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ABSTRACT

In this work, for the first time, passive film formation on two newly developed pseudo high entropy alloys
(Fep1Cr11MogNbyB16 and Feg;Cri1MogNigBis) was deeply investigated by using combined XPS and EIS tech-
niques. Amorphous and crystalized samples (ribbons) were tested in a 0.6 M NaCl solution. The Power Law
model was the most appropriate to describe part of the data, and a passive film’s physical properties, such as
resistivity and capacitance were determined. The XPS analysis revealed that a thin oxide layer covered all
samples and that samples’ annealing decreased the amount of protective elements in the oxide layer, depleting

corrosion properties.

1. Introduction

Seawater is a highly corrosive environment that covers about 70% of
Earth’s surface. It poses a significant challenge for structural materials,
such as stainless steels (SSs), which are usually the preferred choice due
to their cost-effectiveness in such demanding applications. Although
these materials exhibit robust corrosion resistance by forming a pro-
tective oxide film, pitting corrosion in the presence of this corrosive
media remains a significant concern [1]. Despite their many advantages,
stainless steels are not exceptionally wear-resistant [2,3]. In addition,
they are prone to a phenomenon known as sensitization when exposed
to temperatures ranging from 550 °C to 800 °C. Sensitization occurs
when chromium in the steel reacts with carbon or nitrogen, forming
chromium carbides or nitrides at the grain boundaries. This process
depletes the chromium from the steel, which reduces its corrosion
resistance and makes it more susceptible to intergranular corrosion.
Sensitization is a significant problem in stainless steel welding, and it
can also occur during high-temperature processing or exposure to high
temperatures for extended periods [4].

The above context highlights the need to find practical solutions for
the reported issues. Fe-based bulk metallic glasses (BMGs) possess
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remarkable tribological and electrochemical properties, which make
them a promising alternative for applications that require corrosion and
wear resistance. However, it is worth noting that achieving a good
balance between both properties remains a challenging task [5].
Furthermore, the application of BMGs is often limited by their brittle-
ness and small critical size [6-8]. Despite these limitations, the possi-
bility of producing coatings from these alloys to avoid such weaknesses
has been gaining attention, particularly in the oil and gas industry
[9-11]. Such coatings can be produced even from commercial pre-
cursors, which makes the process more feasible. BMG coatings offer
numerous advantages, including improved wear and corrosion resis-
tance, reduced friction, and enhanced mechanical properties.
Although the amorphous structure of Fe-based alloys is desired,
crystallization can occur even when the material is in use, especially in a
harsh environment [12]. The effect of crystallization on corrosion
resistance depends directly on the phases and microstructures generated
after crystallization [13]. Thus, understanding the crystallization path is
extremely important. In the first precipitation stages, precipitates are
formed with a similar composition to the matrix without significant
depletion and low impact on corrosion properties. However, further
stages of precipitation and grain coarsening may generate defects and a
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lack of protective elements to form the protective film, causing a
decrease in corrosion resistance [14,15]. As clarified in more detail in
[16], the alloys studied in this work follow the rules proposed in [17,
18], being classified as pseudo-high entropy (PHE) amorphous alloys.
Only two systems were reported in the literature [19,20], reinforcing the
importance of a deeper understanding of these alloys’ behavior.

One of the reasons for the outstanding corrosion behavior is the
formation of a passive layer at the metal surface, often associated with
the presence of Cr>* species. In their work, Zhang et al. [21] highlighted
the enhancement of protectiveness related to increased Nb content. Nb
promotes repassivation. Adding B increases the corrosion resistance of
Fe-Cr-based alloys [22]. Although some authors associate B atoms with
passive film structure change, enhancing its protectiveness [23], it re-
mains controversial. On the other hand, Mo is widely acknowledged as
beneficial for corrosion resistance because it enriches and stabilizes Cr in
the oxide layer through the presence of Mo®" [24,25]. By forming
austenite, Ni significantly enhances the corrosion resistance of crystal-
line alloys in chloride environments [26]. XPS has been successfully
used to understand the film’s passive structure [27-29] and was applied
in this work towards the same purpose. However, thin oxide film for-
mation is not wholly understood for multicomponent alloys.

