas were also mechanically polished to further reduce any local deformation and damage. The specimens were ground with SiC abrasives and chemical-mechanically polished with 0.05 μm colloidal silica for 12 hours to remove any residual surface deformation. The polishing procedure consisted of polishing the gauge section of the sample with a cylindrical SiC abrasive tube, while the sample was rotated, using an in-house polishing system. The head of the fatigue specimen was clamped into the polishing system whereby a fast linear motion of the SiC abrasive was applied during slow rotational motion of the sample. The specimens with and without the machined flats exhibited crack densities and fatigue lifetimes that were indistinguishable from each other [START_REF] Stinville | A combined grain scale elastic-plastic criterion for identification of fatigue crack initiation sites in a twin containing polycrystalline nickel-base superalloy[END_REF].

SEM and EBSD Measurements

EBSD maps were acquired prior to deformation with an EDAX Hikari XP detector with a step size of 0.5 μm. SEM imaging for sub-grain DIC measurements was performed at room temperature in-situ in a FEI Helios FEG focused ion beam (FIB-SEM) system on the flats of the fatigue specimens after unloading. In order to minimize distortion errors inherent to SEM imaging [START_REF] Kammers | Digital image correlation under scanning electron microscopy: Methodology and validation[END_REF][START_REF] Kammers | Self-assembled nanoparticle surface patterning for improved digital image correlation in a scanning electron microscope[END_REF], SEM parameters were chosen following the guidelines of Kammers and Daly [START_REF] Kammers | Digital image correlation under scanning electron microscopy: Methodology and validation[END_REF][START_REF] Kammers | Self-assembled nanoparticle surface patterning for improved digital image correlation in a scanning electron microscope[END_REF] and Stinville et al. [START_REF] Stinville | Sub-grain scale digital image correlation by electron microscopy for polycrystalline materials during elastic and plastic deformation[END_REF]. SEM images were collected at horizontal field widths (HFWs) of 85 μm, with 0.34 nA electron beam current, and a 20 μs dwell time (6 minutes per image). These parameters were selected to reduce both drift and spatial distortions [START_REF] Kammers | Digital image correlation under scanning electron microscopy: Methodology and validation[END_REF][START_REF] Kammers | Self-assembled nanoparticle surface patterning for improved digital image correlation in a scanning electron microscope[END_REF]. An electron beam acceleration voltage of 5 kV was used to minimize charging effects and reduce beam drift. A short working distance of 5 mm was used to obtain higher spatial imaging resolution and electron beam stability. These parameters are outlined in Fig. 3 The mechanical drawing of the fatigue sample type used for testing is shown. SEM DIC and EBSD images were collected from the machined and polished flat region in the center of the schematic more detail elsewhere [START_REF] Stinville | Sub-grain scale digital image correlation by electron microscopy for polycrystalline materials during elastic and plastic deformation[END_REF] and yield strain errors due to drift distortion, beam defects and secondary electron detector noise that are below 0.15%. At horizontal field widths (HFWs) of 85 μm, spatial distortion induced strain errors are less than 0.05% [START_REF] Stinville | Sub-grain scale digital image correlation by electron microscopy for polycrystalline materials during elastic and plastic deformation[END_REF].

Digital Image Correlation

The in-plane displacement fields at the microscopic scale were obtained using the commercial software VIC 2D 2009 [START_REF]Correlated Solutions Inc[END_REF]. The software parameters used include a zeronormalized squared-difference correlation criterion for correlation and a 5 × 5 subset decay kernel matrix (minimum decay filter available) for deriving strain values [44]. The SEM images (4096 × 3775 pixels) were divided into custom-sized subsets ranging from 9 × 9 to 101 × 101 pixels regularly spaced by a step size in both the horizontal and vertical directions. A subset size of 21 × 21 pixels (0.4 × 0.4 μm) was used for all the strain maps shown in the this article. All DIC calculations were made using a step size of 5 pixels (104 nm). DIC measurements were constructed by comparing secondary electron images from each deformation step to images of the undeformed specimen.

Development and Validation of a DIC Technique for use at 650 • C Oxide Layer Speckle Pattern

The passive oxide layer that grows on the surface of nickel base superalloys provides a stable DIC speckle pattern for the measurement of the strain field at the sample surface during fatigue deformation at temperatures up to 650 • C. Variability in the thickness and chemistry of the oxide generated above γ and γ phases at the sub-micrometer scale provides a mechanism for the secondary electron imaging contrast [START_REF] Stinville | Sub-grain scale digital image correlation by electron microscopy for polycrystalline materials during elastic and plastic deformation[END_REF]. In order to perform SEM DIC measurements using the oxide speckle pattern, the evolution, stability, and adhesion of the oxide formed at elevated temperature on nickel base superalloys during thermalmechanical exposure and fatigue deformation were also investigated.

