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Abstract

:

This study investigated the susceptible sites for pit nucleation in a transformation-induced plasticity (TRIP) Fe39Mn20Co20Cr15Si5Al1 (at.%) high-entropy alloy (HEA) in 3.5 wt.% NaCl solution. The investigation involved a constant-load stress corrosion cracking (SCC) experiment. The SCC testing was interrupted at different pre-determined time intervals to characterize the specimen surface using a scanning electron microscope (SEM), electron backscattered diffraction (EBSD), and a three-dimensional optical stereomicroscope. The EBSD results revealed pit nucleation at the susceptible γ–ε interphase and ε–ε interlath/plate boundaries. The three-dimensional profile and SEM results indicated an increase in pit depth with no change in pit diameter on the surface of the specimen as the experiment progressed over time. This study highlights the importance of microstructural features and mechanical loading in the corrosion behavior of TRIP HEAs, providing insights into the mechanisms of pit nucleation and growth under aggressive environmental conditions.
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1. Introduction


Over time, as research on stress corrosion cracking (SCC) has progressed, several authors have formulated various definitions of SCC, suggesting that it is a phenomenon caused by the combined effect of applied load (external or internal) and a corrosive environment, resulting in premature failure of a susceptible material [1,2]. Cracks due to SCC can nucleate and propagate rapidly, resulting in sudden failure and catastrophic accidents. For instance, the “Silver Bridge” connecting Ohio and West Virginia collapsed in 1967, which was attributed to SCC [3]. The passive film is an important factor that plays a vital role during SCC. Since the passive film acts as a barrier between the metal and corrosive ions, it kinetically inhibits the electrochemical process (reduces reaction kinetics) at the metal–electrolyte interface, thus resisting corrosion [4]. According to the slip-step dissolution model, one of several micro-mechanisms proposed for SCC, the passive film ruptures under load, exposing the underlying material to corrosive ions, leading to anodic dissolution and causing pit nucleation and growth. Some of these pits eventually transition to cracks. Repassivation of the crack surface temporarily arrests the crack propagation, which resumes upon rupture of the passive film, continuing cyclically until the component fails [5,6,7].



Some widely accepted techniques to understand the SCC characteristics of materials include the slow strain rate tensile (SSRT) test, constant load tensile test, and compact tension test [8]. The constant load experiment involves applying a pre-determined load and recording the time to fracture in the given environment. As the stress (or load) level increases, the time to failure decreases, allowing the determination of the threshold stress at which SCC occurs [8]. This type of statically loaded experiment also evaluates the influence of metallurgical (e.g., chemical composition, grain size, precipitates, and secondary phase) and environmental factors (e.g., temperature and pH) on SCC.



The current micro-mechanistic understanding regarding SCC is based on experimental observations on conventional alloys consisting of one principal alloying element, and the other elements added in minor concentrations to achieve the desired characteristics. A study was conducted on austenitic steels (Type 304, 310, and 316) in a boiling saturated magnesium chloride solution to understand SCC behavior using the constant load method; transgranular cracking was observed, and the slip-step dissolution model was identified as the operating mechanism [9]. Forty and Humble [10], Engseth and Scully [11], and several other authors have investigated the SCC behavior occurring in a wide range of metals and alloys, e.g., aluminum alloys [12,13,14,15,16,17], magnesium alloys [18,19], steels [20,21,22,23], titanium alloys [24,25,26,27], and Ni-base superalloys [28,29,30]. Several authors studied the pit nucleation stages. For instance, Klapper et al. [31] studied the nucleation stages of transgranular SCC in 15.1 wt.% Cr–14.9 wt.% Mn stainless steel in a chloride environment at 88 °C using in-situ electrochemical and optical methods under constant load conditions. They reported that with an increase in load, the electrochemical activity significantly increased, forming several stable pits and resulting in specimen failure. The failure occurred from the base of the larger pits, suggesting the influence of load on pit formation and its transition to a crack during SCC. Calabrese et al. [32] investigated the evolution of damage during SCC on 17-4PH stainless steel using electrochemical noise (EN) and acoustic emission (AE) techniques. They reported that using EN and AE techniques, the four stages of damage (Stage I—incubation time before pitting corrosion; Stage II— stable pits grow to a size that cracks nucleated and subsequent stages of repassivation; Stage III—quiescence phase (progressive increase of the plastic zone at the crack tip during crack propagation); and Stage IV—catastrophic failure) can be characterized.



