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The influence of devitrification on microstructure, corrosion, and mechanical properties of two new FeCrMoNbB and FeCrMoNiB pseudo-high entropy (PHE) amorphous alloys have been investigated to be used as coatings. Amorphous ribbons produced by melt spinning were heat-treated to simulate crystallization. Amounts of amorphous phases were kept at high temperatures and crystallized in multi-principal element bcc or FCC phases and borides. A 500 μm thick physically simulated coating of commercial-grade precursors using spray forming was produced to infer their viability. The Nb-PHE alloy's coating was nearly amorphous. Ribbons' hardness and elastic modulus evaluated by nanoindentation depended on annealing temperatures and were remarkably high. Potentiodynamic polarization curves in chlorine-rich solution at different pHs showed outstanding corrosion resistance in amorphous conditions. After devitrification, both compositions preserved excellent corrosion behavior up to ~700 • C. Pitting corrosion was absent. Resistance to corrosion and wear indicates that these materials are promising for coating applications. cheaper materials to be used in their substitution.

 with very high Mo and Cr compositions, hampering their application either because of inadequate corrosion properties or high costs.

 and Fe-P-B-Si-Cu [34] were reported. However, mechanical properties were only characterized for the Fe-P-B-Si-Cu system, and none were in corrosion.

, Nb can improve glass forming ability, corrosion resistance, and magnetic and mechanical properties. However, the alloys of these works also presented pitting corrosion. Therefore, the design of PHE amorphous alloys accounting for their controlled specific phase precipitation and the above previous vast knowledge obtained for standard Fe-based alloys is essential.

, low-velocity oxygen fuel

Introduction

Iron alloys are unquestionably the most critical category of materials engineering as a vast number of varieties can be designed and fabricated by manipulating the alloying elements' kind and amounts and processing routes (casting method, thermal and mechanical processing, etc.) [START_REF] Ferry | Proceedings of the Alloys: Iron[END_REF]. Given the importance of Fe-based alloys (also Al-, Mg-based, and other engineering alloys), they continue to be developed according to necessities, new specifications, or industrial needs. Among all materials, steels are still the most utilized and cost-effective, and billions of tons are delivered yearly [START_REF]World Steel in Figures[END_REF].

Since the '60s, stimulating and well-known new categories of metallic materials have been discovered, for instance, glassy [START_REF] Klement | Non-crystalline structure in solidified gold-silicon alloys[END_REF] and, more recently, multi-principal element alloys (MPEAs) [START_REF] Cantor | Microstructural development in equiatomic multi-component alloys[END_REF]. Fe-based amorphous metallic materials are expected to have interesting properties such as strength, hardness, and magnetic, as well as resistance to wear and corrosion [START_REF] Pang | Synthesis of Fe-Cr-Mo-C-B-P bulk metallic glasses with high corrosion resistance[END_REF][START_REF] Iqbal | Synthesis and characterization of bulk amorphous steels[END_REF][START_REF] Inoue | Stabilization of metallic supercooled liquid and bulk amorphous alloys[END_REF][START_REF] Zhang | Hardness, magnetism and passivation of Fe-Si-B-Nb glasses[END_REF][START_REF] Zhang | Potentiodynamic and potentiostatic investigation on the passivation of Fe based glassy alloys in alkaline solution[END_REF]. Despite the remarkable properties' assortment, surpassing those encountered in traditional Fe-based alloys, bulk metallic glasses (BMGs) and even MPEAs are usually related to high costs due to the amounts of substantially expensive elemental constituents. In addition, the small critical size and brittleness are common problems in ordinary Fe-based amorphous alloys and are typical limitations for applying them in structural applications.

Recently, the possibility of producing protective coatings from conventional Fe-based amorphous metallic materials has been drawing attention due to their possible use in corrosive-and wear-harsh conditions (oil and gas industry), mainly in coastal and off-shore marine environments, such as oil and gas production, shipping, and drilling [START_REF] Wang | Slurry erosion-corrosion behaviour of high-velocity oxy-fuel (HVOF) sprayed Fe-based amorphous metallic coatings for marine pump in sand-containing NaCl solutions[END_REF][START_REF] Liu | Fe-based amorphous coatings: structures and properties[END_REF][START_REF] Zhang | Pitting initiation in Fe-based amorphous coatings[END_REF]. Indeed, thin protective layers produced from coating processing can overcome the above-mentioned common problems and opens the opportunity to use such Fe-based alloys. Furthermore, if one thinks about materials currently used in marine applications (for example, super martensitic and stainless steels), rich in expensive elements such as Cr and Ni, thin layers of Fe-based amorphous compositions can allow alloy (LVOF) [START_REF] Koga | Corrosion properties of Fe-Cr-Nb-B amorphous alloys and coatings[END_REF], plasma [START_REF] Zhou | Fabrication and characterization of supersonic plasma sprayed Fe-based amorphous metallic coatings[END_REF][START_REF] Bijalwan | Microstructure and corrosion behavior of Fe-based amorphous composite coatings developed by atmospheric plasma spraying[END_REF], and detonation spraying [START_REF] Zhou | Formation and corrosion behavior of Febased amorphous metallic coatings prepared by detonation gun spraying[END_REF], as well as by laser cladding [START_REF] Gargarella | Formation of Fe-based glassy matrix composite coatings by laser processing[END_REF]. Each technique can result in different cooling rates delivering different microstructures that are not neces-sarily amorphous [START_REF] Koga | An overview of thermally sprayed Fe-Cr-Nb-B metallic glass coatings: from the alloy development to the coating's performance against corrosion and wear[END_REF]. Indeed, none of them [START_REF] Koga | Corrosion properties of Fe-Cr-Nb-B amorphous alloys and coatings[END_REF][START_REF] Guo | Microstructural investigation of Fe \ \ Cr \ \ Nb \ \ B amorphous /nanocrystalline coating produced by HVOF[END_REF][START_REF] Bijalwan | Microstructure and corrosion behavior of Fe-based amorphous composite coatings developed by atmospheric plasma spraying[END_REF][START_REF] Zhou | Formation and corrosion behavior of Febased amorphous metallic coatings prepared by detonation gun spraying[END_REF][START_REF] Gargarella | Formation of Fe-based glassy matrix composite coatings by laser processing[END_REF] resulted in a completely amorphous structure. One must be aware that the cooling rate depends on the processing route and, among others, substrate thickness and air convection. Also, crystallization in industrial pro-cessing will depend on not only the cooling rate (not consistently so fast enough) but also glass forming ability, environmental conditions, and specific behavior of the coating conditional on the processing, for example, Marangoni convection [START_REF] Gargarella | Formation of Fe-based glassy matrix composite coatings by laser processing[END_REF] and the elements inter-diffusion zone existent between the coatings and the substrate [START_REF] Zhou | Fabrication and characterization of supersonic plasma sprayed Fe-based amorphous metallic coatings[END_REF]. As one may infer, different compositions of traditional Fe-based amorphous alloys will result in different precipitates, and precipitation will depend on temperature and kinetics; finally, cooling rates, besides amorphization, will also influence phase transformation, also dependent on temperature and kinetics.

Regarding the evaluation of mechanical properties and wear resis-tance of ribbons, nanoindentation has been successfully used in several recent works [START_REF] Lashgari | The effect of heat treatment and cyclic loading on nanoindentation behaviour of FeSiB amorphous alloy[END_REF][START_REF] Dong | Nanoindentation creep behavior of an Fe-Cr-Mo-B-C amorphous coating via atmospheric plasma spraying[END_REF][START_REF] Kim | Plastic deformation behavior of Fe-Co-B-Si-Nb-Cr bulk metallic glasses under nanoindentation[END_REF] to obtain mechanical properties like hardness (H) and Young's modulus (E) with accuracy in samples whose dimensions would not allow conventional tests, which is the case of this work where the produced ribbons are about 50 μm thick. Moreover, although important, hardness is not the only property that should be considered when evaluating the performance of a coating. Indeed the H/E ratio similar to σy/E (where σy stands for yield stress) is a classic dimensionless quantity in tribology/contact mechanics, reflecting the irre-versibility over reversibility deformation mechanisms of a solid [START_REF] Johnson | Normal contact of inelastic solids[END_REF], and is helpful to rank wear/ductility properties [START_REF] Milman | Plasticity characteristic obtained through hardness measurement[END_REF]. In addition, the Galanov model can assess the ductility characteristic δ-ratio of plastic deformation and total deformation by computing the relative charac-teristic size of the elastic-plastic zone under the indenter [START_REF] Galanov | Improved core model of the indentation for the experimental determination of mechanical properties of elastic-plastic materials and its application[END_REF].

This work aims to contribute to developing new Fe-based PHE amorphous alloys suitable for application as high-performance coatings, seeking a balance of the properties mentioned above. Initially, studies were performed on ribbon samples to obtain a fully amorphous structure and better control the devitrification process. Following the above rules for PHE amorphous alloys production [START_REF] Inoue | Peculiarities and usefulness of multicomponent bulk metallic alloys[END_REF][START_REF] Inoue | Effect of high-order multi-component on formation and properties of Zrbased bulk glassy alloys[END_REF] and previously reported works on traditional Fe-based amorphous alloys, two novel PHE com-positions were proposed, Fe61Cr11Mo8Nb4B16 and Fe61Cr11Mo8Ni4B16 (called FeCrMoNbB and FeCrMoNiB, or Nb and Ni-containing alloy, for the sake of readability). In the present work, we have designed the new FeCrMoNbB alloy with adequate amounts of Mo and Cr (to be classified as stainless steel, please, refer to the methodology). Ni effectively im-proves corrosion resistance in chloride environments of crystalline alloys, mainly by forming austenite [START_REF] Man | Beneficial effect of reversed austenite on the intergranular corrosion resistance of martensitic stainless steel[END_REF]. It has been associated with increasing the GFA and the ΔTx in Fe-based alloys [START_REF] Wang | Glass-forming ability, thermal properties, and corrosion resistance of Fe-based (Fe, Ni, Mo, Cr)-P-C-B metallic glasses[END_REF]. However, Ni is an expensive component compared to Nb, making verifying the effectiveness of using Nb instead of Ni for these compositions worthwhile.