Oxide Layer DIC Correlation

The speckle pattern used for DIC was formed by oxidation in air of each of the three alloys at 400 • C or 650 • C for 12 hours. SEM images and EBSD maps of the oxidized sample surface for René 88DT are shown in Fig. 4 for DIC measurements made from samples cycled in fatigue at 400 • C and 650 • C. The speckle pattern contrast results from the oxide structure and is directly related to the circular A FIB-SEM microscope was used to make cross sections from the oxide layer resulting from 12 hours thermal exposure at 400 • C and 650 • C. A 5kV accelerating voltage was used to perform the final gallium ion beam cleaning cuts at 0.1 nA current. The micrographs in Figs. 4(d) and5 show the platinum cap, the oxide layer, and the nickel base superalloy substrate for the three alloys. As reported in the literature for these temperatures [START_REF] Mahesh | Oxidation behaviour of selected ni-and fe-based superalloys in air at 900 • C under cyclic conditions[END_REF][START_REF] Cruchley | Chromia layer growth on a ni-based superalloy: subparabolic kinetics and the role of titanium[END_REF][START_REF] Chen | Oxidation behavior of several chromia-forming commercial nickel-base superalloys[END_REF], the oxide layers are very thin ranging from 30-100 nm. The oxide formed at 400 • C in René 88DT has a high contrast speckle pattern that consists of dark circles (precipitates) of contrast surrounded by gray values, as shown in the inset in Fig. 4(c) and the histogram Fig. 4(b). The light areas are Cr-rich oxide regions that form due to Cr enrichment in the γ matrix compared to the γ precipitates [START_REF] Mahesh | Oxidation behaviour of selected ni-and fe-based superalloys in air at 900 • C under cyclic conditions[END_REF][START_REF] Cruchley | Chromia layer growth on a ni-based superalloy: subparabolic kinetics and the role of titanium[END_REF][START_REF] Chen | Oxidation behavior of several chromia-forming commercial nickel-base superalloys[END_REF]. At 650 • C the contrast of the speckle at the surface of the sample is attenuated, forming a more diffuse gray distribution due to a more mixed oxide composition.

The use of SEM imaging for DIC comes at the cost of complex image distortions, which affect the strain measurement resolution. Previous research on samples strained at room temperature [START_REF] Stinville | Sub-grain scale digital image correlation by electron microscopy for polycrystalline materials during elastic and plastic deformation[END_REF] has shown that the strain measurement resolution depends on the horizontal field width (HFW) of the acquired images, the correlation parameters for DIC (subset size, step size and strain windows size) and the speckle pattern. A optimal HFW of 85 μm was used to minimize the spatial and drift distortion [START_REF] Stinville | Sub-grain scale digital image correlation by electron microscopy for polycrystalline materials during elastic and plastic deformation[END_REF]. Optimization of the DIC parameters has been performed for the speckle patterns at 400 • C and 650 • C in nickel based superalloys by collecting unstrained image pairs from oxidized sample surfaces as a function of exposure at elevated temperature. The standard deviation in strain as a function of the subset size in nanometers is shown in Fig. 6 for room temperature [START_REF] Stinville | Sub-grain scale digital image correlation by electron microscopy for polycrystalline materials during elastic and plastic deformation[END_REF], 400 • C and 650 • C. The strain measurement resolution is best for the 650 • C experiments, compared to 400 • C or room temperature, due to imaging contrast mechanisms in the speckle patterns. 

Temperature Dependent Oxide Evolution

Nickel base superalloys maintain a protective surface oxide scale during high temperature exposure [START_REF] Pineau | High temperature fatigue of nickel-base superalloys -a review with special emphasis on deformation modes and oxidation[END_REF][START_REF] Mahesh | Oxidation behaviour of selected ni-and fe-based superalloys in air at 900 • C under cyclic conditions[END_REF][START_REF] Brumm | The oxidation behaviour of nial-i. phase transformations in the alumina scale during oxidation of nial and nial-cr alloys[END_REF][START_REF] Cruchley | Chromia layer growth on a ni-based superalloy: subparabolic kinetics and the role of titanium[END_REF][START_REF] Chen | Oxidation behavior of several chromia-forming commercial nickel-base superalloys[END_REF][START_REF] Greene | Oxidation of inconel 718 in air at high temperatures[END_REF][START_REF] Wallwork | Some limiting factors in the use of alloys at high temperatures[END_REF][START_REF] Munro | Evaluated material properties for a sintered alpha-alumina[END_REF]. This protective scale is composed of chromia and alumina oxides that grow slowly, are stable, are adherent to the substrate, and are free of cracks and pores. A temperature-dependent minimum level of aluminum and chromium alloying content is necessary for the formation of a continuous protective surface scale.