In the past two decades, multi-principal element alloys (MPEAs), also termed high-entropy alloys (HEAs) or complex concentrated alloys (CCAs), developed by Yeh et al. [33] and Cantor et al. [34], have seen intense research activities. HEAs are based on a novel approach to alloy design, which requires five or more principal alloying elements. A majority of these alloys exhibit simple crystal structures like face-centered cubic (FCC), body-centered cubic (BCC), and hexagonal close-packed (HCP) structures [35,36,37]. According to the literature, some of the newly designed alloys have excellent mechanical properties [38,39,40]. For instance, at room temperature, the two HEAs, AlCoCr2FeMn0.5Ni (at.%: 2 and 0.5 in the subscript denote Cr is 2 times and Mn is 0.5 times of other elements Al, Co, or Ni) and Al0.2Co1.5CrFeNi1.5Ti, exhibited very high hardness (more than the Inconel 718 superalloy). Although the hardness decreased with increasing temperature, it remained higher than Inconel 718 at similar temperatures [38,39]. The non-equiatomic HEA AlCoCrFeNiTi0.5 exhibited a high yield strength of 2.26 GPa and a ductility of 23% [41].



In addition to excellent mechanical properties, some HEAs have also demonstrated excellent corrosion behavior. Some of the HEAs outperformed SS304 in terms of corrosion resistance. For instance, the single-phase FCC CoCrFeNi (at.%) HEA exhibited better corrosion resistance compared to SS304L due to its high Cr and Ni content [42]. Although understanding SCC is essential, researchers have performed very few studies on HEAs. Ayyagari et al. [43] observed a rise in anodic current density under constant load conditions for Al0.1CoCrFeNi HEA, which was attributed to a change in alloy behavior under load. Varshney et al. [44,45] reported a decrease in ductility when tested transformation-induced plasticity (TRIP) Fe39Mn20Co20Cr15Si5Al1 (at.%) HEA in a 3.5 wt.% NaCl solution at room temperature. The decrease in ductility was attributed to SCC. In this work, Varshney et al. [46] noted the presence of corrosion pits at specific microstructural features of the alloy.



In the present work, the initial stages of pit nucleation in a TRIP Fe39Mn20Co20Cr15Si5Al1 (at.%) HEA in a 3.5 wt.% NaCl solution at room temperature were investigated. As aforementioned, SCC initiates from the fracture of a passive film, resulting in pit nucleation and, eventually, crack nucleation at such sites. This work focused on identifying the susceptible sites in the studied HEA that cause pit nucleation and understanding the initial stages of pit nucleation and growth. According to the published literature and the authors’ prior work on this alloy, it has two phases: ε—martensitic phase (HCP crystal structure); and γ—austenite phase (FCC structure) [47]. The studied alloy possesses several important characteristics that makes it an important HEA for studying the pit-to-crack transition [47,48,49,50,51]: (a) stability of the high-temperature and high-pressure phase (ε) at room temperature, (b) high strength due to the high fraction of the ε phase, (c) excellent ductility, and (d) excellent uniform corrosion resistance. Note that in conventional high-Mn steel, the ε phase is brittle. These characteristics position this alloy as a promising candidate for load-bearing applications in corrosive environments. Therefore, it becomes imperative to understand the initial stages of pit nucleation and identify microstructural features acting as favorable pit nucleation sites. A constant load SCC technique was employed to understand the initial stages of pit nucleation. The constant load SCC experiment was interrupted at specific time intervals. The research utilized advanced characterization techniques, including scanning electron microscopy (SEM), electron backscattered diffraction (EBSD), and a three-dimensional optical stereomicroscope, to study the early stages of pit nucleation.