A 500 μm thick physically simulated coatings of commercial-grade precursors using spray forming in the air were also produced and analyzed for results validation.

Experimental

Ingots and ribbons production

For help with the composition design, Pandat® software (Compu-Therm LLC (USA)) was used, and calculation was performed to verify the influence of the different elements on phase stability. The open database (PanFe2021) was used for the software, and the range reasonably matches the compositions studied (B is limited to 0-5 at.%).

High-purity elemental components were used, Fe 99.98%, Cr 99.99%, Mo 99.95%, Nb 99.8%, Ni 99.9%, and B 99.7%. Ingots of about 15 g were arc-melted in a protective atmosphere. The ingots were flipped and remelted at least six times to ensure chemical homogeneity, and the mass loss was <0.5% for both compositions. Each time before melting in a Ti-gettered Ar-atmosphere, the arc melter chamber was always evacuated to a level of 10 -5 mbar, then filled with argon gas up to a pressure of 200 mbar. Ribbons with a 45 μm-thickness and 2 mm wide were produced by melt spinning in a copper wheel using 45 m/s as the surface speed. Firstly, the melt spinning system was evacuated to reach 10 -4 mbar and then filled with argon gas to give an ejection pressure of 200 mbar.

Annealing treatments

Ribbons were analyzed in a Netzsch 404 DSC (differential scanning calorimetry) equipment at a 20 K/min heating rate, from 30 ºC to 1350 • C, to determine critical temperatures for annealing tests. All DSC analyses were performed in triplicate. Based on these results, four target temperatures were identified for each composition: 640 • C, 720 ºC, 810 • C, and 1000 • C for FeCrMoNbB and 570 • C, 690 • C, 820 • C, and 1000 • C for FeCrMoNiB composition. The heat treatments were carried out in an electric furnace under Ar flow to avoid samples' oxidation. A 20 K/min heating rate was used from 25 • C up to the desired temperature, then the oven was turned off, and samples were cooled inside the furnace under Ar flow. After each annealing treatment, DSC analysis was also performed to verify complete crystallization at the given temperature.

Structural and microstructural characterization

X-ray diffraction (XRD) analysis was performed in ribbons before and after each annealing treatment employing the Bruker D8 Advanced equipment, using Cu-Kα radiation from 20 to 90 • and a 2 • /min step scan. The phase indexation was made using the EVA software and a PDF-4+ database updated in 2021.

Transmission (TEM) and scanning transmission (STEM) electron microscopy analyses were performed in an FEI Tecnai G 2 F20 field emission gun (FEG) equipment using 200 kV acceleration voltage and coupled with an EDAX energy-dispersive X-ray spectroscopy (EDX) to understand ribbons microstructure and phase evolution better. Ribbon samples were thinned by ion milling in the Gatan PIPS 691 equipment under conditions in which structure damage is avoided during thinning, i.e., 2.5 keV at the initial polishing stage and 1.6 keV at the final stage.

Nanoindentation tests

Due to ribbons' volume limitation, nanoindentation tests were used as a reliable technique for measuring the hardness and Young's modulus. The tests were initially performed in ribbons (on the bright sidemore homogeneous) bonded with a crystal bond on an Al sample holder. The equipment used was a nanoindenter head XP (MTS/Agilent/ KLA Tencor) Berkovich tip following the standard Oliver and Pharr procedure with Continuous Stiffness Measurement (CSM) with a lock-in detection scheme of the imposed oscillation at 2 nm at 45 Hz [START_REF] Oliver | Measurement of hardness and elastic modulus by instrumented indentation: advances in understanding and refinements to methodology[END_REF]. The following setup parameters were used: loading time of 120 s (after taking 64 s to reach the sample surface), holding time of 10 s, and unloading time of 18 s, after which a holding time of 200 s was applied for drift evaluation under low load. A depth limit of 400 nm and constant strain rate deps/dt=0.05 /s was used on at least 12 measurements on each sample. A ductility index, the dimensionless parameter δ, can be evaluated from indentation measurements satisfying the physical definition of plasticity [START_REF] Galanov | Improved core model of the indentation for the experimental determination of mechanical properties of elastic-plastic materials and its application[END_REF][START_REF] Oliver | Measurement of hardness and elastic modulus by instrumented indentation: advances in understanding and refinements to methodology[END_REF]: δ = εp/εt = 1-εe/εt where εp, εt, and εe are the plastic, total and elastic strain respectively. An improved Johnson inclusion model of indentation by pyramidal indenter (Berkovich) [START_REF] Galanov | Improved core model of the indentation for the experimental determination of mechanical properties of elastic-plastic materials and its application[END_REF][START_REF] Galanov | Application of the improved inclusion core model of the indentation process for the determination of mechanical properties of materials[END_REF] provided an analytical formulation of δ based on indentation elastic modulus and hardness.

Corrosion tests

Polarization curves were carried out in a three-electrode cell setup with a Gamry Ref 600+ potentiostat. The working electrodes (WE) were the as-spun and annealed ribbons with a 0.3 cm 2 area. The reference electrode was a saturated calomel electrode (SCE), and a Platinum (Pt) grid was used as a counter-electrode. Chloride-rich environments (concentration of NaCl equal to seawater total dissolved salts' amounts) were prepared using demineralized water and high-purity reagents in three conditions: 1. Deionized water, 35 g/L of NaCl, and addition of HCl to reach pH = 3.0; 2. Deionized water, 35 g/L of NaCl, and NaOH were added to reach pH = 10.0 and 3. Deionized water, 35 g/L of NaCl, pH = 5.5 (please, refer to Supplementary Material, Section S1.1 for more details regarding these conditions). The tests were performed at room temperature (25 • C). The experiment consisted of two hours of open circuit potential (OCP) to allow surface stabilization, followed by potentiodynamic polarization tests performed from -0.03 to 1.2 V, with a scan rate of 1 mV/s. The corrosion behavior was analyzed in terms of corrosion current density (icorr), corrosion potential (Ecorr), and corrosion current at 0.6 V versus (I0.6VvsOCP) to allow comparison among all heat-treated conditions.

Supplementary methodology

Some results are presented in the supplementary material to support the discussion. Specific methodology regarding corrosion product determination and X-ray photoelectron spectroscopy (XPS) is presented in Section S1.2 and S1.3, respectively.

Results

Thermodynamic simulation

CALPHAD simulations were performed through Pandat® software to study the possible composition effect upon phase formation during crystallization. The results shown in Fig. 1 provide valuable guidance in alloy design. It is essential to highlight that the CALPHAD calculations are based on a limited database for an equilibrium situation. The suggestion composition range was Fe from 50 to 100, Cr from 0 to 34, Mo from 0 to 10, Nb from 0 to 5, Ni from 0 to 34, and B from 0 to 5, all in at. %, which partially covers the compositions proposed in this work.

Crystallization analysis

Fig. 2 shows the DSC curves for both compositions' as-spun and annealed samples. The glass transition temperatures (Tg) are ~540 • C and ~500 • C for the FeCrMoNbB (Fig. 2a) and FeCrMoNiB (Fig. b) compositions, respectively, which is motivating considering the application of these compositions in relatively high working temperatures. Regarding the FeCrMoNiB composition (Fig. 2b), the first crystallization temperature (Tx1) was 535 • C, giving a ΔTx around 35 • C., Two other crystallization temperatures were identified as Tx2 and Tx3, 610 • C and 747 • C, respectively. Based on crystallization temperatures, four annealing temperatures were chosen for each composition, 640, 720, 810 and 1000 • C for the FeCrMoNbB alloy and 570, 690, 820 and 1000 • C for the FeCrMoNiB alloy. For comparability, the last temperature (1000 • C) was kept the same for both alloys.

XRD patterns were obtained for as-spun samples and after each crystallization step and can be seen in Fig. 3. The annealing temperatures were chosen based on the DSC results shown in Fig. 2. Thermodynamic simulations (Fig. 1) were used to assist the phase indexation, confirmed by TEM + selected area diffraction patterns (SAEDP) analyses and discussed in the following. The former can be helpful even though thermodynamic factors involve phase formation and kinetic ones. shows the diffraction patterns of the Ni-containing ribbons after each annealing step. After the first heat treatment at 570 • C, as in the Nb-containing PHE alloy, precipitation of a small amount of the same MPE Fe0.69Cr0.25Mo0.06 bcc-phase occurs. The matrix continues to be primarily amorphous. Upon annealing at 690 • C, the amorphous percentage is substantially decreased. There is copious precipitation of the MPE bcc-phase, together with the precipitation of Fe3B (M3B, bct, space group I-4, a~ 8.65 Å and c~ 4.28 Å). At 820 • C, copious precipitation of the FCC (Fe,Cr)0.80Ni0.2, an austenitic-type phase (space group Fm-3 m and lattice parameter of ~3.57 Å), like in the Nb-containing PHE alloy, Mo2FeB2 also precipitates in a small amount, and Fe3B appears to precipitate in the same amount as in the previous heattreatment temperature. Finally, at 1000 • C, the fcc phase is destabilized, and, as in the Nb-containing PHE, the boride Mo2FeB2 and the MPE (Fe,Cr)0.875Mo0.125 bcc phase precipitate, which becomes the material matrix.

TEM analyses were conducted to investigate better what occurs in the samples after each thermal treatment step. Fig. 4 shows the darkfield images and the diffraction patterns for both compositions, from (a) to (e) corresponding to the FeCrMoNbB PHE alloy and from (f) to (j) for the FeCrMoNiB PHE alloy. The indexation of selected area diffraction patterns is presented in Figures S3 and S4 of the supplementary material, which confirms the indexation of the XRD diffraction patterns shown in Fig. 3. Such Figures confirm the above analysis concerning the presence of amorphous phases, fine precipitation, formation of bcc and fcc phases, and their growth at higher temperatures.

Mechanical properties

Fig. 5 presents nanoindentation load-displacement (P-h) curves corresponding to both PHE compositions' as-spun and annealed samples, confirming the above statements regarding strengthening the amorphous matrix by fine second-phase precipitation and a material's softening with their growth at higher temperatures.