Chromium oxide is the predominant phase that evolves in commercial turbine disk superalloys, such as IN100, Fig. 6 The variability in xx measured in René 88DT decreases with larger subset size, resulting in coarser spatial strain field resolution (a). At 650 • C, the variability in xx with subset size follows a similar trend for all three superalloys, with slightly higher variability in IN718DA Inconel 718DA and René 88DT, at temperatures up to 800 • C. However nickel, aluminum, and iron oxides can be present in small amounts [START_REF] Pineau | High temperature fatigue of nickel-base superalloys -a review with special emphasis on deformation modes and oxidation[END_REF][START_REF] Mahesh | Oxidation behaviour of selected ni-and fe-based superalloys in air at 900 • C under cyclic conditions[END_REF][START_REF] Brumm | The oxidation behaviour of nial-i. phase transformations in the alumina scale during oxidation of nial and nial-cr alloys[END_REF][START_REF] Cruchley | Chromia layer growth on a ni-based superalloy: subparabolic kinetics and the role of titanium[END_REF][START_REF] Chen | Oxidation behavior of several chromia-forming commercial nickel-base superalloys[END_REF][START_REF] Greene | Oxidation of inconel 718 in air at high temperatures[END_REF][START_REF] Wallwork | Some limiting factors in the use of alloys at high temperatures[END_REF][START_REF] Munro | Evaluated material properties for a sintered alpha-alumina[END_REF]. At temperatures below 650 • C, the oxide layer is very thin, as shown in Figs. 4 and5, and suitable for sub-grain SEM DIC. However, there are limitations to the use of the oxide layer as a speckle pattern with increasing temperature. SEM images of the surface and FIB-SEM cross-sections into the depth of the oxide scale, are shown in Fig. 7, for oxidation at temperatures of 750, 850, 950, and 1050 • C in René 88DT for 12 hour exposures. Energy dispersive x-ray spectroscopy (EDS) was used to characterize these scales and at 750 • C the oxide layer consists of chromia as observed at 650 • C, however internal oxidation has begun to occur, especially at grain boundaries, Fig. 7. At 850 • C and 950 • C, the external scale consists mainly of chromia and titanium dioxide with some minor transition oxides. Additionally, granular rutile titania was observed to form at the surface. A layer of titanium dioxide was also observed to form below the chromium oxide layer. The total thickness of the external oxide scale was found to be several hundreds of nanometers. At 1050 • C, the chromia evaporates and granular rutile crystals fully cover the surface. At a temperature of 850 • C and above, the amount of internal oxidation becomes significant. This internal oxide layer is composed of titanium dioxide and alumina, which develops below the external oxide scale with alumina forming deeper into the substrate. At temperatures above 850 • C, the extent of internal oxidation and the external scale precludes the SEM DIC strain measurements from being representative of the deformation occurring in the substrate. Several other limitations exist at temperatures above 750 • C, such as oxide delamination or spallation, which is likely to occur during thermal cycling, as shown in Fig. 8(a). Oxidation can also occur preferentially at the grain boundaries, Fig. 8(b), producing roughness at the sample surface that is not favorable for SEM DIC. Moreover, internal oxidation occurs preferentially at grain boundaries in Fig. 8(c), thereby decoupling the mechanical response of the oxide from that of the substrate. Fast growth of the chromia scale at temperatures above 750 • C produces pores and cracks and which also results in the decohesion of the external oxide scale.

Oxide Evolution with Thermal Cycling

Interrupted cyclic fatigue experiments require cooling of the sample to room temperature before SEM DIC images can be collected and thermal cycling resumed. During the thermal cycle, shown in Fig. 2, the oxide speckle may evolve and the digital image correlation may be lost if the oxide is sufficiently thick to have enough stored energy to drive spallation [START_REF] Hutchinson | Mixed mode cracking in layered materials[END_REF]. This typically occurs when the oxide approaches several microns in thickness [START_REF] Jackson | Thermal barrier coating adherence to hf-modified {B2} nial bond coatings[END_REF][START_REF] Jorgensen | Sulfur and minor element effects on the oxidation of bilayer γ + ß bond coats for thermal barrier coatings on rené n5[END_REF]. Images were collected from the same location on the surface of the unstrained samples after 12 hours oxidation at 400 • C and 650 • C, and after 1, 2, 3, 5 and 7 thermal cycles. A thermal cycle consisted of sample heating to 400 • C or 650 • C at a rate of 10 • C min -1 , followed by a 12 hour hold at temperature, and then cooling to room temperature at a rate of -10 • C min -1 . Residual plastic strain measurements were made after the first and seventh temperature cycles, as shown in the maps in Fig. 9(a andb). Image correlation was obtained for all the samples investigated, indicating that the oxide layer did not evolve during the thermal cycles. The total map average ε xx strain shown in Fig. 10(a,c) for all three materials remains between ±0.08%, which is the resolution of the SEM DIC technique used in this investigation for the given parameters, and does not evolve noticeably after the initial 2 or 3 thermal cycles. Furthermore, the strain measurements made at each interrupted thermal cycle show a variability that is commensurate with that of the SEM DIC technique alone, in Fig. 10(b), indicating that the thermal cycles alone do not result in residual strain localization at the sample surface.

The oxide evolution was characterized using thermogravimetric analysis (TGA) to determine the change in mass of samples during thermal cycles for the René 88DT, IN100 and Inconel 718DA. Multiple flat specimens with thicknesses of 800 μm and 13 mm width were analyzed by TGA in order to increase the ratio of oxidized surface to total mass. A total surface area of 2122.56 mm 2 was tested for each TGA measurement in high-purity alumina crucibles. The specimens were heated in air at 650 • C and were allowed to stabilize at this temperature for 45 minutes, before a 10 hours dwell. The measured TGA data was normalized by a subtracted baseline TGA experiment performed without samples present. The TGA data shows the oxidation behavior versus time during isothermal holds at 650 • C for the three alloys. The mass change is shown in Fig. 11 once the temperature stabilized at 650 • C. The TGA data recorded shows significant mass increase during the initial 2 hour period, followed by slow constant growth of the oxide. The parabolic rate in the constant growth regime c,d). The total map average e xx strain shown in Fig. 10(a,c) for all three materials remains between ±0.08% and does not evolve significantly after 2 or 3 thermal cycles was low, indicating a small change in mass per time, and no significant evolution after the initial 2 hour transient. The predicted oxide layer thickness, based on the mass gain for René 88DT (0.3 mg mass gain), IN100 (0.4 mg mass gain) and Inconel 718DA (0.38 mg mass gain), was calculated using the average density of chromium oxide (5.22 g/cm 3 ), as 27 nm, 36nm and 32nm, respectively. The calculated oxide layer thicknesses is the same order of magnitude as the observed oxide thicknesses measured by SEM imaging of cross-sectioned oxidized specimens, as shown in Fig. 4(d). The oxide thicknesses observed by FIB cross sectioning were roughly 100 nm. The discrepancy in thickness between these two measurements may arise from the limited accuracy on the TGA measurements and the uncertainty of the value of the chromium oxide density.