2. Experimental Procedure


2.1. Material Processing and Microstructural Characterization of the Alloy (As-Received)


The vacuum arc melting method was utilized to synthesize the Fe39Mn20Co20Cr15Si5Al1 (at.%) HEA studied in the present work. It was synthesized by Sophisticated Alloys, PA, USA. The HEA was synthesized and cast in a 10″ × 8″ × 2″ water-cooled Cu mold. The HEA synthesis process involved the addition of master alloys in bulk form in the required composition andof the creation ofa vacuum in the chamber to remove the oxygen from the casting chamber. Due to the difficulty in getting rid of all the oxygen, multiple Ar backfilling and vacuum cycles were performed to ensure the removal of oxygen from the casting chamber. The vacuum level was 300 μm, and Ar was backfilled to 1 atm before melting. The alloy was cast and homogenized for 2 h at a temperature of 900 °C in an argon atmosphere. The homogenization temperature used in the process was determined from the pseudo-binary phase diagram, which was estimated using Thermo-Calc software. The temperature was chosen to achieve complete homogenization and prevent excessive grain growth. Following homogenization, the HEA underwent water quenching and was then warm-rolled at 500 °C until the desired thickness was achieved. The rolling temperature was selected to prevent recrystallization and enhance the austenite to martensite phase transformation. For further characterization, the HEA plate was sectioned into thin sheets with a thickness ranging from 1.2 to 1.4 mm using wire electrical discharge machining (EDM) provided by Mitsubishi.



A slow-speed diamond precision saw was employed to cut a specimen with dimensions of 10.0 (L) × 5.0 (W) × 1.2 (T) mm3. The specimen was mechanically ground and polished with grit papers ranging from 400 to 1200 and final polishing with 0.05 µm (colloidal silica solution). EBSD in SEM was employed to characterize the alloy for phase fractions. The EBSD experiment was conducted using Thermo Fisher Scientific, USA (Apreo S) instruments. An EBSD of the as-received specimen was performed at a magnification of 200X, with a step size of 1.0 µm, and a scanned area of 536 × 425 µm2. For EBSD in SEM, the accelerating voltage and beam currents were 20 kV and 1.6 nA, respectively. The experimental procedures involved in estimating the average grain size and the phases present are discussed in our previous publications [44,45,47].




2.2. Uniaxial Tensile Test


Since the constant load SCC test required the knowledge of the yield strength of the alloy to ensure the applied stress remained within the elastic regime (to avoid changes in microstructure due to plastic deformation), a flat dog-bone-shaped tensile specimen was used to conduct the tensile test from which the yield strength of the alloy was determined. The specimen was machined out using a wire-EDM instrument. Figure 1a illustrates the geometry of the tensile specimen, which was used to perform the uniaxial tensile test. The rolling direction in the tensile specimen was parallel to the tensile loading axis. The tensile specimen was mechanically ground and polished to achieve a final thickness of ~1.0 mm and a surface roughness of 0.05 µm using a colloidal silica solution. A uniaxial tensile testing instrument (ADMET) was utilized to perform the tensile test at room temperature in an air environment. The strain rate used during the tensile test was 10−6 s−1. The corresponding constant crosshead velocity during the tensile test was 0.0232 mm/s.




2.3. Constant Load SCC Experiment


Another flat dog-bone-shaped tensile specimen with a mirror-polished surface condition was used for the constant load experiment. To expose a pre-defined area of the specimen (gauge section) to the corrosive environment and prevent the formation of a galvanic couple between the specimen and the specimen fixture, the specimen was covered with chemical-resistant tape, as shown in Figure 1b. The exposed area had dimensions of 5.73 mm (l) and 1.83 mm (w). Figure 1c shows the constant load testing instrument and the salt solution chamber mounted on the lower arm of the crosshead. A magnified view of the salt solution chamber is shown in Figure 1d. The specimen was securely placed on the fixture and a load of 578 N (192 MPa—~71% of yield strength) was applied. Subsequently, a 3.5 wt.% NaCl salt solution was poured into the chamber. Initially, the specimen was kept under load in the 3.5 wt.% NaCl salt solution for 30 min (0.5 h), and then the test was interrupted to observe any changes that might have taken place during the experiment. The specimen was taken out, cleaned with acetone, and subjected to microstructural characterization (experimental details discussed in Section 2.4). Following the microstructural characterization, the specimen was cleaned again with acetone, covered with chemical-resistant tape, and subjected to the same load in the instrument. Multiple cycles of constant load experiments, interruption, microstructural characterization, and more constant load experiments with increasing time intervals (between two subsequent interruptions) were performed to understand the early stage of pit nucleation and growth at the microscopic scale.




