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The local lattice strain evolution during electrochemical hydrogen charging and mechanical loading in 25Cr-7Ni super duplex stainless steel were measured in-situ using synchrotron high-energy x-ray diffraction. Post-mortem electron backscattered diffraction analysis showed that the austenite phase underwent plastic deformation in the near-surface due to hydrogen-enhanced localized plasticity, where the ferrite phase experienced hardening. In bulk regions, the ferrite was the softer phase, and the austenite remained stiff. Digital image correlation of micrographs recorded, in-situ, during mechanical tensile testing revealed intensified plastic strain localization in the austenite phase, which eventually led to crack initiation. The absorption of hydrogen caused strain localization to occur primarily in austenite grains.
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1 INTRODUCTION
Hydrogen embrittlement (HE) of steels is one of the most studied but most minor understood phenomena of material degradation (Lynch et al., 2011; Bhadeshia, 2016; Barrera et al., 2018). The interaction of hydrogen with the microstructure is complex and multifarious and typically operates in various length and time scales (Zucchi et al., 2006; Agüero et al., 2009; Lynch et al., 2011; Mente and Boellinghaus, 2014; Leyson et al., 2016; Barrera et al., 2018; Örnek et al., 2018; Maria et al., 2019). Studying HE is challenging as the processes that lead to embrittlement have a dynamic character (Mente and Boellinghaus, 2014; Bak et al., 2016; Leyson et al., 2016; Koyama et al., 2017; Gu and El-Awady, 2018); hydrogen atoms interact with the local microstructure and lead to the generation and annihilation of defects (Bhadeshia, 2016; Leyson et al., 2016; Barrera et al., 2018; Gu and El-Awady, 2018), change their position or occupy other regions in the microstructure, and produce or annihilate elastic strain fields and cause plasticity (Agüero et al., 2009; Bhadeshia, 2016; Leyson et al., 2016; Tehranchi et al., 2017; Barrera et al., 2018; Gu and El-Awady, 2018). The defects can distort grain boundaries and lead to strain and stress localization in the microstructure, facilitating crack formation, which is embrittlement (Andreikiv et al., 1978; Lynch et al., 2011; Lynch, 2012). The evolution of HE is time-dependent (Wang et al., 2013) as cracks require time to evolve, which can be rapid for high-strength steels during continuous exposure to hydrogen uptake and mechanical strain (Venezuela et al., 2016; Hariramabadran Anantha et al., 2019), or very slow for super duplex stainless steel (SDSS) (Zucchi et al., 2006; Chai et al., 2009; Kivisäkk, 2010). Compared to other types of stainless steels, little is known about HE of SDSSs. The interaction of absorbed hydrogen with the austenite and ferrite phases in duplex microstructures is intricate and challenging to measure. The austenite and ferrite phases have different hydrogen absorption, permeation, and interaction behaviour (Mente and Boellinghaus, 2014; Bhadeshia, 2016; Koyama et al., 2017; Barrera et al., 2018).
Hydrogen-induced microstructural degradation occurs locally on particular sites usually associated with the localization of strains and stresses (Laureys et al., 2015; Pu et al., 2019). It is the strain that finally causes a crack and develops a degradation path through the entire microstructure. So, HE has both a stochastic and deterministic character. All the mentioned characteristic aspects explain why HE remained poorly understood. Understanding these HE characters requires a continuous, time-resolved, and non-destructive measurement of the evolution of strains and stresses in the microstructure under ideally operando conditions. The high brilliance of third-generation synchrotrons facilitates measurements of such local microscopic properties under operando conditions.
Our previous works have shown that the infusion of hydrogen into SDSS microstructure under static mechanical load results in preferential strain formation in the austenite phase that showed up to an order of magnitude higher strains than the ferrite phase (Örnek et al., 2020a; Örnek et al., 2020b; Örnek et al., 2020c; Örnek et al., 2021). The strains perpendicular to the surface of a tensile specimen were up to 4–5 times higher than along the loading direction, indicating a path for hydrogen-induced microstructure degradation (Örnek et al., 2020a). During electrochemical hydrogen charging, compressive forces generated in the ferrite phase along the loading axis (Örnek et al., 2020b). The study also showed that entering hydrogen atoms can exert higher local strains in the microstructure than the externally applied macroscopic loading. It has become clear that the austenite phase absorbs most hydrogen in the duplex microstructure and supports the ferrite against HE (Örnek et al., 2020a; Örnek et al., 2020b).
Moreover, the lattice interactions of the austenite and ferrite phases with infusing hydrogen are different. For instance, the splitting of the diffraction peaks of the austenite phase was observed during the infusion of hydrogen into the lattice (Örnek et al., 2020c). The developed new peaks disappeared when the hydrogen charging was terminated, which suggested the evolution of metastable quasi-hydrides (Örnek et al., 2020c). In contrast, no phase transformation was observed in the ferrite phase, which indicates that the susceptibility to embrittlement of the ferrite phase is significantly retarded by the austenite phase that is the far more hydrogen-bearing phase in duplex microstructures (Örnek et al., 2020c). However, the root cause of HE and the reasons for the high resistance to HE of SDSS have remained not fully understood. There are still questions concerning the spatial distribution of local strain development and consequent plastic deformation in the duplex microstructure, which may lead to the initiation of cracks.
To design new SDSS materials with superior resistance against HE, it is of utmost importance to understand the interaction of hydrogen with austenite and ferrite grains. The surface is vital as it is the first contact with and continuously exposed to nascent hydrogen. The hydrogen enters the surface first and then diffuses to the subsurface, so the (near) surface region is where most degradation occurs. Therefore, it is critical to measure the temporal evolution of the strain patterns during hydrogen uptake. It is also essential to know the acting stress vectors concerning the specimen geometry and whether discrete, favoured paths of strain localization might transition to cracks. Such information would be invaluable for lifetime predictions of SDSS components in demanding applications. Thus, there must be a series of processes that precedes crack evolution. The work reported in this paper continues our studies on HE of SDSS (Örnek et al., 2018; Örnek et al., 2019; Örnek et al., 2020a; Örnek et al., 2020b; Örnek et al., 2020c). Here, we provide a comprehensive full-strain analysis in the entire microstructure of 25Cr-7Ni SDSS subjected to electrochemical hydrogen charging and static tensile loading to show the most critical paths and positions of degradation using HEXRD. We augmented our experiments with electron backscattering diffraction (EBSD) to map the plastic deformation and digital image correlation (DIC) analysis to reveal local strain development in the microstructure.