Fig. 6 presents the hardness and Young's modulus changing with the indentation depth. The average values for H and E were calculated from 100 nm of displacement, considering the linear part of the curves. It is noticed that there is a significant dependence of hardness on indentation depth for low values of indentation depth (lower than 100 nm). This effect is no longer evident for higher displacements, and a plateau is formed, as shown in Fig. 6 for both cases. Fig. 7 presents the hardness and reduced elastic modulus evolution with annealing temperature for both PHE compositions studied in this work. The average values for H and E were calculated considering the linear part of the curves, i.e., indentation displacement higher than 100 nm. As-spun PHE ribbons of the two compositions present very similar values for hardness, around 14 GPa, which roughly increases until around 800 • C and suddenly decreases. The same curve behavior is observed for Young's modulus, where the E value increased to around 250 GPa at about 800 • C, then decreased slowly for the Nb-containing PHE alloy and faster for the Ni one.

Fig. 8 shows the variation of parameters H/E, H 3 /E 2 , and Plasticity index with the temperature for both alloys. The graphs in Fig. 8 show that the H/E and H3/E2 ratios remain almost constant until the third crystallization stage and then drop sharply. In both cases, the plasticity index remains almost the same and increases when the sample reaches the fully crystallized state.

Corrosion behavior

Figs. 9 and 10 show the Nb-containing and the Ni-containing compositions' potentiodynamic curves, respectively, obtained in a 0.6 M NaCl solution in three different pH conditions (acid, slightly acid, and alkali). In this work, the minority presence of other ions and organic components that could be present in seawater was not considered. Overall, as one may observe, the PHE alloy containing Nb shows a better corrosion behavior than the Ni-containing one. However, the properties are excellent for both alloys even after crystallization at higher temperatures where the amorphous phase is gone. Such properties may be guaranteed by the precipitation of specific phases and their sizes. Generalized corrosion is observed at the two highest temperatures, but pitting corrosion is not in either heat treatment or the as-cast state.

Discussion

Thermodynamic simulation

As was mentioned in Topic 3.1, if one considers the issue concerning the limited database used for CALPHAD calculations and also that a PHE alloy is not assumed, a complex structure is predicted to be formed in both cases (Fig. 1-Topic 3.1) as it is usual for traditional multicomponent amorphous alloys. Still, the most important is the possibility of forming bcc phases with few borides at room temperature, indicating that both designed compositions can get an expected PHE alloy.

Observing the simulation results for the Nb-containing alloy in Fig. 1, one may see that at about 950 • C, there is an allotropic transformation, where an fcc phase transforms into a bcc one that does not occur in the case of the FeCrMoNiB. In the latest case, this transformation is slower. Remarkably, the stability window of fcc in Ni-containing alloy (Fig. 1b) is broader than in the Nb-containing composition (Fig. 1a), probably due observed high melting points in the simulations [START_REF] Mayrhofer | High-entropy ceramic thin films; a case study on transition metal diborides[END_REF].

Crystallization analysis

Analyzing the critical temperatures for the Nb-containing PHE alloy obtained by DSC (Fig. 2a), it was observed a wide ΔTx window (41 • C), which can be associated with a higher stability of the amorphous phase and can also be promising for processing these alloys in this temperature range without losing the amorphous state [START_REF] De Lucena | New compositions of Fe-Co-Nb-B-Y BMG with wide supercooled liquid range, over 100 K[END_REF][START_REF] Ferenc | The supercooled liquid region span of Fe-based bulk metallic glasses[END_REF]. Madinehei et al. [START_REF] Madinehei | Glassformation and corrosion properties of Fe-Cr-Mo-C-B glassy ribbons with low Cr content[END_REF] showed that increasing Cr could positively affect GFA in traditional Fe-based amorphous alloys, enlarging the ΔTx window for a Fe-Cr-Mo-C-B system alloy. However, unlike the designed FeCrMoNbB PHE amorphous alloy, Cr amounts above 6% were found to have the opposite effect in those conventional Fe-based amorphous alloys. As stated before, Nb can improve glass forming ability [START_REF] Zhang | Potentiodynamic and potentiostatic investigation on the passivation of Fe based glassy alloys in alkaline solution[END_REF][START_REF] Zhang | Hardness, magnetism and passivation of Fe-Si-B-Nb glasses[END_REF], and Zhai et al. [START_REF] Zhai | Role of Nb in glass formation of Fe-Cr-Mo-C-B-Nb BMGs[END_REF], as in the present work, have shown a positive effect in the GFA by replacing Fe with Nb up to 4 at.% in a Fe-Cr-Mo-C-B-Nb composition.

The analysis of the crystallization behavior of the Ni-containing PHE alloy (Fig. 2b) indicated a smaller ΔTx (35 • C) than the one for FeCr-MoNbB, indicating that Nb may be more effective in improving the GFA than Ni in PHEs.

DSC results were also used to estimate the amorphous content of the ribbons after each step of the heat treatment. The amorphous content was estimated following Eq. ( 1): ΔHHT to the presence of Ni, as it is an austenite (FCC) stabilizer. In the case of the simulated alloys, a boride phase (M3B2) starts precipitating since the

Ca = ΔHas spun (1)
alloy is melted. These calculated boride phases can also justify the where ΔHas-spun corresponds to the total energy released in the crystallization process, and ΔHHT is equal to the crystallization enthalpy (peak area) of the remaining peaks after each annealing step. The multistep crystallization process releases around 47 J/g for the FeCrMoNbB alloy and 59 J/g for the FeCrMoNiB alloy.

As shown in Table 1, Nb-containing composition reduces around 30% of the amorphous content after the first annealing step, progressively reducing but keeping ~25% of an amorphous phase at 810 • C and fully crystallized at 1000 • C. In the case of the Ni-containing alloy, a slight reduction in the percentage of the amorphous phase is observed after the first crystallization stage. However, in contrast to the previous alloy, an abrupt decrease of the amorphous phase occurs after the second heat treatment and becomes fully crystalline at 820 • C. Indeed, considering that the second heat-treatment temperature for the Nicontaining composition was 30 • C smaller than the one for the Nbcontaining one and crystallization behaviors, one may infer that the amorphous phase in the PHE Nb-containing alloy is more stable than in the Ni-containing one. Such behavior related to the PHE Ni-containing alloy may be associated with the positive heat of mixing between Cr and Ni, inducing faster precipitation in this specific alloy (please, refer to Fig. 3, discussed hereafter). XRD patterns obtained for the several conditions were presented in Fig. 3. As observed, after crystallization, identification of PHE amorphous alloys was more straightforward since a few less complicated phases precipitated. Unlike ordinary multi-component compositions, phase identification is always challenging since the elements can combine to form several complex phases in different proportions.

As shown in Fig. 3(a) for the Nb-containing alloy, the as-spun ribbons are amorphous and, after heat-treatment at 640 and 720 • C, it crystallizes in the multi-principal element Fe0.69Cr0.25Mo0.06 bcc-phase. Several other authors have also reported it for the early stages of crystallization of some conventional Fe-based amorphous alloys [START_REF] Coimbra ˜o | Corrosion properties of amorphous, partially, and fully crystallized Fe68Cr8Mo4Nb4B16 alloy[END_REF]. This phase is claimed to form without considerable diffusion and, therefore, has a chemical composition similar to the matrix, as expected for PHE amorphous alloys. Hence, it is expected to keep the corrosion properties of the amorphous phase and even increase the alloy's mechanical strength because of its nanoprecipitation. Increasing the temperature to 810 • C, there is still 25% of an amorphous phase (Table 1), and a small amount of the MPE Fe0.69Cr0.25Mo0.06 bcc-phase forms accompanied by a high amount precipitation of another MPE (Fe,Cr)0.875Mo0.125 bcc phase. The last becomes the fully crystallized matrix phase, between 810 and 1000 • C, where, due to the higher diffusivity of B at the most elevated temperatures, the Mo-rich Mo2FeB2 (M3B2) boride precipitates in the MPE bcc matrix, and grain growth is expected. It is believed that these M3B2 borides may have different proportions of metallic (M=Fe, Cr,Mo,Nb) elements in their composition. Only M3B2 borides predicted to precipitate by the CALPHAD simulation were present at 1000 • C (Fig. 1). Other phases were not formed. From the simulation, the absence of an fcc one is blatant, which should be the matrix. It is believed to have not stabilized enough, and the bcc phase was kept. The fcc field was much smaller than predicted, indicating that the absence of a strong austenite stabilizer may lead to such behavior.

The XRD patterns of the Ni-containing showed that, as in PHE alloy containing Nb, after the first heat treatment at 570 • C, the MPE Fe0.69Cr0.25Mo0.06 bcc-phase also appeared. At this temperature, the matrix is practically fully amorphous (Table 1). The fine precipitation of the MPE phase in the amorphous matrix, having similar chemical compositions, may indicate that corrosion properties will be kept and the alloy's mechanical strength will increase. Increasing the temperature by 120 • C (690 • C), the amorphous percentage is substantially decreased, and there is abundant precipitation of the MPE bcc-phase, together with the precipitation of Fe3B, which is also believed to have different proportions of metallic (M=Fe,Cr,Mo,Nb) elements in its composition. Probably because of the presence o Ni (an austenite stabilizer), at 820 • C there is plentiful precipitation of the fcc (Fe, Cr)0.80Ni0.2, an austenitic-type phase, as in the Nb-containing PHE alloy, few precipitates of the Mo2FeB2 are also observed together with the same amount as in the previous temperature of Fe3B. Lastly, like in the Nb-containing PHE, the boride Mo2FeB2 and the MPE (Fe, Cr)0.875Mo0.125 bcc phase precipitated, becoming the matrix at 1000 • C.

Phase indexing was coupled with the Reference Intensity Ratio (RIR) method better understand these compositions' phase content. The procedure is based on the I/Ic ratio, where I refers to the strongest line of the pattern, and Ic represents the Intensity of the Corundum. The values for I/Ic can be measured or calculated and presented in the database [START_REF] Hubbard | RIRmeasurement and use in quantitative XRD[END_REF]. The results suggest that the proportion of the MPE (Fe,Cr)0.875Mo0.125 bcc phase increases from about 50 to 70% (±10%) between stages three and four of the heat treatment for the FeCrMoNbB PHE alloy. In the case of the FeCrMoNiB PHE alloy, the MPE (Fe,Cr)0.80Ni0.2 fcc austenitic-type phase is present in almost 89% at 820 • C and the MPE (Fe, Cr)0.875Mo0.125 bcc phase in about 83%.