2.4. Microstructural Characterization: Before and after Constant Load SCC Experiment


The flat dog-bone-shaped tensile specimen was subjected to microstructural characterization before starting the constant load experiment. The initial microstructural characterization was conducted using SEM to compare any changes in the specimen after each interruption in the constant load experiment. After the first interruption, which occurred at 0.5 h, the specimen was cleaned with acetone and subjected to microstructural characterization. SEM microscopy was performed, but no changes were observed on the specimen surface. Therefore, the constant load experiment was resumed without any other microstructural characterization. The experiment was interrupted again after 1.5 h (cumulative time), and microstructural characterization was performed using SEM, EBSD, and a three-dimensional digital stereomicroscope across the observed pits on the surface. The EBSD across the pits was performed at a magnification of 800×. The scanned area was 131 × 105 µm2 with a step size of 0.25 µm. Using a three-dimensional profilometer, multiple images at different pit depths were taken and then stitched together to obtain three-dimensional optical micrographs of the pits. These micrographs were used to determine the depth of the pit at each interruption. After microstructural characterization across the pits, the constant load experiment was resumed. Multiple cycles of interruption were conducted at cumulative times of 3.5 h, 5.5 h, 10 h, 20 h, 40 h, 98 h, and 194 h.





3. Results


3.1. Microstructural Characterization of the As-Received Alloy


According to the XRD result reported in the previously published work, the alloy possessed two phases, the ε martensitic phase, which has an HCP structure, and the γ austenite phase, which has an FCC structure [44,45,47]. The EBSD results are shown in Figure 2. The EBSD of the as-received specimen shows that the alloy has a higher fraction of the ε martensitic phase (97%), with the remaining portion beingγ austenite phase. According to the literature, the ε martensitic phase contributes to the strength [48]. The average grain size for the γ austenite phase was estimated to be 5.0 ± 3.0 µm. Note that the microstructural elements quantified using EBSD are dependent on parameters used during EBSD data acquisition and analysis. The average grain size of the ε phase was measured through optical microscopy. It showed the alloy consisted of coarse grains of the ε phase. The average grain size for the ε martensitic phase was estimated to be 220 ± 11 µm. The XRD and optical micrographs can be referred to in our published papers [44,45,47].



Figure 2c shows the misorientation angle distribution (MAD) plot of the two phases together. The plot shows two peaks at ~60° and ~70° misorientation angles. Figure 2d,e show the MAD plots of the γ austenite and ε martensitic phases, respectively. For the γ austenite phase, two peaks can be noted. One, at very low misorientation angles (<10°), indicates a high degree of plastic deformation, and the other, at ~60°, which is attributed to Σ3 twin boundaries. For the ε martensitic phase, two peaks were noted, one at a ~70°–75° misorientation angle, which is attributed to interlaths/plate boundaries, and the other at low misorientation angles indicating low-angle grain boundaries (LAGBs). The phase fraction of LAGBs in the γ austenite phase is ~60%, which is in contrast to the ε martensitic phase that has ~8% of LAGBs.