2 EXPERIMENTAL
The experimental details for the operando HEXRD measurements have been reported previously (Örnek et al., 2020a). Herein, we only provide a concise summary of the experimental setup, shown in Figure 1. Figure 2 defines the orientation of the sample geometry and the direction of diffracted tensors in 3D space. The SDSS investigated was UNS S32750, provided by Sandvik Materials Technology. The chemical composition (in wt.-%) was 24.9Cr, 6.9Ni, 3.87Mo, 0.77Mn, 0.6Si, 0.27N, 0.26Cu, 0.022P, 0.017C, and 0.001S. The microstructure in two cross-sections is shown in Figure 3. The average austenite spacing of the studied microstructure was ∼20 μm. The phase fraction of the ferrite (δ) and austenite (γ) phases was nearly 50:50. Tensile specimens with a gauge length of 25 mm, a gauge width of 3 mm, and a thickness of 1.5 mm were fabricated and subjected to constant tensile load using a tensile frame (Figures 1, 2). Disc springs were used to create axial flexibility to achieve a sustained level of load that was applied to the specimen. The specimen was loaded to 1.05% of mechanical tensile loading and held constant. Then, the interplanar lattice distances (d-spacings) were measured across the entire specimen thickness in 20 µm increments (steps perpendicular to the sample’s largest surface) during electrochemical charging of hydrogen (−38 mA/cm2 at room temperature). First, the sample was scanned without hydrogen charging, and then the potentiostat was switched on to charge the specimen continuously with hydrogen while XRD measurements ran simultaneously. Hence, the change in peak position (d at time >0) versus the uncharged position (d at time = 0) was calculated and denoted as lattice strain ([image: image]) (Örnek et al., 2020a; Örnek et al., 2020b; Örnek et al., 2020c; Örnek et al., 2021). Polar strain plots (to be explained later) have been designed to show the strain evolution as a function of hydrogen absorption/desorption and position in the microstructure, providing 3-D information. The polar strain plots were developed in OriginLab 2020b software. The mean strain was calculated for the most common five crystallographic orientations with the strongest Bragg reflection intensities, namely 111, 200, 220, 311, and 222 for the austenite and 110, 200, 211, 220, and 310 for the ferrite. Besides the polar strain plots, the mean lattice strains were plotted to show the lattice strain evolution with time. The mean lattice strains were then smoothed using OriginLab 2020b software, and then the temporal derivative was calculated, corresponding to the strain rate. The synchrotron measurements were conducted at the PETRA III, beamline P21.2 (DESY, Hamburg, Germany). The photon energy was 96 keV (0.1291 Å). More information can be found in our previous publication (Örnek et al., 2020a). After termination of the investigation, the specimen was cross-sectioned along the length of the sample and characterized with an FEI Nova Nano 450 SEM and EBSD from Oxford Systems (C-Nano detector). The accelerating voltage of the electron beam was 20 kV with a probe current of spot size 4.0. The EBSD measurements were done with a step size of 150 nm on an area of 200 µm × 100 µm. The specimens were ground and polished down to ¼ µm diamond slurry finish and then electropolished with an electrolyte mixture of perchloric acid-ethanol with 80:20 volume ratio at −15°C. The EBSD data were analyzed using HKL Channel 5 software. High-angle grain boundaries (HAGB) were defined with misorientation ≥15° and low-angle grain boundaries (LAGB) between ≥1° and <15°. Local misorientation maps were generated by using 3 × 3 binning and 5° misorientation for the sub-grain angle threshold. This analysis gives the average local misorientation (also known as Kernel average misorientation (KAM) or geometrically necessary dislocation) for a misorientation below the pre-determined sub-grain angle threshold, which can be used to locate regions with higher concentrations of misorientation in microstructures. High KAM regions are typically associated with local micro-deformation in the form of plastic strain due to dislocations (Fukuoka et al., 2002; Örnek and Engelberg, 2015; Örnek and Engelberg, 2016a) and hence indicative of strain localization. We report only qualitative data, i.e., high or low strain localization, indicating plastic deformation. Phase, band contrast, and inverse pole figure maps were produced. The ferrite phase is shown in red, and the austenite phase is shown in blue.
[image: Figure 1]FIGURE 1 | Schematic showing the experimental setup for in-situ time- and space-resolved lattice strain measurements using synchrotron high-energy x-ray diffraction. The angles on the tensile specimen indicate the azimuth directions for the strain information.
[image: Figure 2]FIGURE 2 | Schematic illustration showing the direction of the x-rays and the diffraction tensors along the beam direction (x), perpendicular to the beam (y), and normal to the beam (z). These definitions apply to diffraction and DIC analyses.
[image: Figure 3]FIGURE 3 | Images showing the microstructure along the transverse and longitudinal cross-sections. The ferrite phase (δ) is the matrix, whereas the austenite phase (γ) is embedded as islands in the ferrite matrix. The rolling direction is along the horizontal axis in the bottom two micrographs (longitudinal).