Suppose one compares the different XRD patterns' full width at half maximum (FWHM). In that case, it will be possible to observe a considerable grain growth over ~800 • C, where an amorphous phase is minimal, and zeroes at 1000 • C in the FeCrMoNbB PHE alloy and is zero since from 820 • C in the FeCrMoNiB PHE alloy. Indeed, one may affirm that phases precipitate and concomitantly grow above ~800 • C and after during furnace cooling. This feature may be seen by the thinner peaks starting to reduce their FWHM at 810 and 820 • C, confirmed hereafter in TEM analysis.

Considering CALPHAD simulations, one may say that crystallization in both alloys, as expected and stated above, approximately follows the simulations. In other words, the bcc and fcc phases precipitated closely to the expected temperature. Interestingly, the fcc phase precipitated at about 820 • C in the Ni-containing alloy, which was predicted to have a broad stability window but was destabilized when tested experimentally at higher temperatures. One must be born in mind that firstly, the simulations were performed in an equilibrium condition on cooling from the liquid state; thus, kinetics is not accounted for. Contrarily, experimental results were taken on heating and from the solid state. Therefore, one may admit that transformation temperatures should increase when accounting for kinetics. Still, any heat treatment is independent of the previous one, probably leading to different atom diffusion and elemental influence not predicted by the software. Interestingly, the simulation of Fig. 1a for the Nb-containing PHE composition may be valid for the Ni one, where a smaller fcc window is expected, after which the fcc phase is destabilized to give place to the bcc one.

Regarding boride precipitation, the M3B2 boride type precipitated at high temperatures as predicted. However, the M3B boride type precipitated and was not predicted by simulation. Several factors could contribute to this result, among them kinetic factors, the influence of MPE phases formed without considerable diffusion, not expected by the simulation software but changing diffusion paths, and, finally, may be due to the limitation of the database used for simulation, where boron was limited to 5 at.%. However, even having these issues, when may say that CALPHAD simulation was a valuable tool to help design these alloys mainly by giving the information of cubic phases precipitating during crystallization, confirmed to be MPE phases.

By analyzing the above crystallization behavior, it is inferred that the crystallization sequence of the Nb-containing PHE alloy was [am] → [remaining amorphous (am')+bcc] → [remaining amorphous (am ′′ )+bcc] → [remaining amorphous (am''')+bcc+bcc']→ [bcc'+boride'] and for the Ni-containing one was [am] → [remaining amorphous (am')+bcc] → [remaining amorphous (am ′′ )+bcc+boride''] → [fcc+boride'+boride"]→ [bcc+boride'].

Where am', am'' and am''' represent the remaining amorphous (am) phases after each heat treatment, having different compositions/structures from the previous ones, bcc is the Fe0.69Cr0.25Mo0.06 bcc-phase, bcc' is the (Fe,Cr)0.875Mo0.125 bcc phase, fcc is the (Fe,Cr)0.80Ni0.2 austenitic-type phase, boride' is the Mo2FeB2 (M3B2) boride and boride'' is the Fe3B boride. Such crystallization sequences are in agreement with the expected for PHE amorphous alloys that are expected to have extremely high thermal stability to crystallization.

After crystallization, bcc and/or fcc were formed with a few borides precipitating. If one observes the above sequences, it will be possible to infer that the redistribution of the elements associated with crystallization was minimal for the Nb-containing alloy. Given the above features, as discussed hereafter, it is believed that the two analyzed PHE amorphous alloys containing MPE in the nanocrystals range will likely display a compelling combination of high resistance to wear and corrosion. From the above analysis, besides the exciting phase evolution, it is noteworthy that Nb and most of Cr, Mo, and Ni are dissolved in the different matrices as a solid solution, which may influence the mechanical and corrosion properties discussed hereafter.

Despite the above fascinating behavior, one could argue that these alloys were produced using high-purity elements, ribbons are made in a vacuum, and the crystallization was performed in a controlled environment, which is not supposed for industrial processing. Their production should use commercial-grade precursors to extensively and costeffectively apply these materials. We have physically simulated a coating process using commercial elements to avoid such criticism. The coating simulation was performed in spray forming equipment which is not considered a rapid solidification technique (please, refer to Fig. S2 in the supplementary material). Where the conditions (Table S1 in the supplementary material) are very severe, i.e., the processing is done in an air atmosphere, and the cooling rate after deposition ranges from 0.1 to 10 K/s. Also, commercial grades were used for the simulations (Tables S2a andS2b in the supplementary material), and the deposits (coatings) were performed on a vast area of the spray atomization chamber without using a substrate (Fig. S2). Due to the chamber geometry, the coating thickness varied from 500 μm to 1500 μm (Fig. S2). However, samples 500 μm thick were used in this analysis, which is almost 2.5 times thicker than what is used for typical coating processes. XRDs obtained from the physically simulated coatings are presented in Fig. S3. Notably, the Nb-containing PHE alloy is mostly amorphous, showing a peak on the amorphous halo representing the MPE Fe0.69Cr0.25Mo0.06 bcc-phase. The Ni-containing alloy solidified in structures similar to the sample heat-treated at 1000 • C but with much fewer M3B2 type borides (Mo2FeB2) than after heat treatment. These results confirm that the GFA of the Nb-containing alloy s much higher than the one of the Ni-containing alloy. Also, they are exciting results considering the coating thickness, which would lead the Ni-containing alloy to have more amorphous phase content. Measurements gave the exciting average hardness values of about 11.4 ± 0.9 GPa for the Nbcontaining PHE alloy and 8.2 ± 0.4 GPa for the Ni-containing one. Mechanical properties of the heat-treated PHE amorphous alloys of this work, as well as their corrosion resistance, will be discussed further. However, as a comment here, such obtained hardness values are pretty elevated compared to traditional Fe-based coating materials [START_REF] Lashgari | The effect of heat treatment and cyclic loading on nanoindentation behaviour of FeSiB amorphous alloy[END_REF].

TEM analyses of Fig. 4 were performed to support the above discussion. Dark-field images and the diffraction patterns for both compositions (indexed in Figures S3 andS4 of the supplementary material) were presented from (a) to (e) corresponding to the FeCrMoNbB PHE alloy and from (f) to (j) for the FeCrMoNiB PHE alloy. Fig. 4(a) and (f), in conjunction with XRD shown in Fig. 3, ensure the fully amorphous structure of the two compositions in the as-spun ribbons. After the first crystallization step, nanometric precipitates started to form in both cases, as shown in Fig. 4(b) and (g). However, only a small amount of precipitates were formed for the N-containing alloy. Many precipitates well dispersed in the amorphous matrix were formed for the alloy containing Nb (Fig. 4(b)). The precipitates were smaller than 10 nm. After the further stages of crystallization, new phases were precipitated and grew with increasing temperature. At 820 • C, the precipitates of the Nicontaining alloy reach around 50 to 100 nm. At 1000 • C, we had both compositions fully crystallized. The Ni-containing alloy presented even larger precipitates. As the last crystallization stage occurs at about 800 • C, precipitates can grow between 800 and 1000 • C. In the Nbcontaining alloy, as the final stage of crystallization occurred at higher temperatures, we could observe the presence of precipitates that had just formed and had not had enough time to grow. The crystallization depends on thermodynamics and kinetics. Therefore, precipitates change according to the time given for the diffusion of the elements.

Mechanical properties

Some significant consequences of the "controlled" crystallization of PHE alloys, where, as noted above, some specific phases precipitate, are the resulting exciting mechanical properties and corrosion resistance (discussed later), far superior to other conventional Fe-based amorphous alloys.

Nanoindentation tests inferred mechanical properties. The resulting load-displacement (P-h) curves were presented in Fig. 5 for both PHE compositions' as-spun and annealed samples. It is expected for most amorphous alloys to display serrations (pop-ins) in their P-h curves because they usually deform by shear band propagation [START_REF] Greer | Nanoindentation studies of shear banding in fully amorphous and partially devitrified metallic alloys[END_REF]. However, in the case of both alloys studied in this work, serrations were not observed, which may be evidence of their brittle behavior and minimal shear banding, as also reported by Zhao et al. [START_REF] Zhao | Nanoindentation studies of strain rate sensitivity in bulk metallic glasses[END_REF], who noted that pop-ins were also less evident in traditional amorphous iron-based alloys among the different compositions studied.

Nanoindentation helps obtain the hardness (H) and reduced elastic modulus (E). Besides that, the ratio H/E, the so-called wear resistance, was calculated. The ratio H 3 /E 2 (so-called yield pressure), indicative of plastic deformation in loaded contact, was also estimated. They are essential parameters when predicting the service life of a component or device [START_REF] Guo | Fe-based bulk metallic glass matrix composite with large plasticity[END_REF]. All these values are presented in Table 2 and will be further discussed in the text. Table 2 also shows the plasticity index values, a dimensionless parameter representing the plastic deformation part in the elastoplastic deformation under the indenter or the ability to change the material's shape. Greater values around 0.95 characterize ductile materials such as pure metals (for example, Fe, Cr, Ni) and industrial alloys such as steel 0.45%C and Al 5083 alloy. Values around 0.65, as presented for the amorphous state of both PHE compositions, are typical of bulk metallic glasses, whereas an increased value of 0.74/0.75 corresponds to typical intermetallic [START_REF] Milman | Plasticity characteristic obtained through hardness measurement[END_REF][START_REF] Galanov | Improved core model of the indentation for the experimental determination of mechanical properties of elastic-plastic materials and its application[END_REF]. As seen in Table 2, plasticity index values for the PHE alloy containing Nb remain roughly constant even after three stages of heat treatment and then increase for the fully crystalline sample. The Ni-containing PHE alloy shows slightly higher values for the same index, indicating increased plasticity caused by the replacement of Fe with Ni [START_REF] Shi | The correlation between mechanical properties and structure of Fe-Ni-P-B amorphous alloys: ab initio molecular dynamics simulations[END_REF]. The value decreases slightly with crystallization (first two stages) and increases from the heat treatment at 820 • C when the sample is fully crystallized for the Ni-containing PHE alloy, while there is still a percentage of amorphous phase for the Nb-containing one.