3.2. Early Stages of Crack Formation: Pit Initiation and Growth


3.2.1. Constant Load Selection


To investigate the initial stages of pit nucleation, an interrupted constant load experiment was performed, as mentioned in Section 2.3. To estimate the load that needs to be applied to the specimen during a constant load experiment, a uniaxial tensile test was performed at a strain rate of 10−6 s−1 in an air environment. Figure 3 shows the engineering stress vs. engineering strain plot, marked with the yield strength (270 MPa) and ~71% of yield strength (192 MPa). The ultimate tensile strength of the HEA is 656 MPa, and ductility is ~25%. The applied stress selected is in the elastic regime so that the surface condition does not change significantly due to macroscopic plastic deformation. The applied stress is also high enough to cause pit nucleation in a reasonable time frame.




3.2.2. Microstructural Characterization during Interruption


Figure 4 shows the SEM micrographs captured at different times during the interruption. Within the first 0.5 h of starting the experiment, no pits were detected. After 1.5 h, several pits emerged on the specimen’s surface, indicating the fracture of the passive film at certain locations, initiating anodic dissolution and resulting in pit nucleation. The film fracture may be attributed to localized plastic deformation [52]. The pits formed on the surface were a few microns in diameter after 1.5 h. Up to 5.5 h, no new pits were observed to form, but the depth of the pits changed (discussed in the later part), suggesting the occurrence of electrochemical activity or anodic dissolution (at a relatively slower rate) on the specimen’s surface.



At time t = 10 h, additional pits nucleated on the surface, and no new pits formed until t = 40 h. After 98 h, more pits nucleated, and some of them grew to approximately hundreds of microns in size. It is possible that as the time interval between interruptions increased during the constant load experiment, the localized acidic conditions within the pit were maintained for a longer duration before the subsequent interruption, resulting in pit growth compared to pits that nucleated within the shorter time intervals. Figure 4 demonstrates that the pit density increased with time, and as the time between interruptions extended, both the density and size of the formed pits increased. Note that due to lower magnification, except a few, the majority of the smaller micron-sized pits are not visible in the SEM macrographs included in Figure 4.



Figure 5 shows high-magnification SEM micrographs capturing the formation of pits on the surface at different time intervals. Figure 5a shows the pit that was observed at time t = 1.5 h after starting the constant load test. The pits shown in Figure 5b–d were observed after 20 h, 40 h, and 98 h, respectively. The pit shown in Figure 5d has a diameter of ~80 µm, and it is relatively larger than the other pits formed. Figure 6 shows a plot of pit area fraction (%) vs. time (h) for the pit shown in Figure 5a,b. The plot indicated that the pit size remained unchanged throughout the experiment. Positions 1 and 3, labeled on the plot, represent the times at which the two pits nucleated, while positions 2 and 4 indicate the termination time of the constant load experiment. The SEM micrographs corresponding to the labeled numbers on the plot are shown on the top and right sides of the plot. The SEM micrographs pictorially show that the pit size remained constant with time. However, it is probable that, instead of the size, the depth of the pits increased during the course of the experiment.



To validate this argument, three-dimensional digital profile microscopy was conducted on the pits shown in Figure 5a,b. Figure 7 shows a plot of the pit depth (µm) vs. time (h) across the two pits. The plot reveals a continuous increase in depth with immersion times for both pits. The plot is labeled with numbers 1 to 4, where 1 and 3 denote the pit nucleation time, and 2 and 4 show the termination time of the experiment. The three-dimensional optical micrographs corresponding to the labeled numbers on the plot are shown on the top and right sides of the plot. It is worth noting that these pits formed at boundaries or triple junctions, suggesting that boundaries are susceptible to corrosion ion attack.



To study the role of microstructure on the pitting susceptibility of the alloy, EBSD was performed on the pits shown in Figure 5a,b. Figure 8a,d show the phase maps overlaid with high-angle grain boundaries, HAGBs (>15°). A straight line was drawn across the boundaries adjacent to the pit to learn the misorientation angle of the boundaries susceptible to corrosion attack. A digitally magnified view of this area is shown in Figure 8b and Figure 8e, respectively. The drawn line intersects with boundaries labeled as numbers 1, 2, and 3 for pit 1 (Figure 8b) and number 1 for pit 2 (Figure 8e). Figure 8c,f show the point-to-point misorientation variation along the line and are also labeled with the corresponding numbers. For pit 1, the misorientation angles measured across the intersected boundaries were 60° (numbers 1 and 2) and ~75° (number 3), suggesting the presence of a γ–ε interphase and ε–ε interlath/plate boundaries, respectively [50,51]. Regarding pit 2, the point-to-point misorientation angle at the intersected boundary was ~75° (number 1), suggesting the presence of ε–ε interlath/plate boundaries.