Further laboratory tensile strain measurements with the same sample geometry were conducted under a HIROX digital microscope for local strain analysis (Figures 4, 5). First, specimens were polished down to 1 µm using a diamond slurry finish and then etched in 10 wt.-% oxalic acid (5 V) for 15 s and then 40 wt.-% KOH (5 V) for a few seconds to stain the ferrite phase. The gentle etching treatment was done to obtain micrographs that the DIC software can evaluate. Next, the tensile specimens were elongated using the DEBEN micro-tensile tester with a constant displacement rate of 0.05 mm/min (strain rate = 3.33 10−5 s−1). The force and elongation values were recorded with two points per second. The force reading was ± 1 N accurate, while the strain readout of the extensometer was 1–2% accurate. At the same time, micrographs from the surface were taken with 20 s time intervals with the HIROX RH-2000 digital microscope (Figure 5), which enables image recording with a long focal range to sustain all-in-focus of the entire surface during the elongation experiment. The images were taken with 200x magnification corresponding to a field of view of 1795 µm. The pixel resolution was 1,920 × 1,200, corresponding to 0.93 µm/pixel. Topography changes along the surface plane (x-y) and the vertical (z) direction were recorded with full-focus control. The tensile specimens were pre-charged with hydrogen for 10 h, and the surface was imaged in 20 s time interval until rupture of the samples. The electrochemical hydrogen charging was done in a beaker of 200 ml of 0.01 M NaCl solution at room temperature for 10 h, using a platinum-mesh counter electrode and a constant current density of −38 mA/cm2. Outside of the gauge length area of the specimens were masked with an epoxy-beeswax resin (all four faces of the sample) to limit the hydrogen uptake to the gauge area. The elongation experiment began within 30 min upon the termination of the hydrogen charging.
[image: Figure 4]FIGURE 4 | Schematic illustration of the principles of Digital Image Correlation. A reference pattern (microstructure) is divided into subsets (here four for the sake of clarity) and defined as the undeformed state. Then, the reference deforms and becomes the deformed state. The subsets also exist in the deformed state (not shown). Each pattern (any feature) has x and y coordinates and an intensity. The two states are correlated, and the difference of all patterns is calculated.
[image: Figure 5]FIGURE 5 | Schematic illustrating the experimental setup for in-situ imaging of the microstructure in time-lapse during mechanical loading of the tensile specimen. Then, the images are transferred to digital image correlation software for the computation of local strain development. Using a digital microscope with an extended focus range enables imaging with constant all-in-focus over the entire elongation experiment.
The recorded micrographs were transferred to the LaVision StrainMaster DIC software V1.6.0 for image processing. The recorded micrographs were used as a virtual strain gauge, and the natural strains were calculated. The result of DIC computation is a displacement field from which a deformation gradient can be calculated. The basic concept of Digital Image Correlation will be later explained. The processing details were optimized using various subset sizes (interrogation windows), as reported previously (Örnek and Engelberg, 2016b). We performed the analysis with a subset size of 17 × 17 pixels with a step size of 5 pixels. Sum of differential was chosen as the correlation mode with default settings. The threshold for a correlation value was 0.5. This approach was deemed optimum to achieve high spatial resolution and low background noise. A post-processing filter of level 7 was applied in the software to smooth out strain uncertainties. All calculations run successfully with no errors. The background noise strain varied between 0.1–0.5% defining the uncertainty of reported (micro-)strain values, with an average noise strain of 0.3%. The uncertainty depended on the local pattern quality. The background noise is not cumulative; hence, these can be neglected if the actual strain values are high. The von Mises strains were calculated with the engineering strain tensor mode.
The Basic Concept of Digital Image Correlation—Figure 4 shall be considered. A reference pattern with distinctive features (the microstructure) is subdivided into subsets (here four) used to calculate the local deformation when the reference state changes shape. Each element has unique x, y, and intensity information to correlate the two deformation states. Any change in the subset coordinates indicates translations between the two states. The deformation can be expressed by changes along with the x and y directions if the deformation is small and perpendicular to the optical axis of the camera (Muniandy, 2019):
[image: image]
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where [image: image] is the x coordinate and [image: image] is the y coordinate of the speckle in the subset before deformation. [image: image] and [image: image] are displacement components and the translations of the centre of the subsets in the x and y directions, respectively. The distance from the centre of the subset to the x and y coordinate of the speckle is denoted by [image: image] and [image: image], respectively. It should be noted that this approach approximates the deformation (2D affine transformation).
The strains are calculated by obtaining the partial derivates (differentiating) of the displacement gradients [image: image] and [image: image] (Muniandy, 2019). The strains in [image: image], [image: image], and [image: image] (or shear) directions are [image: image], [image: image], and [image: image] (shear) strains:
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3 RESULTS AND DISCUSSION
3.1 In-situ High-Energy X-Ray Diffraction
Figure 6 summarizes the lattice strain evolution in the austenite (Figure 6A) and ferrite (Figure 6B) phases. The 3D polar strain plots show the strain formation as a function of the azimuth angles, position in the specimen (depth), and time of hydrogen charging. Considerable strain development occurred in the near-surface region, with the strains being highest perpendicular to the loading direction. The austenite phase showed higher strain evolution than the ferrite phase, in line with our previous reports (Örnek et al., 2020a; Örnek et al., 2020b). However, the bulk ferritic grains in the subsurface were more deformed than austenite grains. The bulk grains of both phases underwent high tensile and compressive deformation depending on the position in the specimen. The data suggests that some grains underwent expansion while others shrank, resulting from grain-grain interactions depending on grain geometry, size, and orientation. It seems that the strain variation within bulk ferritic grains was more significant than bulk austenitic grains. Hence, the interaction of hydrogen with the microstructure is not restricted to the surface, and the bulk may also suffer from hydrogen-induced degradation.
[image: Figure 6]FIGURE 6 | 3-D polar strain plot showing the lattice strain development as a function of time (the centre is t = 0) of hydrogen charging at different depth (the top is the surface, depth = 0) regions along with the azimuth angles in (A) the austenite phase, (B) the ferrite phase, and (C) the sum of the strains in the ferrite and austenite phases.