The changes in hardness and Young's modulus with the indentation depth were presented in Fig. 6. Curves' behaviors for indentation depths below 100 nm must be neglected since they are related to the indenter's tip imperfections. For indentations above 100 nm, it was noted that hardness values reached a plateau for both cases in both PHE alloys. Champion and Perrière [START_REF] Champion | Strain gradient in micro-hardness testing and structural relaxation in metallic glasses[END_REF] discussed the depth-dependence of Vickers microhardness in their work related to shear band initiation. It is common to observe decreasing H values with increasing indentation depth for metallic glasses leading to corrections to obtain real values obtained by extrapolation, which usually present lower values than measured ones. In the case of both alloys studied in this work, the formation of a steady-state plateau for indentations above 100 nm indicates no dependence on the indentation depth, which, as stated above, may be related to the brittle nature of amorphous Fe-based alloys, which naturally have little free volume.

The green curve (corresponding to 1000 • C heat treatment for Nbcontaining alloy) shows a remarkably high dispersion compared to the others. It can be associated with the fact that at this temperature, as observed in the TEM images, the microstructure is more heterogeneous, with small precipitates embedded in a matrix with a distribution of different grain sizes.

The dependence of hardness (H) and reduced elastic modulus (E) average values on the annealing temperature was presented in Fig. 7 for both PHE alloys. Typically, metallic glasses increase hardness when heat-treated in the supercooled liquid region due to free volume annihilation and forming a more packed and dense structure. Higher temperatures can induce precipitation and increase or decrease hardness values, depending on which phases are formed and their dimensions. Different hardness values of ferrite and austenite phases have been reported between 6 and 10 GPa, depending on the chemical composition [START_REF] Olanipekun | Datasets on the measurement of mechanical properties of ferrite and austenite constitutive phases using nanoindentation and micro hardness techniques[END_REF]. Mixing amorphous + nanoprecipitates can be responsible for increased hardness, and grain growth is usually associated with decreased overall hardness [START_REF] Olanipekun | Datasets on the measurement of mechanical properties of ferrite and austenite constitutive phases using nanoindentation and micro hardness techniques[END_REF].

As observed in Fig. 7, as-spun PHE ribbons of the two compositions present very similar values for hardness, around 14 GPa. Similar values for traditional amorphous Fe-based alloys have already been reported in the literature [START_REF] Lashgari | The effect of heat treatment and cyclic loading on nanoindentation behaviour of FeSiB amorphous alloy[END_REF][START_REF] Dong | Nanoindentation creep behavior of an Fe-Cr-Mo-B-C amorphous coating via atmospheric plasma spraying[END_REF][START_REF] Greer | Nanoindentation studies of shear banding in fully amorphous and partially devitrified metallic alloys[END_REF][START_REF] Hasiak | Microstructure to magnetic properties and nanoindentation mapping of mechanical properties relationship in amorphous and partially crystallized Fe-Si-B-P-type alloy[END_REF]. After the first annealing temperature, a remarkable increase in hardness occurs, associated with forming a composite microstructure due to the nanoprecipitation of the bcc phase (Fe0.69Cr0.25Mo0.06). With the advancing of crystallization, hardness values for the Nb-containing PHE alloy suffer a slight increase, reaching a value of 17.4 GPa at 810 • C, where nanoprecipitation of the bcc (Fe, Cr)0.875Mo0.125 phase and the Mo2FeB2 boride start. At higher temperatures, both the bcc phase and boride grow (please, refer to TEM pictures in Fig. 4), thus inducing a visible hardness reduction to about 12 GPa.

As also seen in Fig. 7, roughly, the Ni-containing PHE alloy follows the same behavior as the Nb one and shows a slight hardness increase up to 690 • C, reaching a similar value of 17 GPa, where the nanoprecipitation of the Fe3B boride starts. When the thermal treatment temperature increases, there is the precipitation of the softer fcc (Fe, Cr)0.8Ni0.2 austenite phase and the Fe3B boride growth at 820 • C, therefore decreasing the hardness to a value of ~12.7 GPa (similar to the one for the Nb-containing PHE alloy at 1000 • C). At 1000 • C, the phases (bcc (Fe,Cr)0.875Mo0.125 phase and the Mo2FeB2 boride, probably precipitating between 820 • C and 1000 • C, hugely grew compared to the Nb-containing PHE alloy (Fig. 4), also decreasing the hardness to about 8.3 GPa. However, even after reduction, hardness values around 12 GPa (Nb-containing) or even 8 GPa (Ni-containing) were significantly high compared to what had been found for Fe-based coatings, as it is worth noting in [START_REF] Lashgari | The effect of heat treatment and cyclic loading on nanoindentation behaviour of FeSiB amorphous alloy[END_REF].

Besides the positive effect on the hardness, as also observed in traditional Fe-based alloys, one may think that if the coating processing leads to a metallic glass matrix composite, as is the case for both compositions at temperatures up to about 690-720 • C, this could also help reduce the inherent brittle nature of fully amorphous alloys by obstructing the propagation of failure fronts of shear bands. [START_REF] Guo | Fe-based bulk metallic glass matrix composite with large plasticity[END_REF][START_REF] Sharma | Review of the recent development in metallic glass and its composites[END_REF][START_REF] Guo | Micro/nano ductile-phases reinforced Fe-based bulk metallic glass matrix composite with large plasticity[END_REF].

The hardness values obtained for samples produced in the coating physical simulation using commercial grades presented above (Fig. S2, Tables S1,S2a, and S2b in the supplementary material) are confirmed the above hardness values obtained by nanoindentation and related discussion regarding phases present after heat-treatment, which are related to the ones present after coating processing.

The evolution of elastic modulus was similar for the two alloys. The E value increased until reaching around 250 GPa. However, we observed a slight reduction in the E value for the last temperature for the Nbcontaining PHE alloy and more significant for the Ni-containing one. Elastic modulus given in Pa units can be written as an amount of energy (J) per unit of volume (m 3 ). It is expected that reducing volume because of annealing will cause an increase in elastic modulus for the first stages of crystallization. After this, the behavior is governed by the E value of different phases. Ferrite has a reported elastic modulus of around 190 GPa. As in more elevated temperatures, the microstructure is composed of a considerable amount of coarse ferrite, which may influence the lowering elastic modulus.

The changes of H/E, H 3 /E 2 parameters, and the Plasticity index with the temperature were presented in Fig. 8 for both alloys. These values are also reported in Table 2. Long elastic strain to failure, i.e., the ratio between H and E increasingly accepted to classify the materials, agrees with a wear ranking. This ratio can give a good indication of wear resistance [START_REF] Leyland | On the significance of the H/E ratio in wear control: a nanocomposite coating approach to optimised tribological behaviour[END_REF]. From the graphs of Fig. 8, it was observed that the H/E and H 3 /E 2 ratios are almost constant up to 810 • C for the Nb-containing PHE alloy and 690 • C for the Ni-containing one, then quickly decrease. This behavior may be related to the increase of both hardness and elastic modulus, followed by their decrease for the fully crystalline state. Peak temperatures relate to the starting vanishing of amorphous phases in the PHE alloys (Table 1) and, after, to forming of softer phases and the growth of their grains and precipitates.

The plasticity indices are kept at an almost constant value, increasing in both PHE alloys when samples reach the completely crystallized state. The plasticity index indicates that crystallization is attractive from the mechanical properties viewpoint. However, the growth of precipitates and grains is detrimental to the other related mechanical properties (hardness, elastic modulus, and wear resistance).

Corrosion behavior

Potentiodynamic polarization tests evaluated corrosion behaviors of Nb-containing and Ni-containing compositions, whose run curves were presented in Figs. 9 and 10, respectively. Tables 3 and4 summarize values obtained for each parameter for the Nb-containing and the Nicontaining compositions, respectively. Although the Nb-containing PHE alloy acquired the best corrosion properties, corrosion properties were excellent for both PHE alloys even at higher temperatures, generalized corrosion was observed for the two most elevated temperatures, but pitting corrosion was not present in any case (as-cast or heattreated conditions).

The devitrification of conventional Fe-based amorphous alloys [START_REF] Duarte | Element-resolved corrosion analysis of stainless-type glass-forming steels[END_REF][START_REF] Koga | Challenges in optimizing the resistance to corrosion and wear of amorphous Fe-Cr-Nb-B alloy containing crystalline phases[END_REF][START_REF] Coimbra ˜o | Corrosion properties of amorphous, partially, and fully crystallized Fe68Cr8Mo4Nb4B16 alloy[END_REF][START_REF] Koga | An overview of thermally sprayed Fe-Cr-Nb-B metallic glass coatings: from the alloy development to the coating's performance against corrosion and wear[END_REF] leads to crystalline phase precipitation, an amorphous phase percentage reduction, interfaces, and grain boundary creation, with the increasing annealing temperature. These phenomena are associated, among others, with the depletion of protective elements in the matrix, such as Cr and Mo, which form precipitates and become less available for passive film formation [START_REF] Duarte | Crystallization, phase evolution and corrosion of Fe-based metallic glasses: an atomic-scale structural and chemical characterization study[END_REF][START_REF] Yang | Effects of crystallization on the corrosion resistance of Fe-based amorphous coatings[END_REF][START_REF] Coimbra ˜o | Corrosion properties of amorphous, partially, and fully crystallized Fe68Cr8Mo4Nb4B16 alloy[END_REF]. Also, pitting corrosion, usually observed in conventional Fe-based amorphous alloys, was noticed by Yang et al. [START_REF] Yang | Effects of crystallization on the corrosion resistance of Fe-based amorphous coatings[END_REF] in regions around precipitates, more susceptible to pitting once they were Cr, Mo-depleted areas in those traditional Febased amorphous alloys.

In the case of this work's PHE alloys, the same phenomena occurred during crystallization. However, the corrosion behaviors of the PHE amorphous alloys were much better than the ones found for conventional amorphous alloys, including the absence of pitting corrosion. The reasons for this will be discussed from now on.