The presence of two boundaries (γ–ε interphase boundary and ε–ε interlath/plate boundaries) across the pits shows that the pits likely nucleated along these susceptible boundaries, which could eventually serve as crack nucleation sites under the influence of load. The proximity of the pit to the γ austenite phase (Figure 8b) and the presence of the γ austenite phase within the pit (Figure 8e) suggest that the attack might have started from the interphase regions or the γ austenite phase. The TRIP alloys transform from the γ austenite phase (metastable state) to the ε martensite phase (relatively lower energy state). Corrosive ions typically attack high-energy sites [53]. Furthermore, the presence of an applied load locally increases the energy and catalyzes the corrosion attack at these susceptible sites.






4. Discussion


The present work is focused on investigating the initial stages of pit nucleation in a TRIP Fe39Mn20Co20Cr15Si5Al1 HEA. The HEA has two phases, i.e., ε - martensitic phase having an HCP structure and γ austenite phase with an FCC structure with a high fraction of the ε (97%) phase. The microstructural analysis revealed the presence of two types of boundaries in the HEA, i.e., γ–ε interphase and ε–ε interlath/plate boundaries at misorientation angles of 60° and 70–75°, respectively. The misorientation variation analysis across the pits revealed that γ–ε and ε–ε boundaries are the susceptible sites for pit nucleation. The three-dimensional micrographs taken across the pits at different times show an increase in depth.



Pit Nucleation


When the constant load experiment was started, no pits nucleated for the first 0.5 h. However, after 1.5 h of starting the experiment, four micron-sized pits were observed. According to the literature, pitting involves three kinetic stages: pit nucleation, metastable pit propagation, and stable pit propagation [54]. When a pit nucleates, it can either proceed towards the metastable pit propagation stage or cease to exist. This depends on the local potential (whether it is close to the pitting potential or not) and the repassivation rate (relatively lower than the anodic dissolution rate) [54]. After forming a metastable pit, it can again either develop into a stable pit or cease to exist. This depends on several factors that need to be fulfilled for a pit to stabilize and grow.



Some of these important environmental conditions are as follows: the presence of a pit cover [31,55], the prevention of diffusion of corrosive ions/cations from/to the bulk solution [55], the formation of a local acidic solution within the pit (decrease in pH) [56], and a change in the potential within the pit [56]. When such conditions are met, the metastable pit stabilizes and grows. The pit cover restricts the diffusion of cations to the bulk solution, and cations undergo a hydrolysis reaction with water, which reduces the pH within the pit because of the increase in H+ concentration. This causes a decrease in the repassivation rate and allows for the further dissolution of the material [57]. If the pit cover fractures before achieving the critical pit size, the local acidic solution gets diluted, and the pit growth stops due to the repassivation. However, if a pit achieves a critical size (diameter or depth), then even without the pit cover, the pit continues to grow but at a reduced rate [55,57,58]. Probably, within 0.5 h of starting the experiment, the necessary conditions did not exist and, due to this, the pit did not nucleate. It is also probable that the pits were covered with pit covers and, consequently, were not observed under SEM at the end of 0.5 h. However, within 0.5–1.5 h of starting the experiment, either the conditions were fulfilled and caused stable pit formation or the pit covers ruptured, revealing the nucleated pits. In the later stages of the experiment, several more pits were observed at multiple locations, shown in Figure 4, suggesting the fulfillment of important conditions for pit growth.



Pit nucleation also depends on the susceptible site. According to the literature, we know that corrosive ions generally attack sites that have relatively high energy [53]. The presence of a load enhances the susceptibility of a site to corrosion ion attack. From the interatomic distance vs. energy plot, we know that a change in interatomic distance due to the application of load will increase the energy of the system from its minimum or equilibrium energy level [59]. The increase in energy affects the interaction of atoms (especially on the surface) with the corrosive ions. The increase in energy is not uniform in polycrystalline, multiphase materials. This possibly increases the electrochemical activity, especially at the most susceptible sites present in the material.