HE is usually understood as a surface problem as the hydrogen first enters and can produce cracks in the surface. However, HE cracks within steels without surface cracks have also been reported (Popov et al., 2018). Hydrogen can penetrate the microstructure more rapidly through grain boundaries when it acts as a surfactant, creating microcracks within the steel due to surface energy decrease at the grain boundaries (Popov et al., 2018). The hydrogen atoms can conglomerate and recombine, becoming hydrogen molecules, reasoning internal cracking. It has, however, remained unclear whether the hydrogen atoms can behave as surfactants in duplex stainless steel (DSS). Grain boundaries in DSS may not be susceptible sites to crack formation since grain boundaries, particularly interphase boundaries, may act as strong trap sites for hydrogen, reducing the resistance to HE. Therefore, finely-grained microstructures typically outperform coarse ones, explained by trapping and elongated diffusion path due to a larger tortuosity (Woollin and Gregori, 2004; Chai et al., 2009; Bahrami and Woollin, 2010; Kivisäkk, 2010; Kivisäkk and Ciurea, 2011; Sofia Hazarabedian et al., 2019). Plastic deformation typically preludes crack formation, and therefore intensified deformation in the microstructure can be understood as the most incipient degradation stage in DSS.
The strain evolution in the near-surface region in the austenite phase was more extensive than ferrite. The ferrite also developed tensile strains with lower magnitudes when the austenite underwent tensile deformation. The strain evolution 300 µm below the surface showed an erratic changing of the nature of deformation (tensile to compressive and vice versa). When the ferrite was tensile, compressive strains formed in the austenite, suggesting that the strain evolution was of compensating nature. This observation is made more evident in the 3-D strain plot depicted in Figure 6C, which shows strain development in the austenite and ferrite phases together (sum of the strains in both phases). The compensating nature of the strain evolution may explain the superior resistance to HE of the SDSS. The tensile strain evolution in a phase is retarded by compressive forces developing in the other neighbouring phase. In such a way, the duplex microstructure can withstand large strains.
The strain localization in the microstructure cannot be reasoned with the local accumulation of hydrogen only. The surface has the most hydrogen, and the austenite phase dissolves most of the hydrogen compared to the ferrite phase; therefore, undergoing severe deformation. The evolution of strains in the near-surface region produces stresses which must be compensated in adjacent areas, i.e., the subsurface. The compensated strains or stresses must be of opposite sign; when the grains in the surface become under tension, those in the subsurface should experience compression. However, the studied duplex microstructure is not trivial. There are grains with different crystallographic structures, orientation, size, and morphology, influencing strain formation. Since the austenite deforms more than the ferrite in near-surface regions, the ferrite grains partly compensate for the formed strains. The remaining uncompensated deformations are balanced by all grains in the subsurface. The strain compensation may not be of the same tensor direction; i.e., strains formed along a specific azimuthal angle may not be parallel to the compensated in another site. The HEXRD analysis revealed a complicated strain evolution pattern changing with position, azimuthal angle, and phase in the steel.
The measured data are shown in some selected polar strain plots to perceive better the discussed points (Figures 7, 8). These figures show the strain evolution (a,b,c) in the near-surface region (denoted as 0 µm) and in the regions below the surface at depths of (d,e,f) 20 µm, (g,h,i) 300 µm, and (j,k,l) 700 µm for the austenite and ferrite phases, respectively. The strain evolution was, in general, anisotropic in both phases. There is an anisotropic strain pattern, and it was more pronounced in the austenite grains (Figure 7). It should be noted that the diffraction patterns were non-symmetric along with the azimuth angles (0/180°), which may be reasoned by the different beam-interaction volume at the surface as compared to the subsurfaces. The diffracted beam at the bottom half of the detector had to pass more material than the beam at the top, leading to differences in absorption and thus the asymmetry. The near-surface region showed the highest magnitude of strain formation. The strains in the near-surface were predominantly tensile and were 4–5 times higher in the austenite phase than in the ferrite phase. Most tensile deformation developed perpendicular to the surface (i.e., 0° and 180°), showing the more susceptible path of hydrogen-induced material degradation, extending to approximately 80 µm beneath the surface after 9 h of hydrogen charging. The surface is the first place of contact with hydrogen. The austenite phase absorbs far more hydrogen than the ferrite phase and undergoes, therefore, more deformation. We measured the strain evolution along two principal directions, i.e., in loading direction and perpendicular. The strain tensor and the beam axis are missing, i.e., perpendicular to the loading axis but parallel to the surface. Some compensating strains may also develop there.
[image: Figure 7]FIGURE 7 | 3-D polar strain plots (A,D,G,J) with extracted strain vs. time (B,E,H,K) and temporal derivative of strain (strain rate) vs. time (C,F,I,L) plots of the austenite phase, showing the lattice strain development as a function of time of hydrogen charging at different depth regions: (A–C) at the surface, (D–F) at 20 µm, (G–I) 300 µm, and (J–L) 700 µm below the surface. The radial axis shows the time (the centre is t = 0), and the angular axis is the azimuth angle. The profiles in (B,E,H,K) show the strain evolution over selected azimuth angles. Note that the data along 350° is less reliable due to the beam-stop mount, which was masked out for data integration but might affect the data.
[image: Figure 8]FIGURE 8 | 3-D polar strain plots of the ferrite phase showing the lattice strain development as a function of time of hydrogen charging at different depth regions: (A–C) at the surface, (D–F) at 20 µm, (G–I) 300 µm, and (J–L) 700 µm below the surface. The radial axis shows the time (the centre is t = 0), and the angular axis is the azimuth angle. The profiles in (B,E,H,K) show the strain evolution over selected azimuth angles. Note that the data along 350° is less reliable due to the beam-stop mount, which was masked for data integration but might affect the data.