When observing data shown in both Fig. 9 and Table 3, it is noticed that the corrosion properties vary similarly for the three different media. Among the various media, even if just a slight difference (less than one decade) can be observed, alkaline media presented a lower corrosion current, which means less corrosivity in this media. Furthermore, looking at the shape of the potentiodynamic curves for pH 3, a small activation bump starts to appear, becoming less evident as we go to higher pHs.

The crystallization path by XRD analysis (Fig. 3 and Table 1) confirms the continued amount reduction of an amorphous phase up to 720 • C in a growing mix with the bcc Fe0.69Cr0.25Mo0.06 phase. Therefore, grain boundaries start to appear. Consequently, even with protective elements available and a very chemically homogeneous condition due to the nanosize of this bcc phase, corrosion properties deteriorate a bit in the same sense with the temperature increasing. As stated, Nb, most Cr, and Mo are dissolved in the different matrices as a solid solution. As such elements are significant for a good quality passive film formation, the corrosion properties are not significantly altered. However, samples heat-treated at 640 • C and 720 • C can maintain considerably low values for icorr and Ecorr typical of noble materials. For heat-treated samples up to 720 • C, a broad passivation plateau is formed spontaneously after the corrosion potential and extends over 1000 mV regarding the corrosion potential.

Nevertheless, at temperatures equal and over 810 • C, the matrix becomes the bcc (Fe,Cr)0.865Mo0.125 phase where the M3B2 type boride is embedded, and at 1000 • C, grains and precipitates coarsen. Hence, corrosion properties strongly deteriorate in the same sense compared to the conditions where an amorphous phase is still present, more in the The same analyses were performed for the FeCrMoNiB composition, and the results of the potentiodynamic polarization tests can be seen in Fig. 10, whose parameters are summarized in Table 4. For the Nicontaining alloy, some differences and similarities can be highlighted. First, the behavior of this alloy seems to be more sensible to pH media variations. As shown in Fig. 10 and Table 4, icorr showed a difference of at least one decade when comparing pH 10 and 5.5, presenting the lower values for the alkaline media, similar to the latter case. Ecorr presents a significant difference compared to the Nb-containing alloy. However, the values are similar when comparing the three pH conditions. The values for current in the passivation plateau are comparable for both compositions in different pH media studied. Here, for the acid condition (pH 3), up to 690 • C, we also observe a clear formation of an activation bump, which indicates an initial resistance to the passive layer formation, followed by a passive plateau that extends for at least 800 mV. This bump is not observed for the other cases and indicates lower corrosion resistance for the acid case.

When comparing the behavior of the samples for the same pH, it can be noticed that the first stages of the annealing process do not significantly affect the corrosion properties of the compositions, as it was also for the Nb-containing PHE alloy, where an amorphous phase is still present (up to 690 • C -Fig. 3 and Table 1). Similar behavior was reported for a conventional Fe-based alloy, where a reduction of 50% in the amorphous percentage did not represent significant depletion in corrosion properties (Ecorr and icorr).

For a better understanding of the corrosion behavior, ribbons after potentiodynamic polarization experiments were analyzed by SEM and EDX, which, notably, did not exhibit any signs of pitting corrosion in either of the two PHE alloys at any heat treatment temperature. The results for the Nb-containing alloy are shown in Fig. 11 (a-c). After the first heat treatment, the percentage of elements on the surface (except B, which cannot be identified using this technique) is comparable to the initial composition of the as-spun ribbons. After running potentiodynamic measurements (behaving like an etching procedure), one may confirm our previous observation regarding grain and precipitate sizes, which continuously grew with the temperature, reaching the largest sizes at 1000 • C. EDX results show an expected increase of O from the first to the last heat treatment. While the amount of Cr, Mo, and Nb increases, the amount of Fe reduces significantly, corroborating with the results shown in the XRD patterns (Fig. 3), indicating that when increasing the annealing temperature, the bcc (Fe,Cr)0.875Mo0.125 phase and the Mo2FeB2 boride are formed, and, as the surface is more susceptible to corrosion due to large grain and precipitate sizes, iron is being removed.

Furthermore, as the analysis depth of the EDX is deep, the analysis represents the metallic part close to the surface, and the presence of Cr, Mo, and Nb corroborates our previous statement regarding their presence in a solid solution and may form a passive film. Fig. S5a (please, refer to the supplementary material) presents a summary of XPS analyses of surfaces of heat-treated samples in different temperatures after corrosion tests at pH 5.5 for the Nb-containing PHE alloy showing the relative proportion of metallic ions from oxides or hydroxides on heattreated samples' surfaces after corrosion tests at pH 5.5, partially confirming this hypothesis. As one may observe, all these ions are in decreasing amounts in the passive film, with temperatures increasing to 810 • C. At the temperature of 1000 • C, only Cr ions participate. The reduced amounts of these ions indicate that their metallic counterparts either remain in a solid solution, in precipitates or are dissolved in the Chloride-rich solution. Finally, Fig. 11 and the presence of those elements in the passive film (even having only Cr ions at the end) confirm that corrosion properties degradation is related to grain and precipitate sizes and loss of chemical homogeneity. Therefore, at temperatures higher than 810 • C, the iron-based matrix is consumed in interacting with the Cl-rich solution. For this case, we no longer have a passivation plateau -the corrosion current increases after the corrosion potential and is controlled by atoms' diffusion.

Fig. 11 (d-f) shows the SEM micrograph obtained after photodynamic polarization tests, where one may observe that when the temperature increases, the alloy becomes more susceptible to corrosion. Similarly to the PHE alloy containing Nb, it seems that part of the matrix is consumed in the corrosion process. There is an increasing quantity of O forming a passive film. Unlike the Nb-containing alloy, where only iron Fe was dissolved, Ni decreased at the highest temperatures, which may form a passive film or dissolve in the solution. All other elements are present in solid solution and may participate in the passive film formation.

Fig. S5b (supplementary material) displays a synopsis of XPS analyses of surfaces of heat-treated samples in different temperatures after corrosion tests at pH 5.5 for the Ni-containing PHE alloy showing the relative proportion of metallic ions from oxides or hydroxides on heattreated samples' surfaces after corrosion tests at pH 5.5, confirming those premises. From this Figure, unlike the alloy containing Nb, it is noteworthy the presence of Mo ions in all temperatures together with ions of Cr, also as for the Nb-containing PHE alloy, in decreased amounts with the increasing temperature. However, unlike Nb in the other alloy, Ni ions appear in a minimal quantity at the highest temperatures in the case of the Ni-containing one. Also here, due to the presence of the very protective film, grains and precipitates grow, reaching a maximum at 1000 • C. These results confirm that the reason for corrosion properties degradation is related to grain and precipitate growth. However, after deeply analyzing Fig. S5, one may see that Cr ions are present in a larger amount in the passive film of the Nb-containing alloy, even at the highest temperatures, than in the Ni-containing one. Some works have shown that low contents of metallic Cr remaining in the amorphous matrix was sufficient for forming a passive protective film [START_REF] Koga | Corrosion properties of Fe-Cr-Nb-B amorphous alloys and coatings[END_REF][START_REF] Coimbra ˜o | Corrosion properties of amorphous, partially, and fully crystallized Fe68Cr8Mo4Nb4B16 alloy[END_REF]. Therefore, besides grain sizes, it is believed that this significative difference in Cr ions content also justifies the differences in the corrosion behavior of the alloys at temperatures higher than ~810 • C.

Indeed, the corrosion products determined by inductively coupled plasma (ICP) (please, refer to section S5 -Fig. S6 in the Supplementary Material) reinforce the above analysis. Analyzing Fig. S6, first, as expected, it was possible to detect the presence of all elements present in the composition. However, comparing before and after filtering, it can be seen that the amount of Fe and Ni have risen considerably, followed by Cr, which indicates that these elements are the major components of the material retained in the filter. The result confirms our hypothesis regarding their dissolution when the sample is heat-treated at 1000 • C. Indirectly, they also corroborate the EDX (Fig. 11) and XPS analyses (Fig. S5) and XRD results (Fig. 3), where the Mo2FeB2 boride and the MPE (Fe,Cr)0.875Mo0.125 bcc phase where identified at this temperature.

From Figs. 11 andS5, it was concluded that Ni was in solid solution in the bcc matrix, and it was dissolved together with Fe and Cr from the bcc phase when an anodic potential was applied, resting some Cr and Mo in the passive protective film.