Feng et al. [60] studied the corrosion behavior of low-nickel stainless steel in a groundwater solution under elastic and plastic strain conditions. They observed an increase in grain boundary energy and electrochemical activity with an increase in elastic strain. Lu et al. [52] mentioned that elastic load induces microplastic deformation in the material, generating more active sites and increasing anodic current density. The studied alloy consists of two types of boundaries, i.e., γ–ε interphase boundary and ε–ε interlath/plate boundaries, and microstructural characterization using SEM and EBSD revealed that the pit nucleation sites are γ–ε interphase boundary and ε–ε interlath/plate boundaries, shown in Figure 8. In the present study, under the influence of load, the increase in energy was possibly more at these two susceptible boundaries. Also, preferential deformation of the γ phase might cause the development of anodic coupling between the γ and ε phases, causing film fracture or pitting at these locations preferentially. This means that γ–ε interphase boundary and ε–ε interlath/plate boundaries could be the susceptible sites for pit nucleation, and they might eventually become crack nucleation sites.



Note that the diameter of some of the pits nucleated early on did not change, as shown in Figure 6. After several interruptions, we observed an increase in pit depth without a change in pit diameter, as shown in Figure 7. This generally happens when a pit achieves a stable size; then, instead of diameter, depth increases. Note that the increase in pit depth was not significantly high with every interruption as compared to the initial depth observed. This could be related to the absence of a pit cover. The SEM micrographs (Figure 5) show that the pits do not have a pit cover. According to the literature, for pit growth, a pit cover is needed to maintain a local acidic environment until the pit achieves a critical size for self-sufficient growth [57,61]. After achieving a critical pit size, the pit will continue to grow without its cover. It can be speculated that the interruption of the test did not maintain the aggressive anolyte, and it became diluted into the bulk solution [57]. Additionally, when the experiment was resumed, the pit cover was not present to maintain the acidic environment. This possibly affected the growth rate of the pits (depth). The presence of a pit cover might cause a relatively faster pit growth rate.



Additionally, when the experiment was interrupted after a relatively long time interval (t = 98 h), a relatively large pit (~80 µm) was observed on the specimen’s surface, as shown in Figure 5d. Possibly, because of the longer time duration between interruptions, the incubation time for pit nucleation and growth was sufficient for a pit of such size to form on the specimen’s surface [31]. However, when the experiment was resumed and interrupted at t = 194 h (after 96 h), the diameter of the same pit (Figure 5d) did not change, but the depth increased (SEM micrograph not shown here). This suggests that the local environment plays an important role in deciding the pit nucleation and its growth. Furthermore, the increase in pit depth could be related to the rupture and anodic dissolution of the passive film due to the dislocation activity (due to microplasticity) occurring in the material as a result of load application. The formation of pits on the specimen’s surface leads to stress concentration at these sites, which in turn might increase the dislocation activity (local high energy) and consequently enhance the film fracture rate and anodic dissolution following the slip-step dissolution model [7]. The experiment did not run until the specimen was fractured, and therefore, the pit transition to crack nucleation is not addressed in the present study. Investigating the pit transition to crack nucleation and propagation could be part of a subsequent study.



Additionally, it is acknowledged that the interruptions and cleaning of the sample with acetone might have influenced the pit growth rate or formation. To address this, an additional experiment with continuous 96 h exposure to the NaCl solution without interruptions will be carried out in future. This planned experiment will allow for a comparison of the number and size of pits with those observed in the interrupted tests, providing further insights into the impact of test interruptions.