Oxide Evolution with Deformation at Temperature

Sub-grain SEM DIC is a surface sensitive technique. The use of the native oxide as a speckle pattern allows for the measurements of displacements in the oxide layer. The oxide was shown to be very thin in Section "Oxide Evolution with Thermal Cycling" and strongly adherent [START_REF] Pineau | High temperature fatigue of nickel-base superalloys -a review with special emphasis on deformation modes and oxidation[END_REF][START_REF] Mahesh | Oxidation behaviour of selected ni-and fe-based superalloys in air at 900 • C under cyclic conditions[END_REF][START_REF] Brumm | The oxidation behaviour of nial-i. phase transformations in the alumina scale during oxidation of nial and nial-cr alloys[END_REF][START_REF] Chen | Oxidation behavior of several chromia-forming commercial nickel-base superalloys[END_REF][START_REF] Greene | Oxidation of inconel 718 in air at high temperatures[END_REF][START_REF] Wallwork | Some limiting factors in the use of alloys at high temperatures[END_REF], therefore deforming uniformly with the superalloy substrate. In order to validate this, DIC measurements were performed on samples subjected to a single deformation cycle to 1% macroscopic deformation at 400 • C and 650 • C. SEM images were collected from the same sample location after oxidization at 400 • C and again after the deformation cycle at 400 • C with 1% applied macroscopic strains and are shown in Fig. 12(a andb). An associated Fig. 11 TGA experiments show the mass change as a function of time at 650 • C, resulting from oxide formation and evolution for the three polycrystalline superalloys. Mass gain occurs at a faster rate over the initial two hour period, while the passivating oxide is formed. The oxidation rate then slows significantly for all three materials movie in the Supplemental Material Section shows these SEM images, superimposed, before and after deformation. The SEM DIC-measured strain field in Fig. 12(c) shows slip band formation at the surface of the sample after deformation. Discontinuities in the displacement field at the oxide layer surface are observed in Fig. 12(d) and result in the residual strain localization in Fig. 12(c). Therefore, in the plastic regime, shearing by slip band formation at the grain scale occurs during deformation at temperatures up to 650 • C, in a manner similar to that observed at room temperature [START_REF] Stinville | High resolution mapping of strain localization near twin boundaries in a nickel-based superalloy[END_REF]. Shear is also transmitted into the thin oxide layer making it possible to measure the strain localization along slip bands at a temperature of 650 • C due to the very low toughness of the oxide [START_REF] Pang | Microstructure and mechanical properties of chromium oxide coatings[END_REF][START_REF] Pang | Investigation of microstructure and mechanical properties of multi-layer cr/cr2o3 coatings[END_REF]. FIB-SEM cross sections were made at the exact location of slip bands, Fig. 12(d), showing that the oxide layer is fully adherent to the substrate at the extrusion location.

Oxide Evolution with Cyclic Deformation

Fatigue tests have been performed in the HCF and LCF regime using the oxide as the speckle pattern for SEM DIC measurements. No loss of correlation during LCF cycling was observed before the appearance of damage in the superalloy, observed by SEM. During low cycle fatigue at high temperatures in superalloys, deformation generally occurs by slip with planar precipitate shearing [START_REF] Pineau | High temperature fatigue of nickel-base superalloys -a review with special emphasis on deformation modes and oxidation[END_REF] at relatively low numbers of cycles. However during HCF, loss of correlation may occur before the appearance of damage in the superalloy. The loss of correlation is due to a modification of the morphology of the oxide layer in local regions at the sample surface, as shown in Fig. 13(a), where a sample at 79% of the fatigue lifetime was tested in the HCF regime at 650 • C. TEM lamellae were extracted from a region where oxide uplift from the surface was observed, shown in Fig. 13(b andc), which formed where high levels of plasticity occurred, Fig. 13(d ande). Microcracks were also observed in the oxide layer in the locally plastic strained regions, Fig. 14, further degrading the image correlation. Environmental effects manifest at long thermomechanical exposures leading to oxide layer evolution in the HCF regime, including oxide spike formation and microcracking of the oxide [START_REF] Pineau | High temperature fatigue of nickel-base superalloys -a review with special emphasis on deformation modes and oxidation[END_REF], limiting the measurement of the strain field by SEM DIC. Strain measurements were made in the LCF regime where no loss of correlation occurred before the appearance of damage in the superalloy.