Finally, compared to traditional Fe-based amorphous alloys in the literature [START_REF] Zhang | Potentiodynamic and potentiostatic investigation on the passivation of Fe based glassy alloys in alkaline solution[END_REF][START_REF] Obeydavi | Microstructure, mechanical properties and corrosion performance of Fe44Cr15Mo14Co7C10B5Si5 thin film metallic glass deposited by DC magnetron sputtering[END_REF][START_REF] Li | Wear behavior and corrosion properties of Fe-based thin film metallic glasses[END_REF][START_REF] Kumar | Investigation of nano-and micro-scale structural evolution and resulting corrosion resistance in plasma sprayed Fe-based (Fe-Cr-B-C-P) amorphous coatings[END_REF][START_REF] Koga | Corrosion properties of Fe-Cr-Nb-B amorphous alloys and coatings[END_REF][START_REF] Koga | Challenges in optimizing the resistance to corrosion and wear of amorphous Fe-Cr-Nb-B alloy containing crystalline phases[END_REF][START_REF] Kiminami | Partial crystallization and corrosion resistance of amorphous Fe-Cr-M-B (M = Mo, Nb) alloys[END_REF][START_REF] Berger | Influence of chromium concentration and partial crystallization on the corrosion resistance of FeCrNiB amorphous alloys[END_REF][START_REF] Botta | Corrosion resistance of Fe-based amorphous alloys[END_REF][START_REF] Koga | Characterization and corrosion resistance of boron-containing-austenitic stainless steels produced by rapid solidification techniques[END_REF][START_REF] Duarte | Crystallization, phase evolution and corrosion of Fe-based metallic glasses: an atomic-scale structural and chemical characterization study[END_REF][START_REF] Duarte | Element-resolved corrosion analysis of stainless-type glass-forming steels[END_REF][START_REF] Yang | Effects of crystallization on the corrosion resistance of Fe-based amorphous coatings[END_REF][START_REF] Wang | Glass-forming ability, thermal properties, and corrosion resistance of Fe-based (Fe, Ni, Mo, Cr)-P-C-B metallic glasses[END_REF][START_REF] Coimbra ˜o | Corrosion properties of amorphous, partially, and fully crystallized Fe68Cr8Mo4Nb4B16 alloy[END_REF][START_REF] Zhang | Hardness, magnetism and passivation of Fe-Si-B-Nb glasses[END_REF], it is noteworthy that both alloys of this work have much better corrosion behavior. In other words, compared to other boron-containing alloys of the Fe-Cr-system [START_REF] Obeydavi | Microstructure, mechanical properties and corrosion performance of Fe44Cr15Mo14Co7C10B5Si5 thin film metallic glass deposited by DC magnetron sputtering[END_REF][START_REF] Li | Wear behavior and corrosion properties of Fe-based thin film metallic glasses[END_REF][START_REF] Kumar | Investigation of nano-and micro-scale structural evolution and resulting corrosion resistance in plasma sprayed Fe-based (Fe-Cr-B-C-P) amorphous coatings[END_REF][START_REF] Koga | Corrosion properties of Fe-Cr-Nb-B amorphous alloys and coatings[END_REF][START_REF] Koga | Challenges in optimizing the resistance to corrosion and wear of amorphous Fe-Cr-Nb-B alloy containing crystalline phases[END_REF][START_REF] Kiminami | Partial crystallization and corrosion resistance of amorphous Fe-Cr-M-B (M = Mo, Nb) alloys[END_REF][START_REF] Berger | Influence of chromium concentration and partial crystallization on the corrosion resistance of FeCrNiB amorphous alloys[END_REF][START_REF] Botta | Corrosion resistance of Fe-based amorphous alloys[END_REF][START_REF] Koga | Characterization and corrosion resistance of boron-containing-austenitic stainless steels produced by rapid solidification techniques[END_REF][START_REF] Duarte | Crystallization, phase evolution and corrosion of Fe-based metallic glasses: an atomic-scale structural and chemical characterization study[END_REF][START_REF] Yang | Effects of crystallization on the corrosion resistance of Fe-based amorphous coatings[END_REF][START_REF] Coimbra ˜o | Corrosion properties of amorphous, partially, and fully crystallized Fe68Cr8Mo4Nb4B16 alloy[END_REF] or Fe-Nb-system [START_REF] Zhang | Potentiodynamic and potentiostatic investigation on the passivation of Fe based glassy alloys in alkaline solution[END_REF][START_REF] Zhang | Hardness, magnetism and passivation of Fe-Si-B-Nb glasses[END_REF], the ones of this work presented much better corrosion properties than all of them.

The results lead us to infer that even if the amorphous phase is essential, the phase formation sequence of these two PHE amorphous alloys is also crucial for the excellent corrosion behavior of these compositions. Even with around 30% of the amorphous phase (Table 1), both alloys could maintain good corrosion resistance due to the formation of the same bcc phase in both alloys and a few borides in the case of the Ni-containing PHE alloy. Here, it must be emphasized that, besides the precipitation of specific phases, amorphous phases were kept at relatively high temperatures compared to conventional alloys, which are noteworthy and distinguishable from PHE alloys.

Furthermore, probably another significant differential of the two alloys of the present work and worth mentioning is the absence of any pitting (pitting corrosion [START_REF] Zhang | Potentiodynamic and potentiostatic investigation on the passivation of Fe based glassy alloys in alkaline solution[END_REF][START_REF] Obeydavi | Microstructure, mechanical properties and corrosion performance of Fe44Cr15Mo14Co7C10B5Si5 thin film metallic glass deposited by DC magnetron sputtering[END_REF][START_REF] Kiminami | Partial crystallization and corrosion resistance of amorphous Fe-Cr-M-B (M = Mo, Nb) alloys[END_REF][START_REF] Berger | Influence of chromium concentration and partial crystallization on the corrosion resistance of FeCrNiB amorphous alloys[END_REF][START_REF] Botta | Corrosion resistance of Fe-based amorphous alloys[END_REF][START_REF] Duarte | Element-resolved corrosion analysis of stainless-type glass-forming steels[END_REF][START_REF] Zhang | Hardness, magnetism and passivation of Fe-Si-B-Nb glasses[END_REF] or metastable pitting [START_REF] Koga | Challenges in optimizing the resistance to corrosion and wear of amorphous Fe-Cr-Nb-B alloy containing crystalline phases[END_REF][START_REF] Koga | Characterization and corrosion resistance of boron-containing-austenitic stainless steels produced by rapid solidification techniques[END_REF][START_REF] Coimbra ˜o | Corrosion properties of amorphous, partially, and fully crystallized Fe68Cr8Mo4Nb4B16 alloy[END_REF]. Some conventional Fe-based amorphous alloys reported in the literature did not pit [START_REF] Klement | Non-crystalline structure in solidified gold-silicon alloys[END_REF][START_REF] Lou | Corrosion property and biocompatibility evaluation of Fe-Zr-Nb thin film metallic glasses[END_REF][START_REF] Li | Wear behavior and corrosion properties of Fe-based thin film metallic glasses[END_REF]. However, such alloys either presented very high Mo and Cr or very high Cr (>17%) in their composition; even so, alloys in [START_REF] Berger | Influence of chromium concentration and partial crystallization on the corrosion resistance of FeCrNiB amorphous alloys[END_REF][START_REF] Botta | Corrosion resistance of Fe-based amorphous alloys[END_REF] showed worse corrosion properties than the ones in this work. As one may observe, for both samples of this work in the three different solutions, no pitting was observed up to more than 1 V vs. SCE (confirmed by SEM observations). Indeed, one may not expect the samples to pit because no metastable pits were observed on all these polarization curves. Furthermore, above 1.1 V vs. SCE, oxygen evolution would be observed. The crystallized samples heated at higher temperatures (above 720 • C or 690 • C) were less corrosion resistant and, as the current densities measured on their polarization curves (Figs. 9 and 10) were relatively higher than for samples treated at lower temperatures, one can infer that they were mainly subjected to generalized corrosion, i. e., there was no localized corrosion. Therefore, one may also not expect them to pit.

For the sake of helping readers, together with a small discussion, a summary of the corrosion behavior of both compositions in the three different pH media is presented in Fig. S7 (please, refer to section S6 of the supplementary material).

Summary and conclusions

Two new FeCrMoNbB and FeCrMoNiB pseudo-high entropy (PHE) amorphous alloys have been successfully produced and evaluated for possible use as coatings. Specimens were characterized using several techniques. Ribbons produced by melt spinning were amorphous. They were heat-treated to simulate crystallization, which may occur during coating processing. Amounts of amorphous phases were kept at high temperatures and crystallized in multi-principal element (MPE) bcc or fcc phases, with few borides. Commercial-grade precursors were used to physically simulate coatings (500 μm thick) using spray forming in the air, inferring their viability and glass-forming ability and confirming the crystallization path and mechanical properties. The Nb-PHE alloy coating was practically amorphous, and the Ni-PHE one crystallized in a bcc phase + few borides. In terms of mechanical behavior, reducing amorphous amounts, there is the fine precipitation of second phases (either bcc, fcc, or borides) that are hard by nature, reinforcing the matrix or high strength due to the Hall-Petch grain size effect. Nanoindentation evaluated the ribbons' mechanical behavior and coatings by Vickers microhardness. Ribbons' hardnesses (H) were very high (~14 GPa), confirmed by the simulated coatings, and depended on heattreatment temperatures. Ribbons'elastic moduli (E) were also high (>220 GPa). The high H/E relation means high wear resistance. It is seen as an initial increase of wear properties (Young's modulus and hardness) followed by a depletion associated with either coarsening or precipitation of softening phases. It is essential to highlight that even with a considerable difference in the percentage of amorphous phase for the second heat treatment, both alloys can maintain similar corrosion and mechanical resistance behavior, presenting less than a decade of difference between icorr values. Regarding corrosion behavior, the properties were excellent even after crystallization at higher temperatures where the amorphous phase vanished, but the precipitation of specific phases and their size guaranteed them. At the two highest temperatures, generalized corrosion is. However, pitting is not observed in either heattreatment condition, and corrosion currents and potential were kept at levels that led the two PHE alloys of this work to have better properties than any of the best-known traditional Fe-based amorphous alloys reported in the literature. The two compositions of the present work do not present pitting corrosion behavior compared to Supermartensitic stainless steels or even 316 L steels, showing better stability than these specially developed steels for the gas and oleum industry. Corrosion properties of the two PHE alloys are better than these two types of steels and, even suffering from generalized corrosion at the highest heattreatment temperatures, the two PHE compositions of this work do not show pitting corrosion as these two kinds of steels. Finally, analyzing all the results, one may affirm that Nb can substitute Ni, an expensive element compared to Nb, because of similar mechanical properties, wear resistance, and much better corrosion properties presented by the Nbcontaining PHE alloy than the Ni-containing one.

Fig. 2a identified

  Fig.2shows the DSC curves for both compositions' as-spun and annealed samples. The glass transition temperatures (Tg) are ~540 • C and ~500 • C for the FeCrMoNbB (Fig.2a) and FeCrMoNiB (Fig.b) compositions, respectively, which is motivating considering the application of these compositions in relatively high working temperatures. Fig. 2a identified other critical temperatures for the FeCrMoNbB composition from the DSC plots. The first crystallization peak (Tx1) gives a temperature of around 581 • C, which provides a ΔTx of 41 • C. The other three crystallization temperatures, Tx2, Tx3, and Tx4, correspond to 684, 732, and 850 • C, respectively.Regarding the FeCrMoNiB composition (Fig.2b), the first crystallization temperature (Tx1) was 535 • C, giving a ΔTx around 35 • C., Two other crystallization temperatures were identified as Tx2 and Tx3, 610 • C and 747 • C, respectively. Based on crystallization temperatures, four annealing temperatures were chosen for each composition, 640, 720, 810 and 1000 • C for the FeCrMoNbB alloy and 570, 690, 820 and 1000 • C for the FeCrMoNiB alloy. For comparability, the last temperature (1000 • C) was kept the same for both alloys.XRD patterns were obtained for as-spun samples and after each crystallization step and can be seen in Fig.3. The annealing temperatures were chosen based on the DSC results shown in Fig.2. Thermodynamic simulations (Fig.1) were used to assist the phase indexation, confirmed by TEM + selected area diffraction patterns (SAEDP) analyses and discussed in the following. The former can be helpful even though thermodynamic factors involve phase formation and kinetic ones.