5. Conclusions


The present study investigates the early stages of pit nucleation and growth in the TRIP Fe39Mn20Co20Cr15Si5Al1 (at.%) HEA. The specimen was subjected to a constant load equivalent to ~71% of the yield strength while immersed in a 3.5 wt.% NaCl environment at room temperature. The experiment was interrupted at different time intervals to investigates surface conditions. The SEM, EBSD, and three-dimensional digital stereomicroscopy techniques were utilized to investigate the susceptible sites for pit nucleation and growth. The pits were observed to nucleate at the γ–ε (interphase) and ε–ε (interlath/plates) boundaries. As the experiment progressed, the pit density on the surface was increased, and the maximum pit size (diameter) was found to be ~80 µm. Furthermore, the pit depth increased with each interruption.



Under the influence of the constant load, the microplastic deformation and incompatibility between different neighboring grains or phases possibly led to increased energy at the γ–ε (interphase) and ε–ε (interlath/plates) boundaries, evidenced by pit nucleation at such sites. These pits grew to a critical size and underwent anodic dissolution which possibly contributed to the increasing depth as the experiment progressed. Overall, this study provides insights into the initial stages of pit nucleation and growth in TRIP HEAs, emphasizing the role of microstructural features and mechanical loading in corrosion processes. Future work should investigate the transition from pit to crack nucleation and propagation to fully understand the long-term durability of these materials under similar conditions.
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Figure 1. (a) Computer-aided design (CAD) model of the flat dog-bone-shaped tensile specimen, (b) machined tensile specimen wrapped in chemical-resistant tape exposing only the area of interest in the gauge section during the test; (c) the constant load testing instrument (creep machine), which consists of an electrochemical setup mounted on the lower crosshead; and (d) a digitally magnified view of the electrochemical setup showing the different electrodes used during the test. 
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Figure 2. EBSD results of the Fe39Mn20Co20Cr15Si5Al1 HEA: (a) an inverse pole figure (IPF) map with high-angle grain boundaries (HAGBs) (>15°) lines overlaid, (b) a phase map where green and red represent HCP and FCC phases, respectively, (c) a misorientation angle distribution (MAD) plot considering both phases together, (d) an MAD plot for the γ austenite phase, and (e) an MAD plot for the ε martensite phase. 
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Figure 3. An engineering stress vs. engineering strain plot for the Fe39Mn20Co20Cr15Si5Al1 (at.%) HEA when tested at 10−6 s−1 in an air environment, highlighting the yield strength and the stress used for applying a constant load to study pit nucleation and growth. 
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Figure 4. SEM micrographs showing pits formation (black circled) on the specimen surface at different times (t), during the interrupted constant load experiment, performed on the flat dog-bone-shaped tensile specimen (Fe39Mn20Co20Cr15Si5Al1 (at.%) HEA). The time shown in the figure is the cumulative time. 
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Figure 5. High-magnification SEM micrographs of some of the pits which were nucleated at (a) t = 1.5 h, (b) t = 20 h, (c) t = 40 h, and (d) t = 98 h during the interrupted constant load tensile test on the Fe39Mn20Co20Cr15Si5Al1 (at.%) HEA specimen. The time mentioned here is the cumulative time. 
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Figure 6. Plot of pit area fraction (%) vs. Time (h) for the pits shown in Figure 5a,b. Positions 1 and 3 show the time the pits nucleated, while positions 2 and 4 show the end time of the constant load experiment. The SEM micrographs corresponding to the labeled numbers on the plot are shown on the top and right sides of the plot. 
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Figure 7. Plot of pit depth (µm) vs. Time (h) for the pits shown in Figure 5a,b. Positions 1 and 3 show the time the pits nucleated, while positions 2 and 4 show the end time of the constant load experiment. The 3-dimensional profile micrographs corresponding to the labeled numbers on the plot are labeled and shown on the top and right sides of the plot. 
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Figure 8. (a,d) Phase maps across the pits shown in Figure 5a,b, overlaid with (>15°); (b,e) magnified view of the highlighted rectangles in (a,d) that consists of misorientation lines drawn on the maps; and (c,f) misorientation angle (°) vs. distance (µm) plots showing the point-to-point variation along the line drawn across the phase maps shown in (b,e), respectively. Numbers marked on the plot show the interface position through which the line passes. 
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