Application to Strain Localization during Monotonic Loading

The SEM DIC technique has enabled the measurement of strain heterogeneities introduced by plastic deformation at the μm-scale in René 88DT. Sub-grain DIC measurements have been performed at 20 adjacent regions of interest after tensile loading at 800 MPa, 950 MPa ( 1% macroscopic strain) and 1025 MPa ( 1.5% macroscopic strain) at 650 • C. DIC strain measurements were related to the grain and twin microstructure as determined by EBSD mapping. The strain field xx is shown with respect to the microstructure for the 20 regions of interest that were stitched together in Fig. 15(b,c andd). Bands of concentrated strain directly correlate with the grain structure. The bands of concentrated strain that occur at early stages of deformation are localized near twin boundaries as indicated with black arrows in Fig. 15(b andc). Moreover, the highest localization at each monotonic loading condition at 650 • C is systematically observed near twin boundaries. For the same macroscopic loading conditions, the amplitude of the strain Fig. 14 A René 88DT sample after 82% fatigue lifetime tested in the HCF regime at 650 • C shows oxide spikes at the surface with microcracks forming nearby (at arrow) along a band of concentrated strain observed at 650 • C is lower in comparison to that observed at room temperature [START_REF] Stinville | High resolution mapping of strain localization near twin boundaries in a nickel-based superalloy[END_REF]. Since strain values measured using SEM DIC depend on the imaging and DIC parameters used when investigating discontinuities such as slip bands [START_REF] Stinville | High resolution mapping of strain localization near twin boundaries in a nickel-based superalloy[END_REF], all strain maps were obtained with the same imaging and DIC parameters for both room temperature and 650 • C measurements. Interestingly, the number of concentrated strain bands per grain is significantly higher and the band spacing is a smaller at 650 • C, compared to the room temperature DIC measurements.

Application to Strain Localization during Fatigue Strain Localization during LCF at 650 • C

The SEM DIC technique has enabled the measurement of strain heterogeneities at the μm scale in René 88DT induced by cyclic loading. Sub-grain DIC measurements have been performed at 10 regions of interest after fatigue cycling (R= -1) at 750 MPa, 1000 MPa and after 1% monotonic straining at 650 • C. Local and average DIC strain measurements were related to the grain and twin microstructure as determined by EBSD mapping. The average residual strain measurements by SEM DIC at 10 regions of interest (≈250 grains) are compared to macroscopic strains obtained from a high temperature ceramic extensometer in Table 1. The average SEM DIC strain measurements at 650 • C are within 3% of the macroscopic extensometer strain measurements.

The xx strain field is shown with respect to the microstructure in Fig. 16(c) after an initial deformation cycle at 750 MPa at 650 • C. The Schmid factor maps for the two potential high temperature slip systems, {111} 110 and {111} 112 , are given in Fig. 16(a andb). Small amounts of compressive residual strain localization were observed in the first cycle along the {111} planes nearby and parallel to the twin boundaries in the grain A1-B1 before yielding, which has a high Schmid factor for the {111} 112 slip system. For this same sample a second loading cycle was performed at 1000 MPa, where yielding occurs, and the xx strain field was measured, Fig. 16(d). Highly localized bands of concentrated strain occur along twin boundaries or intragranular regions. The highest strain localization is observed along twin boundaries when the bands of concentrated strain are parallel to the twin boundaries. Strain localization occurred either in grains with a high Schmid factor for the {111} 110 slip system such as grain A2-B2 or for a {111} 112 slip system such as grain A1-B1, indicating Residual strain refers to remaining strain after unloading that at 650 • C, both slip systems are active and contribute to plastic deformation. Interrupted fatigue tests (R= -1) were also conducted at 1000 MPa and 650 • C with sub-grain DIC measurements at 10 regions of interest. Figure 17(a) shows the xx strain field after 20% of the fatigue lifetime for two regions of interest. The associated Schmid factor maps for both of the potential activated slip systems at 650 • C are given in Fig. 17(b andc). The red boxes inset in the xx strain maps in Fig. 17(a) show SEM images of the regions from Fig. 17(d ande) after 20% of the fatigue lifetime and near rupture. Significant strain localization occurs along bands nearby and parallel to twin boundaries in large grains with either a high Schmid factor on a {111} 110 (grain A4-B4) or a {111} 112 (grain A3-B3) slip system. Importantly, strain localization at 20% fatigue life is observed prior to the development of any significant surface offsets (intrusions or extrusions). At 95% of fatigue life, damage of the surface oxide is observed near a twin boundary in Fig. 17(e). Correlation was lost between 20% and 95% life for the high-resolution SEM DIC parameters applied in this investigation, however strain b,c). When comparing the 20% to 95% lifetime SEM images in (d) to (e), damage is observed in bands parallel and nearby twin boundaries in large grains with high Schmid factor in either the {111} 110 (example grain A4-B4) or a {111} 112 (example grain A3-B3) slip system measurements with a coarser speckle or relaxed correlation parameters may be possible, resulting in a limited strain measurement resolution. A detailed study of plastic deformation in René 88DT at high temperature using sub-grain DIC measurements will be discussed in a future article.