Another critical observation is the temporal strain evolution derived by the temporal derivative from the measured strain data, plotted against the logarithm of charging time (Figures 7, 8). It was seen that the hydrogen-induced strain rate was dependent on the position in the sample and the phase of the microstructure. The selected strain-time profiles shown in Figure 7 (austenite) and Figure 8 (ferrite) show an uneven strain development with time. The strain rates in both phases also depended on the azimuth angle and position in the microstructure. Interestingly, some sub-surface regions deformed faster than near-surface sites. The strain rate evolution was highly complex, indicating that grain geometries influence the strain evolution at macroscopic and microscopic scales. Hydrogen diffuses by 4–5 orders of magnitude faster in the ferrite than in the austenite. So, the hydrogen atoms can quickly diffuse to deeper ferritic sites in the microstructure. The sub-surface austenite grains showed an order of magnitude lower strain rates than those obtained for the near-surface grains, suggesting that the hydrogen concentration gradient in the austenite phase in the near-surface region was higher than in the ferrite phase. Our results showed that the interaction kinetics of hydrogen with the lattice of the ferrite and austenite phases occur with different rates depending on the position in the sample, which can result in negative or positive strain rates. Hence, the strain rate dependency must be related to the (local) hydrogen concentration that is one order of magnitude higher in the austenite phase than in the ferrite phase. The temporal strain development requires further analysis, which is beyond the scope of the work reported herein.
The HEXRD results indicate that the austenite phase accommodates most of the absorbed hydrogen and hydrogen-induced strains. The results also demonstrate the superior loading capacity of the austenite phase to the ferrite phase, which is beneficial for the resistance to HE. Furthermore, the austenite phase remained far more ductile than the ferrite, supporting the ferrite against hydrogen-induced deformation. So, the performance of the austenite phase in SDSS is essential and probably lifetime-determining. Insufficient hydrogen absorption capacity or failure of the austenite phase would ultimately result in an excessive mechanical burden on the ferrite phase. The cracking of either phase in the duplex microstructure –not observed in this work– would imply the degradation of the other phase because the latter phase would have been insufficient in providing support against cracking. Typically, cracks initiate in ferrite grains in coarse duplex microstructures (>30 µm austenite spacing) (Byrne et al., 2016; Sofia Hazarabedian et al., 2019). The ferrite is thus considered as the more susceptible phase (Byrne et al., 2016; Sofia Hazarabedian et al., 2019). Ferritic lattices become rapidly brittle during hydrogen uptake (Chai et al., 2009; Bak et al., 2016; Venezuela et al., 2016; Örnek et al., 2018). However, the failure of the ferritic phase also depends on the second (austenitic) phase and the microstructure, for example, the austenite spacing (mean distance between austenite grains), phase fractions, and grain elongation, etc.
We estimated the amount of hydrogen in the microstructure by considering that 1% of the applied current led to effective hydrogen absorption. Hydrogen in near-neutral solutions is formed by reducing water to atomic hydrogen and hydroxide molecule anions (Grozovski et al., 2017; Örnek et al., 2019). This reaction has one stoichiometry, so a single electron is needed to liberate one hydrogen atom (Grozovski et al., 2017). Most of the produced hydrogen recombines and leaves the surface in the form of gas. With −38 mA/cm2 of charging current density over 9 days and charging efficiency of 1%, about 140 C of charge was approximately associated with hydrogen absorbed by the microstructure. The reciprocal of the elementary unit of charge gives the number of elementary charges related to 1 C, which results in approximately 1021 elementary charges. The quotient of the elementary charge and the Avogadro’s number gives the concentration of uptaken hydrogen, which is ∼10−2 M (100 ppm). This is the total amount of entered hydrogen into the lattices of both ferrite and austenite phases. It should be noted that super duplex stainless steel does not effectively trap hydrogen at room temperature, and therefore all absorbed hydrogen can be considered as diffusible hydrogen. We understand trapping as those absorbed hydrogen atoms that are immobilised at a given environmental condition (temperature, pressure, stress, etc.). In earlier work, we have shown by operando and time-resolved grazing-incidence x-ray diffraction measurements that hydrogen absorption in studied super duplex stainless steel is a reversible process (Örnek et al., 2020b). Entering hydrogen atoms into the microstructure effuses once the charging process is terminated (Örnek et al., 2020b). So, the absorbed hydrogen atoms are diffusible, and it is the time of desorption that matters to allow the hydrogen atoms to effuse from the microstructure. Since the diffusion kinetics are orders of magnitude slower in the austenite phase than in the ferrite phase, the effusion rates are likewise far slower in the austenite phase. So, it may take weeks or even months for the absorbed hydrogen atoms to desorb from the austenite phase, whereas the desorption process in the ferrite phase may only take some days. The strains in the near-surface were far more anisotropic than those formed in sub-surface regions. This is because the lattice in the near-surface area is more straightforward to relax than the bulk lattice, and hydrogen accumulation is more in the surface region than in bulk. There is probably a time- and strain-rate effect in the deformation of the phases that may explain the extent and difference of strain anisotropy of the austenite and ferrite phases. The surface deforms first and most; hence, the anisotropy is most pronounced on near-surface grains. Furthermore, the surface grains have fewer mechanical constraints as bulk grains are always surrounded in all directions by other grains and depend on neighbouring grains’ deformation behaviour. On the other hand, the austenite grains deep in bulk require more time as the hydrogen has to permeate through the ferrite from which it can be transmitted to the austenite.
In contrast, the absorption of hydrogen atoms into the lattice of ferrite and austenite grains and their interactions with the microstructure is rapid (seconds) on the outermost surface (Örnek et al., 2020b). The deformation in the sub-surface must occur first in the ferrite as the hydrogen atoms can enter the austenite grains only when the ferrite grains allow inter-diffusion of hydrogen. The ferrite is the matrix and is the only phase that provides a continuous permeation path for the hydrogen atoms. The infusion of hydrogen in the bulk microstructure is determined by the diffusion of hydrogen atoms transmitted from the ferrite phase. So, while the deformation occurs first on austenite grains in the near-surface, bulk austenitic grains deform after ferritic grains. Hence, the nature of lattice deformation is complex, which possibly explains the alternating deformation behaviour throughout the thickness and the azimuth angles.