Fig. 1 .

 1 Fig. 1. Relative fraction of each phase during cooling obtained by CALPHAD calculation considering a solidification in equilibrium. In (a) FeCrMoNbB alloy and (b) FeCrMoNiB alloy.

Fig. 2 .

 2 Fig. 2. DSC curves of the as-spun ribbons and after heat treatment in 4 different temperatures. (a) corresponds to Nb-containing composition and (b) to Ni-containing composition. The insets correspond to the as-spun ribbon highlighting the critical temperatures Tg and Tx.

Fig. 3 .

 3 Fig. 3. XRD patterns for the as-spun ribbons and after each annealing step of (a) FeCrMoNbB composition and (b) FeCrMoNiB with respective phase identification.

Fig. 3 (

 3 Fig. 3(a) shows phase transformation corresponding to Nbcontaining alloy. The first curve from the bottom corresponds to the fully amorphous sample, showing only a broad halo characteristic of the amorphous phase. After the first and the second crystallization stages at 640 • C and 720 • C, we observe peaks corresponding to the formation of the multi-principal element Fe0.69Cr0.25Mo0.06 bcc-phase (I-4 3 m space group, with a lattice parameter of ~8.85 Å). At 810 • C, a small amount of the MPE Fe0.69Cr0.25Mo0.06 bcc-phase is formed with another MPE

Fig. 4 .

 4 Fig. 4. Dark-field TEM images and selected area electron diffraction patterns of ribbons of the PHE FeCrMoNbB alloy (left -Figs. 4a-e) and PHE FeCrMoNiB alloy (right -Fig. 4 g-i). From top to bottom, the evolution of the microstructure with the annealing temperature. Images (a-e) correspond to conditions of as-spun, 640 • C, 720 • C, 810 • C, and 1000 • C annealing temperatures, and (f-j) to conditions of as-spun, 570 • C, 690 • C, 820 • C, and 1000 • C, respectively. Blue circles in (g) indicate some precipitates. Figs. S3 and S4 present the indexation of selected area diffraction patterns.

Fig. 5 .

 5 Fig. 5. Load-displacement (P-h) curves from nanoindentation tests, corresponding to the as-spun and annealed PHE samples of (a) FeCrMoNbB alloy and (b) FeCrMoNiB alloy.

Fig. 6 .

 6 Fig. 6. Dependence of hardness and Young's modulus with displacement into the surface obtained by nanoindentation tests for the as-spun and annealed ribbons of the two PHE compositions: FeCrMoNbB (a,b) and FeCrMoNiB (c,d).

Fig. 7 .

 7 Fig. 7. Evolution of hardness and reduced elastic modulus with annealing temperature obtained by nanoindentation tests. In (a) FeCrMoNbB composition and (b) FeCrMoNiB composition.

Fig. 8 .

 8 Fig. 8. Dependence of H/E, H 3 /E 2 , and plasticity index calculated parameters on the annealing temperature. In (a) FeCrMoNbB and (b) FeCrMoNiB.

Fig. 9 .

 9 Fig. 9. Potentiodynamic polarization curves of the FeCrMoNbB as-spun and annealed ribbons in a 0.6 M NaCl solution at 25 • C. In (a) pH 3.0, (b) pH 5.5, and (c) pH 10.

Fig. 10 .

 10 Fig. 10. Potentiodynamic polarization curves of the FeCrMoNiB as-spun and annealed ribbons in a 0.6 M NaCl solution at 25 • C. In (a) pH 3.0, (b) pH5.5, and (c) pH10.

Fig. 11 .

 11 Fig. 11. SEM images of ribbons after potentiodynamic polarization tests. From (a) to (c), FeCrMoNbB alloy heat-treated at 640, 720 and 1000 • C. From (d) to (f) FeCrMoNiB alloy after heat treatment at 570, 690 and 1000 • C. Inset tables in Figure show the general composition of the surface obtained by EDX (B not included).

Table 1

 1 Percentage of the amorphous phase estimated by Eq. (1) after each annealing step for both compositions.

	FeCrMoNbB		FeCrMoNiB	
	Sample	%Amorphous phase	Sample	%Amorphous phase
	As-spun	100	As-spun	100
	HT-640 • C	68	HT-570 • C	89
	HT-720 • C	53	HT-690 • C	30
	HT-810 • C	25	HT-820 • C	0
	HT-1000 • C	0	HT1000 • C	0

Table 2

 2 Summary of mechanical properties of both PHE compositions (Nb-and Nicontaining) obtained by nanoindentation tests.

	Sample	H / GPa	E / GPa	H/E	H 3 /E	2	Plasticity index
	Nb as-spun	14.0 ± 0.4	212 ± 4	0.066	0.060	0.65
	Nb HT640 • C	16.4 ± 0.3	241 ± 4	0.068	0.075	0.64
	Nb HT720 • C	15.6 ± 0.3	234 ± 5	0.067	0.070	0.65
	Nb HT810 • C	17.4 ± 1.2	252 ± 11	0.069	0.083	0.64
	Nb HT1000 • C	12.1 ± 3.8	249 ± 50	0.048	0.028	0.75
	Ni as-spun	13.8 ± 0.3	221 ± 4	0.063	0.054	0.67
	Ni HT570 • C	15.4 ± 0.2	231 ± 4	0.067	0.069	0.65
	Ni HT690 • C	17.0 ± 0.4	244 ± 5	0.070	0.083	0.63
	Ni HT820 • C	12.7 ± 0.5	256 ± 6	0.050	0.031	0.74
	Ni HT1000 • C	8.3 ± 0.4	159 ± 9	0.052	0.022	0.73

Table 3

 3 Electrochemical properties obtained from potentiodynamic polarization curves in acid, slightly acid, and alkaline media for the FeCrMoNbB alloy.

		pH3.0					pH5.5			pH10.0	
		Ecorr VvsSCE	Icorr A/cm	2	I0.6VvsOCP A/cm	2	Ecorr	icorr	I0.6VvsOCP	Ecorr	icorr	I0.6VvsOCP
	AS*	-0.083	1.0E-8		8.2E-7		0.024	4.7E-9	1.2E-6	-0.042	1.7E-9	7.9E-6
	640	-0.156	1.0E-7		3.1E-6		-0.058	5.7E-8	1.8E-6	-0.084	1.7E-8	1.5E-5
	720	-0.212	5.3E-7		1.0E-5		-0.177	7.4E-7	3.8E-6	-0.282	6.0E-8	1.4E-5
	810	-0.245	3.6E-7		2.0E-3		-0.303	1.6E-6	8.0E-3	-0.355	3.8E-7	9.1E-4
	1000	-0.559	4.3E-5		4.0E-3		-0.377	6.0E-6	8.0E-3	-0.399	1.9E-6	9.0E-3

* AS=as-spun ribbons.

Table 4

 4 Electrochemical properties obtained from potentiodynamic polarization curves in acid, slightly acid, and alkaline media for the FeCrMoNiB alloy. of samples treated at 1000 • C, where grain and precipitate sizes are much coarsened than in samples treated at 810 • C. Suppose one considers only the corrosion current and potential. In that case, heat-treated samples up to 810 • C have a very similar behavior because grain sizes at this temperature are still in the nanosize, and specimens are more chemically homogeneous. However, such specimens suffer generalized corrosion. The current quickly increases right after the corrosion potential, and stabilization in current values can be noticed (related to I0.6VvsOCP in Table3, please, refer to the methodology). Still, in a nutshell, and coldly thinking, one cannot account for such currents for a passivation phenomenon because a plateau is only recognized at high potentials.

		pH3.0					pH5.5			pH10.0	
		Ecorr VvsSCE	Icorr A/cm	2	I0.6VvsOCP A/cm	2	Ecorr	icorr	I0.6VvsOCP	Ecorr	icorr	I0.6VvsOCP
	AS*	-0.279	3.0E-7		3.9E-6		-0.262	1.89E-6	4.4E-6	-0.199	1.98E-8	7.8E-6
	570	-0.197	2.4E-7		2.8E-6		-0.105	1.20E-6	2.9E-6	-0.128	6.53E-8	1.2E-5
	690	-0.148	1.86E-7		7.6E-6		-0.129	2.81E-6	6.6E-6	-0.130	1.05E-7	1.6E-5
	820	-0.544	8.59E-5		1.1E-2		-0.469	6.92E-6	8.0E-3	-0.392	2.61E-6	1.7E-2
	1000	-0.504	3.51E-4		4.0E-3		-0.419	6.36E-6	3.0E-3	-0.409	2.24E-6	4.0E-3

* AS=as-spun ribbons. case

Acknowledgments

The French National Research Agency supports this work in the "Investissements d'avenir" program (ANR-15-IDEX-02) framework. WCB thanks the L'Initiative d'excellence (IDEX) Université Grenoble Alpes under the project Initiatives de Recherche Stratégiques (IRS) for his salary. CSK and AMJJ acknowledge Fundaça ˜o de Amparo a ` Pesquisa do Estado de São Paulo (FAPESP-Brazil) for the support under the thematic project #2013/05987-8. AMJJ also acknowledges FAPESP for his fellowship through grant #2021/06546-1. The authors are also grateful to the Laboratory of Structural Characterization of the Federal University of Sa ˜o Carlos (LCE/Dema/UFSCar-Brazil) and Le Consortium des

Data availability

Data will be made available on request.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.

Moyens Technologiques Communs (CMTC -Grenoble-INP-France) for the use of their facilities and the company CompuTherm LLC (USA) to make available the software Pandat, used in this work for simulation. The authors also thank Dr. Lucas Otani for the help with some experiments and Prof. Dr. Guilherme Koga for the discussions.