The local microstructural configurations were investigated for the regions that had the highest xx strain localization from 10 investigated regions of interest (≈250 grains). The highest strain localization systematically occurs nearby twin boundaries with a parallel slip configuration [START_REF] Stinville | High resolution mapping of strain localization near twin boundaries in a nickel-based superalloy[END_REF], which exists when the {111} slip planes of the activated slip systems on one or both sides of the twin boundary are parallel to the twin boundary plane, as reported previously at room temperature [START_REF] Stinville | High resolution mapping of strain localization near twin boundaries in a nickel-based superalloy[END_REF]. In the case of a fcc material containing coherent twins, the twin boundary is parallel to a {111} slip plane. Therefore, a parallel slip configuration [START_REF] Stinville | High resolution mapping of strain localization near twin boundaries in a nickel-based superalloy[END_REF] where an activated slip plane is parallel to the twin plane may be present. Without transmission across twin boundaries, dislocations will glide on a highly stressed, twinparallel slip system, remaining in the original grain near the twin boundary. Heinz and Neumann [START_REF] Heinz | Crack initiation during high cycle fatigue of an austenitic steel[END_REF] observed crack initiation in stainless steel at twin boundaries and suggested that elastic anisotropy causes local stress concentrations, strongly supporting glide adjacent to twin boundaries, and leading to enhanced strain localization compared to a grain boundary with oblique slip planes [START_REF] Heinz | Crack initiation during high cycle fatigue of an austenitic steel[END_REF]. An activated slip system parallel to a twin boundary (possible with a coherent twin boundary and parallel slip configuration) allows for dislocations to travel relatively long distances unhindered. In addition, if a local elastic modulus mismatch is present near the twin boundary, high local strains and correspondingly high incompatibility stresses at the boundary are created [START_REF] Heinz | Crack initiation during high cycle fatigue of an austenitic steel[END_REF]. Crystal plasticity models show that very high stresses occur near twin boundaries in Ni-base alloys in the parallel slip configuration [START_REF] Cerrone | Modeling crack nucleation at coherent twin boundaries in nickel-based superalloys[END_REF][START_REF] Stein | Fatigue crack initiation, slip localization and twin boundaries in a nickel-based superalloy[END_REF]. At room temperature, strain localization has additionally been shown to occur in large grains with relatively high Schmid factor [START_REF] Miao | Crystallographic fatigue crack initiation in nickel-based superalloy rené 88dt at elevated temperature[END_REF][START_REF] Miao | Microstructural extremes and the transition from fatigue crack initiation to small crack growth in a polycrystalline nickel-base superalloy[END_REF][START_REF] Cerrone | Modeling crack nucleation at coherent twin boundaries in nickel-based superalloys[END_REF][START_REF] Stinville | High resolution mapping of strain localization near twin boundaries in a nickel-based superalloy[END_REF][START_REF] Stinville | A combined grain scale elastic-plastic criterion for identification of fatigue crack initiation sites in a twin containing polycrystalline nickel-base superalloy[END_REF][START_REF] Villechaise | Mechanical behaviour and damage processes of udimet 720li: influence of localized plasticity at grain boundaries[END_REF][START_REF] Abuzaid | Slip transfer and plastic strain accumulation across grain boundaries in hastelloy x[END_REF].

The twin and parent grain orientations that exhibit the highest shear strain along the activated slip band after 20% of the fatigue lifetime, at room temperature and 650 • C, are shown on a stereographic triangle with respect to the loading direction in Fig. 18(a andb). Blue and red lines connect the twin and parent grains, at room temperature and 650 • C. Iso-curves of the maximum Schmid factors of the {111} 110 and {111} 112 slip systems are indicated with black dashed curves in Fig. 18(a andb). At room temperature, enhanced strain localization occurs within large grains with high Schmid factors for the {111} 110 slip systems. Note that the highest strain localization occurs slightly offset from the maximum Schmid factor location. Previously, we reported that strain localizes at twin and parent grain combinations with relatively high {111} 110 Schmid factor and high elastic mismatch [START_REF] Stinville | Sub-grain scale digital image correlation by electron microscopy for polycrystalline materials during elastic and plastic deformation[END_REF][START_REF] Stinville | High resolution mapping of strain localization near twin boundaries in a nickel-based superalloy[END_REF]. It should be noted that twin and parent grain combinations with the highest Schmid factors systematically have a low elastic modulus mismatch. At 650 • C the highest strain also occurs near twin boundaries with parallel slip configuration between the twin and parent grain pair and at orientations such that the {111} 110 Schmid factor is offset from the maximum value. Furthermore, twin and parent grain pairs with orientations that have high {111} 112 Schmid factors are also observed to have the highest strain localization. These twin and parent grain pairs have high elastic mismatch, as displayed in Fig. 18(c).

Fracture surfaces of failed fatigue samples at 650 • C were examined by SEM. A detailed study of fatigue initiation in René 88DT at high temperature will be discussed in a future article. For a large number of samples, fatigue cracks leading to failure consisted of large crystallographic facets as displayed in Fig. 19(a,b,c). In low cycle fatigue at R-ratio of -0.5 and at macroscopic stresses of 958 MPa, cracks initiate internally. Lamellae were extracted by FIB-SEM from the faceted surface at the crack initiation sites. The cracks leading to failure were parallel to a twin boundary in all initiation sites investigated. Crystallographic orientation information referenced to the loading direction of the 

Oxidation Assisted Processes in the HCF Regime Precluding Strain Localization Measurements

In the HCF regime, the combination of environmental effects and the development of plasticity impact the behavior of the oxide layer. Processes that disrupt the protective oxide scale that lead to the formation of oxide spikes followed by nearby microcracking preclude the measurement of the strain field in these regions. The oxide scale evolves during cycling due to enhanced interaction of oxygen with the slip bands. The oxide uplift that forms during HCF at high stress levels are systematically observed to form near twin boundaries in the René 88DT superalloy, at the same microstructural configurations that lead to extensive strain localization and crack initiation in the LCF regime. This indicates that high levels of plasticity are a primary factor in the development of the disruption of the protective scale followed by oxide spikes formation. In addition oxide porous nickel and cobalt oxide. After sufficient growth of the oxide spike, local stresses induce fracture of the oxide spike in Fig. 23. Oxygen also diffuses to the metallic substrate at the crack tip, promoting crack growth. The oxygen partial pressure is low at the crack tip, stabilizing the formation of chromia. A schematic showing the mechanisms that operate to form oxide spikes and subsequently crack formation in René 88DT at 650 • C in the HCF regime at high stresses is shown in Fig. 24. The mechanism of the transport of nickel and cobalt to the surface across the protective layer remains to be examined in more detail. Diffusion may occur across the protective layer, or more likely the protective layer is damaged by the slip bands formation which produces channels for transportation of nickel and cobalt through the chormia.