3.2 Post-Mortem EBSD Characterization
Post-mortem EBSD characterization of the cross-sectioned microstructure revealed numerous sites of strain localization (local misorientation) of austenitic grains near the surface, indicating that plastic deformation occurred (Figure 9).
[image: Figure 9]FIGURE 9 | Post-mortem EBSD microstructure analysis after exposure to cathodic hydrogen charging, showing the maps of (A) phase, (B) band contrast, (C) local misorientation of the austenite, (D) inverse pole figure in the normal direction of the austenite (perpendicular to the rolling direction and tensile loading axis), (E) local misorientation of the ferrite, and (F) the inverse pole figure in the normal direction of the ferrite. The ESBD map was acquired from the edge of the tensile specimen (i.e., the exposed surface to hydrogen uptake) that was cut along the transverse direction of the sample. Hydrogen infusion occurred from the top periphery of the maps showing high strain localization, particularly for the austenite. The austenite grains were highly deformed up to 80 µm below the surface. The scale bar in (F) applies to all maps. The tensile loading axis was along the horizontal axis. The white background in (A) shows non-indexed regions while black lines show low- and high-angle grain boundaries.
The sub-grain boundaries (lines inside grains, Figure 9A) were the positions with the most strain formation, indicating the most susceptible sites of hydrogen uptake and interaction. The ferrite, in contrast, showed no apparent signs of plastic deformation in the near-surface region. However, ferrite grains deep in the bulk microstructure (sub-surface) showed signs of plastic deformation, as evident from the localized strain sites shown in Figure 10. Interestingly, the strain localization was not related to sub-grain boundaries. The austenite in sub-surface areas showed no signs of plastic deformation. The EBSD data show only irreversible deformation remaining after the termination of the hydrogen charging and destruction of the material. Earlier work shows that most hydrogen-induced strain evolution is elastic and reversible (Örnek et al., 2020b; Örnek et al., 2020c). Diffraction measurements only reveal distortion of the crystal lattice, meaning some plastic deformation may have remained undetected. The combined HEXRD and EBSD results provide comprehensive information on reversible and irreversible lattice deformation and microstructure degradation during and after the hydrogen charging. The residual strain evolution induced by hydrogen infusion seemingly causes minor microstructure deformation. However, it may be detrimental since HE (loss of toughness) does not necessarily need large deformation.
[image: Figure 10]FIGURE 10 | Post-mortem EBSD microstructure analysis after exposure to cathodic hydrogen charging, showing the maps of (A) phase, (B) band contrast, (C) local misorientation of the austenite, (D) inverse pole figure in the normal direction of the austenite (perpendicular to the rolling direction and tensile loading axis), (E) local misorientation of the ferrite, and (F) the inverse pole figure in the normal direction of the ferrite. The ESBD map was acquired from the centre of the specimen (approximately 700–800 µm away from the surface) that was cut along the transverse direction of the tensile specimen. Hydrogen infusion occurred from all sides of the maps showing some strain localization for the ferrite only. The scale bar in (F) applies to all maps. The tensile loading axis was along the horizontal axis. The white background in (A) shows non-indexed regions while black lines show low- and high-angle grain boundaries.
The hydrogen concentration is maximum at near-surface grains; therefore, the nascent hydrogen-microstructure interactions occur at near-surface regions. Dissolved hydrogen reduces the energies for generating dislocations and kinks, resulting in plastic deformation, apparent from the high local misorientation in the EBSD maps (Kirchheim, 2010). Hydrogen-induced deformation at the surface occurred more pronounced in the austenite phase, as confirmed in our in-situ HEXRD results shown above. Thus, the austenite phase is more prone to hydrogen-microstructure interactions in near-surface regions than the ferrite phase. Deep in bulk, dissolved hydrogen caused far fewer microstructural alterations than near-surface areas. The ferrite showed more plastic strain evolution, while the austenite deep in bulk sites probably did not undergo detectable plastic deformation. The hydrogen is more rapidly uptaken by the ferrite than the austenite, explaining the strain heterogeneity, and the above-explained stress compensation may further reason it. Further studies are needed to elucidate the site-specific strain evolution in SDSS.
Interestingly, only large ferrite grains showed high local misorientation. This is because the ferrite phase in bulk regions saturates before the austenite phase. Furthermore, the ferrite phase is the source of hydrogen for the austenite phase. Most of the hydrogen is delivered by the ferrite, and the phase tortuosity of the ferrite in the microstructure reduces the effective diffusivity of the hydrogen (longer path). Therefore, hydrogen accumulates at the interphase boundaries, and hydrogen uptake by the austenite phase proceeds as the rate-determining step. Large ferrite grains have fewer boundaries with neighbouring austenite grains for hydrogen transfer. Hence, more hydrogen will be piled up at interphase boundaries with large ferrite grains. So, increased hydrogen concentration can cause local deformation, which may explain our EBSD findings.
3.3 Stress-Strain Behaviour
The stress-strain curves obtained from the tensile testing of the specimens without and with pre-hydrogen charging for 10 h are displayed in Figure 11.
[image: Figure 11]FIGURE 11 | Stress-strain behaviour of the tested super duplex stainless steel without and with pre-hydrogen charging for 10 h with −38 mA/cm2.
The hydrogen charging caused a significant reduction of ductility and toughness, hence HE. Furthermore, the hydrogen charging caused a hardening of the entire microstructure apparent from the higher yield point. Seemingly, dissolved hydrogen in the microstructure caused some microyielding, as evident from higher strains at the same stresses before the onset of macroscopic yielding (transition from elastic to plastic deformation).
3.4 Microstructural Change Associated With Hydrogen Charging and Tensile Deformation
The microstructures with pre-hydrogen charging before and after mechanical elongation are shown in Figure 12.
[image: Figure 12]FIGURE 12 | Optical micrographs showing the surface of the tensile specimen that was charged with hydrogen for 10 h with −38 mA/cm2 (left) and then strained until catastrophic failure (right). Note that blister cracks (indicated by the arrows) developed in the ferrite phase (left) after 10 h of hydrogen charging before the elongation experiment. In addition, numerous secondary cracks developed primarily in the ferrite phase after mechanical elongation (right).
The hydrogen charging for 10 h resulted in hydrogen-induced surface blister cracks in the ferrite phase. Due to excessive hydrogen uptake, blister cracks are typical for the ferrite phase (Örnek et al., 2018). The hydrogen is supersaturated in the near-surface during continuous hydrogen absorption. Vacancies and voids are formed, which favour gas evolution, and when the partial pressure of hydrogen exceeds the local yield strength, surface blister cracks evolve. Hydrogen-induced blister cracks are technologically irrelevant as these occur under extreme conditions which cathodically protected materials usually do not encounter. This experiment aims to understand and measure the hydrogen-induced damage on the microstructure on a reasonable laboratory time scale since DSS’s are highly resistant materials. Therefore, the damage incurred on the ferrite and austenite phases is meaningful in this context.
The surface after the elongation experiment showed numerous secondary cracks next to the ruptured area, with micro-cracks initiated along the sample edges, indicating HE (Figure 12). It seems that hydrogen embrittlement occurs only when the microstructure is (nearly) saturated with hydrogen. This information is crucial as the lifetime of a service component depends on how much and how fast the material absorbs hydrogen. It is a matter of the load capacity of a material to resist embrittlement. When the microstructure cannot bear strain energy anymore, it will fail. Absorbing hydrogen weakens the microstructure and reduces the strain bearing capacity. The ferrite phase fails if the austenite phase can no longer support the ferrite phase against hydrogen uptake. Most of the cracks were formed in the ferrite phase propagating through austenitic grains. Some cracks were arrested or deviated when they encountered austenitic grains.
3.5 Digital Image Correlation Analysis
The recorded optical images were processed using DIC software, and von Mises, Eyy (perpendicular to the loading axis), Exx (along with the loading axis) strain maps were produced. Figure 13 shows the strain evolution in the microstructure without hydrogen charging, with Supplementary Video S1 summarizing all von Mises strain formation. The von Mises strain is a value used to determine if a given material will yield and is always positive (von Mises, 1913). The von Mises yield criterion, also known as the maximum distortion criterion, states that yielding a ductile material begins when the second invariant of deviatoric stress reaches a critical value (von Mises, 1913). Hence, the von Mises strains show plastic strain formation in the microstructure. Figure 13 contrasts the strains formed at 36 MPa (on the left-hand side) and 753 MPa (on the right-hand side), indicating elastic and elastic-plastic deformation. The results show that most strain evolution occurs in the austenite phase in line with the HEXRD results shown above.
[image: Figure 13]FIGURE 13 | DIC analysis results showing (A,B) the von Mises microstrain evolution, (C,D) the strain evolution along the loading axis, (E,F) the strain evolution perpendicular to the loading axis during mechanical elongation of the microstructure without hydrogen charging. The maps in (A,C,E) show strain evolution for applied low stress (36 MPa), and those in (B,D,F) show the progressed deformation after plastic deformation (753 MPa). Note the microstructure behind the strain maps showing austenite and ferrite grains in contrast. The loading axis is directed to the horizontal of the images. The time format above each figure shows the elapsed time during the mechanical elongation experiment in hours:minutes:seconds for all figures below. The stress given in MPa indicates the applied stress with the tester. The strain value on top of the figures shows the macroscopic strain measured by the tester’s extensometer.
Tensile and compressive strains developed primarily in austenitic grains. The hydrogen uptake led to the discretization of the local strain evolution in the microstructure. The DIC analysis supports the synchrotron diffraction data confirming that most strain evolution occurs in the austenite phase in the surface region. Hence, the austenite phase undergoes softening while the ferrite phase hardens as fewer strains develop in the ferrite phase. Despite the higher hydrogen uptake in the lattice, the austenite phase softens, in line with the tensile test results shown in Figure 11. Tehranchi et al. explained the softening mechanism via theoretical calculations by reducing the misfit strains in the lattice (Tehranchi et al., 2017). Vacancies can bind hydrogen, and thereby the lattice misfit strains can reach nearly zero values, which increases the dislocation activities; hence, plastic deformation becomes favoured.
The Exx strains (along the loading axis) were double than the Eyy strains (perpendicular to the loading axis). The strain formation is highly discretized in the microstructure, primarily concentrated on austenitic grains. There is a regular pattern of tensile and compressive strains next to each formed along the x and y directions. The compressive strains were usually lower than the tensile ones—the compressive and tensile forces developed in both phases showed no clear correlation with any phase. The strains developed in the microstructure with pre-charged hydrogen is summarized in Supplementary Video S2, with Figure 14 showing two excerpts at 36 and 753 MPa, respectively. Absorbed hydrogen hardened the microstructure as shown in Figure 11, and the strains became more localized than the microstructure without absorbed hydrogen. The microstructure became more resistant to deformation at the same magnitude of applied stress. Hence, hydrogen improved the resistance against deformations strains with the expense of toughness loss due to hydrogen-induced hardening (Figure 15). The strain hotspots developed more readily on austenite grains and around them, indicating softening.
[image: Figure 14]FIGURE 14 | DIC analysis results showing (A,B) the von Mises microstrain evolution, (C,D) the strain evolution along the loading axis, (E,F) the strain evolution perpendicular to the loading axis during mechanical elongation of the microstructure with hydrogen charging. The maps in (A,C,E) show strain evolution for applied low stress (36 MPa), and those in (B,D,F) show the progressed deformation after plastic deformation (753 MPa). Note the microstructure behind the strain maps showing austenite and ferrite grains in contrast. The loading axis is directed to the horizontal of the images. The time format above each figure shows the elapsed time during the mechanical elongation experiment in hours:minutes:seconds for all figures below. The stress given in MPa indicates the applied stress with the tester. The strain value on top of the figures shows the macroscopic strain measured by the tester’s extensometer.