Discussion

The mixed oxide layer that forms with slow growth kinetics on the nickel-base superalloys evolves according to a parabolic rate constant at temperatures below 1000 • C. This results in a low rate of mass gain, after the initial oxide forms during the first few hours of thermal exposure. Khan et al. [START_REF] Khan | Oxidation and hot corrosion behavior of nickel-based superalloy for gas turbine applications[END_REF] found that the oxide layer in Inconel superalloys was compact, dense, and adherent after 100 hours at 900 • C, however at temperatures above 1300 • C oxidation becomes catastrophic and deep rivulets appear in the surface. In many Ni and Ni-Fe base superalloys, at thermal exposures below 700 • C where parabolic growth persists (with a very low parabolic rate constant) for extended amounts of time, strain localization can be measured using the high-resolution SEM DIC technique.

In the HCF regime at relatively high stress levels, both the environmental effects and the development of plasticity impact the behavior of the oxide layer. Processes such as the formation of oxide spikes followed by nearby microcracking preclude the measurement of the strain field nearby these features in the René 88DT. In the low stress high cycle fatigue (HCF) regime at intermediate temperatures in nickel base superalloy, damage at the surface is governed by environmental effects that stimulate surface initiation by the oxide assisted processes such as oxide spike formation or grain boundaries embrittlement [START_REF] Pineau | High temperature fatigue of nickel-base superalloys -a review with special emphasis on deformation modes and oxidation[END_REF][START_REF] Antolovish | Microsctrutural aspects of fatigue in ni-base superalloys[END_REF]. In the nickel base superalloy 718DA, enhanced oxidation that occurs at the grain boundary that favors the formation of porous spinels of NiO and FeO [START_REF] Molins | Oxidation effects on the fatigue crack growth behaviour of alloy 718 at high temperature[END_REF]. In René 88DT, the disruption of the uniform adherent oxide scale is followed by localized spike formation at slip bands containing high densities of dislocations nearby twin boundaries that present parallel slip configuration [START_REF] Stinville | A combined grain scale elastic-plastic criterion for identification of fatigue crack initiation sites in a twin containing polycrystalline nickel-base superalloy[END_REF].

In the LCF regime, strain localization can be observed by SEM DIC due to the extensive plastic deformation that In superalloys, at temperatures below 700 • C, the oxide is compact, dense, thin and adherent to the substrate, allowing for the measurement of strain using SEM DIC. Shear strains in the superalloy substrate produce shear discontinuities in the oxide layer because of the relatively low oxide toughness [START_REF] Pang | Microstructure and mechanical properties of chromium oxide coatings[END_REF][START_REF] Pang | Investigation of microstructure and mechanical properties of multi-layer cr/cr2o3 coatings[END_REF].

Above 750 • C internal oxidation was observed as shown in Fig. 7. Therefore, the use of the surface oxide layer as a speckle pattern to determine the deformation behavior of the bulk superalloy is not possible, however measurements of the deformation behavior of the surface oxide layer can be obtained.

Conclusions

The strain resolution enabled by the combination of SEM and DIC coupled with the mechanical experiments enables the measurement of strain heterogeneities introduced by cyclic loading at temperatures up to 650 • C at the μm scale. The use of the oxide layer as a speckle pattern permits resolution of the strain localization during monotonic loading or low cycle fatigue at temperatures up to 650 • C in air for several nickel base superalloys. At temperatures above 700 • C, oxidation effects preclude the measurement of strain by DIC. It has been demonstrated that DIC measurements are feasible in a regime where the oxide layer does not evolve during fatigue cycling and where the environmental effects can be neglected. In the René 88DT superalloy, significant strain localization is observed near twin boundaries during low cycle fatigue at 650 • C, correlating with the activation of the {111} < 110 > and the {111} < 112 > slip system. Also, a strong correlation exists between the microstructural configuration that promotes strain localization during monotonic loading and crack initiation at 650 • C in LCF.

Fig. 1

 1 Fig. 1 Electron backscatter diffraction maps show the microstructure of the (a) René 88DT, (b) IN718DA and (c) IN100 superalloys

Fig. 4

 4 Fig.4SEM images show the oxidized surfaces of René 88DT at 400 • C and 650 • C, with the DIC parameter, subset size, inset within the images. EBSD maps were collected from the SEM DIC imaging fields, in (a, e), with the fine twin structure resolved. The microstructural contrast resulting from the chemical variation between the oxides that form above the γ and γ phases is shown in (c, g), which provide a high contrast speckle pattern as shown in the histogram in (b, f). FIB-SEM cross sections of the oxide surface show the 40-70 nm oxide layer that is adhered to the superalloy substrate surface(d ,h) 

Fig. 5

 5 Fig.5SEM images from the oxidized surface of the polycrystalline superalloys IN100 and IN718DA show the microstructural contrast resulting from the chemical variation between the oxides that form above the γ and γ phases and the SEM DIC parameter, subset size. The contrast formed between the two phases is shown at higher magnification in (c) which provide a high contrast speckle pattern as shown in the histogram in (b). FIB-SEM cross sections of the oxide surface (a) show the 90-110 nm oxide layer that forms on each of these alloys at 650 • C

Fig. 7

 7 Fig.[START_REF] Cerrone | Modeling crack nucleation at coherent twin boundaries in nickel-based superalloys[END_REF] The oxides forming at the surface of René 88DT at 750, 850, 950, and 1050 • C, with higher magnification inset (a), and FIB-SEM cross sections (c) Internal oxidation is observed for materials oxidized at temperatures above 850 • C

Fig. 9

 9 Fig. 9 SEM DIC xx strain maps for René 88DT thermally cycled once (a) and seven times (b) at 650 • C with no mechanical deformation showing no residual strain evolution

Fig. 12 Fig. 13 A

 1213 Fig. 12 SEM images were collected from a sample before (a) and after (b) a single deformation cycle to 1% macroscopic deformation at 400 • C. The SEM DIC strain field xx (horizontal to page) is measured in (c) showing residual strain localization along a twin boundary that was FIB-SEM cross sectioned in (e), revealing the oxide-substrate interface fully intact along the slip band. The SEM DIC displacement field in (d) shows the sharp discontinuity resulting from the slip band

Fig. 15 A

 15 Fig. 15 A René 88DT sample was deformed in tension at 800 MPa (b), 950 MPa (c) and 1025 MPa ( 1.5% macroscopic deformation) (d) at a temperature of 650 • C and then SEM DIC measurements were made. The xx strain field for each loading condition is shown in (b, c, d). EBSD information collected from the same locations as the measurements in (b, c, d) is shown in (a)

Fig. 16 A

 16 Fig. 16 A René 88DT sample deformed in LCF at 750 MPa (c) and 1000 MPa (d) with R-ratio of -1 at a temperature of 650 • C for 1 cycle, followed by SEM DIC measurements. The xx strain field for each loading condition is shown in (c, d). EBSD information collected from the same locations as the measurements in (c, d) was used to calculate the Schmid factor (SF) maps for the {111} 110 (a) and the {111} 112 (b). Grains A1-B1 have high SF in (b) and low SF in (a), grains A2-B2 show the opposite trend, though a high degree of strain localization is shown in both grain locations in (d) indicating that both slip systems are active

  Fig. 17LCF fatigue experiments were performed to 20% life and SEM DIC xx measurements were made from different sample locations, two of which are shown in (region 1) and (region 2). The associated {111} 110 and {111} 112 Schmid factor maps for the region in (a) are shown in (b, c). When comparing the 20% to 95% lifetime SEM images in (d) to (e), damage is observed in bands parallel and nearby twin boundaries in large grains with high Schmid factor in either the {111} 110 (example grain A4-B4) or a {111} 112 (example grain A3-B3) slip system

Fig. 18 Fig. 19

 1819 Fig. 18 Twin and parent grain pairs that exhibit the highest strain localization after 20% of the fatigue lifetime, at room temperature and 650 • C, are shown on a stereographic triangle with respect to the uniaxial loading direction and connected with blue and red lines. Iso-curves of the maximum Schmid factors of the {111} 110 and {111} 112 slip systems are indicated with black dashed curves. c Elastic modulus iso-curves are obtained from the compliance matrix of a nickel superalloy at room temperature

Fig. 20 Fig. 21 AFig. 22 A

 202122 Fig.[START_REF] Gioacchino | Plastic strain mapping with sub-micron resolution using digital image correlation[END_REF] An IPF map with superimposed parent-twin grain pair orientations connected via lines. In red, the orientations of the grain pairs exhibiting the highest strain localization as measured using SEM DIC in LCF. In black, the orientations of grain pairs measured from LCF initiated cracks that led to failure when tested at 650 • C

Fig. 23 A

 23 Fig.[START_REF] Stinville | Sub-grain scale digital image correlation by electron microscopy for polycrystalline materials during elastic and plastic deformation[END_REF] A René 88DT sample after 79% of expected fatigue lifetime tested in the HCF regime at 650 • C shows a crack at the fatigue specimen surface in (a). A cross-section of the crack by FIB-SEM shows the oxide present inside the crack, the precipitate structure, and the slip bands adjacent to the crack in (b, c)

Fig. 24 A

 24 Fig. 24 A schematic showing the mechanisms that operate to form oxide spikes and subsequently crack formation in René 88DT at 650 • C in the HCF regime. A chromia scale is initially present at the sample surface. Upon cycling dislocations accumulate forming slip bands in the regions surrounding preferably orientated twin boundaries along the {111} planes. Dislocation mediated diffusion transports Ni and Co species at the surface to form non-protective porous Ni and Co oxides about the chromia layer. Oxygen diffuses inward producing chromia spike ingress and eventually crack formation

  

  

  

Table 1

 1 The macroscopic residual strain and average strain measured by SEM DIC for René 88DT

		Residual Macro.	Average DIC xx
		Strain (%)	strain (%)
	Room temperature ≈1 %	0.48	0.45
	macro. Def. [23]		
	400 • C ≈1 % macro. Def.	0.52	0.51
	650 • C ≈1 % macro. Def.	0.65	0.63
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