[image: Figure 15]FIGURE 15 | (A) Stress-strain curves of the tested microstructures until 7.5% macroscopic strain (measured by the tester’s extensometer), (B) computed average von Mises strain of the entire imaged microstructure, (C) average Exx strain, and (D) average Eyy strain.
Hardening and softening require some explanation. The microstructure is hard when it has resistance to deformation, which may also be called stiff. It further is hard or hardens when it deforms due to dislocation production, also known as dislocation hardening. The microstructure is soft when compliant with the applied stress resulting in (plastic) deformation. Hydrogen in the microstructure, hence, caused softening, and hardening simultaneously. It is softened because the austenite became more compliant to the stress resulting in deformation (hydrogen enhanced localized plasticity), with the ferrite stiffening. The hydrogen-induced deformation causes hardening, and with the stiffened ferrite, the microstructure hardened, which is seen in the stress-strain curve in Figure 11. We conducted nano- and micro-hardness tests on the microstructure before and after hydrogen charging and concluded dislocation hardening occurring in both phases in line with other works (Barnoush et al., 2010; Kheradmand et al., 2016).
The developed strains in the hydrogen-charged microstructure became more heterogeneous along the loading axis and perpendicular. The role of hydrogen became clearer perpendicular to the loading axis, where compressive forces developed preferentially in austenite grains. There, the ferrite phase underwent tension strains. The strain intensities in both phases increased during plastic deformation of the microstructure. Regions of high tensile strains in the ferrite phase formed, and high compressive strains in the austenite phase formed in neighbouring sites starting critical areas for crack evolution. We did not succeed in seeing those sites create cracks during further elongation but assume those sites were primarily responsible for loss of toughness. There is a mismatched strain among the phases in duplex stainless steel (Nilsson and Chai, 2007; Chai et al., 2009; Chai et al., 2014) which hydrogen increases. However, in specimens with more prolonged hydrogen charging (19 days), the shear strains at interphase regions became more localized and excessive (not shown in this paper).
The mismatch strains favour shear, which must become more critical in embrittlement. Shear strain considers no changes in the elemental length of a deforming object but is defined as an angular or sliding deformation of two parallel surfaces of an object. To better understand the deformation behaviour and the role of hydrogen during tensile testing, the average shear strains were plotted against deformation time (Figure 16). The average shear deformation for the microstructure without hydrogen charging was negative, which became positive in the presence of absorbed hydrogen. We explained above that the austenite is the softer phase and that it undergoes preferential deformation during plastic deformation, in line with our previous studies (Örnek and Engelberg, 2016b; Örnek et al., 2018; Örnek et al., 2020a; Örnek et al., 2020b). When hydrogen enters the microstructure, the austenite softens and enables more plastic deformation, resulting in more excessive dislocation hardening. Then, the mismatch shear strains at the austenite/ferrite interphase regions changes due to proportionally more hardening occurring on the austenite than the ferrite. This explains the inversion of the shear deformation sign from negative to positive, as schematically illustrated in Figure 17. Further DIC analyses were performed and the vorticity strains extracted. Likewise, the vorticity strains inverted upon hydrogen charging of the duplex microstructure, corroborating this statement (not shown here).
[image: Figure 16]FIGURE 16 | Extracted average shear strains from the DIC strain analysis.
[image: Figure 17]FIGURE 17 | Schematic model explaining the change of the shear deformation behaviour from negative to positive due to absorbed hydrogen in the microstructure. The austenite phase absorbs most hydrogen and therefore hardens more than the ferrite phase. Soft means it is more compliant to dislocation activities than hard.
4 CONCLUSION

1) Hydrogen-induced lattice deformation occurs with both negative and positive strain rates depending on the azimuth direction and position in the specimen and the phase in the microstructure, indicating that grain geometries influence the strain evolution at both macroscopic and microscopic scales.
2) The most hydrogen-induced strain evolution is reversible, i.e., elastic, which relaxes upon the termination of hydrogen charging. Irreversible deformation occurs mainly in near-surface regions in austenitic grains and bulk ferritic grains.
3) Hydrogen induces softening of the austenite phase favouring plastic deformation in near-surface regions while the ferrite hardens, causing increased stiffness, which influences the crack initiation.
4) The interaction of hydrogen shows a time-dependent character; the strain rates of the austenite are higher than those of the ferrite in near-surface regions, indicating dependence on the hydrogen concentration.
5) The deformation characteristics change upon hydrogen charging during mechanical elongation: (i) hydrogen leads to enhanced strain localization occurring more readily in the austenite phase than in the ferrite phase, (ii) the strains in the austenite normal to the sample surface become tensile, (iii) the strains perpendicular to the loading axis become compressive in the austenite with the ferrite being under tension, and (iv) the strains along the loading axis become alternately tensile and compressive in both phases.
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Supplementary Video 1 | DIC micro-strain analysis results showing the von Mises strain evolution in the duplex microstructure without hydrogen charging. The colours indicate the von Mises strains in per cent. Note the transparent background shows the microstructure, with the ferrite phase contrasted as dark and the austenite phase shown as bright islands. The frame rate is 50 frames/s. The specimen was tensile-tested with a strain rate of 0.005 mm/min. Images were captured every ∼10 s using an all-in-focus controllable digital optical microscope. The pixel resolution is 0.93 pixels/µm. The subset size for calculation was 17 pixels with a step size of 5.
Supplementary Video 2 | DIC micro-strain analysis results show the von Mises strain evolution in the duplex microstructure galvanostatically charged with hydrogen for 10 h with −38 mA/cm2 before elongation. The colours indicate the von Mises strains in per cent. The transparent background shows the microstructure, with the ferrite phase being contrasted as dark and the austenite phase shown as bright islands. The frame rate is 50 frames/s. The specimen was tensile-tested with a strain rate of 0.005 mm/min. Images were captured every ∼10 s using an all-in-focus controllable digital optical microscope. The pixel resolution is 0.93 pixels/µm. The subset size for calculation was 17 pixels with a step size of 5.
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