Electrochemical Impedance Spectroscopy (EIS) has been successfully
applied in the past few years to understand corrosion mechanisms
involved in a system. By employing EIS, valuable insights concerning the
dielectric properties of the electrodes can be obtained [30-32]. In their
study, Tribollet et al. [28] introduced various models to describe an
oxide layer as dielectric. Specifically, they proposed the Young and
power-law models, which consider the passive film’s resistivity changes
relative to the distance from the sample surface. The power law model
has been applied to characterize oxides on ASTM A416 steels [33],
stainless steels, aluminum alloys [30], and magnesium alloys [34],
allowing one to derive physical parameters, such as resistivity, as well as
capacitance, hence the thickness of the passive layer.

In this work, we report using the power law model to characterize
PHEs for the first time in the literature. This modeling was also con-
fronted with the data regressed by Measurement Model (MM) software
proposed by Orazem et al. [35,36] deconvoluting the interfaces in
several Voigt circuits. The measurement model was initially created in
the early 1990 s to quantify the error structure of electrochemical
impedance spectroscopy measurements. It enables the extraction of
capacitance, ohmic resistance, and polarization resistance values from
impedance data. We also proposed to check the capacitance values using
the Cole-Cole representation. The Cole-Cole representation has previ-
ously been used to obtain the capacitance of electrochemical systems
[37,38]. As far as we know, such a study on PHE enables us to have a
detailed comprehension of the mechanisms at the interface, and the
formation of the passive film has never been reported in the literature.
At first, investigations were performed on ribbon samples to yield a fully
amorphous structure and better control the devitrification process.
Earlier work has shown the impact of crystallization on corrosion and
mechanical properties for these compositions [16]. Two novel PHEs
were proposed: Feg;Cr11MogNbyB1e and Feg;Cri;MogNigBy6. Thus, the
objective of this work is, by using a combination of two powerful
techniques, EIS and XPS, to contribute to understanding the passive film
formation of those complex alloys and contribute to developing a
"database" within the literature concerning these new PHE alloys.

2. Materials and methods
2.1. Samples production and microstructural characterization

Ribbons with a 45 pm-thickness and 2 mm wide were produced from
the ingots by melt spinning in a copper wheel. High pure elements were
used, Fe 99.98%, Cr 99.99%, Mo 99.95%, Nb 99,8%, Ni 99.9%, and B
99.7%. The chamber was evacuated to reach 10~* mbar and filled with
Ar to obtain an ejection pressure of 200 mbar. A 45 m s~ surface speed

was applied. Ribbons were heat-treated in an electric furnace under Ar
flow for controlled crystallization to avoid samples’ oxidation. Four
target temperatures were chosen for each composition based on differ-
ential scanning calorimetry (DSC) analysis: 640 °C, 720 °C, 810 °C, and
1000 °C for FeCrMoNbB, and 570 °C, 690 °C, 820 °C, and 1000 °C for
FeCrMoNiB.

X-ray diffraction (XRD) analysis was conducted using the Bruker D8
Advanced equipment with Cu-Ko radiation, from 20 to 90° (2° min~! of
scan step) to characterize phase formation. Transmission (TEM) and
scanning transmission electron microscopy (STEM) analyses were car-
ried out using an FEI Tecnai G2F20 field emission gun (FEG) instrument
at an acceleration voltage of 200 kV. The ribbon underwent thinning
through ion milling in the Gatan PIPS 691 system. More details con-
cerning sample production and characterization can be found in [16].

2.2. X-ray photoelectron Spectroscopy (XPS) characterization

X-ray photoelectron Spectroscopy (XPS) was performed after 2 h of
immersion of the ribbons into the electrolyte. A Thermo Scientific K-
alpha spectrometer with a monochromated Al X-ray source (hv
=1486.6 eV; spot size 400 pm) was employed. Pass energies of 30 and
100 eV were used to record the core level and the survey spectra,
respectively. All spectra were acquired using an electron flood gun to
compensate for possible positive charge accumulation during measure-
ments. The obtained spectra were deconvoluted and fitted using Thermo
Scientific Advantage Software. The C-C/C-H contribution of C1s spectra
was fixed at 285.0 eV. The sensitivity factors of each element were used
to calculate the percentage of each element in the oxide layer [39].

2.3. Electrochemical measurements

A three-electrode cell set-up was used with a Gamry Ref 600+
potentiostat for corrosion tests. The ribbon was used as the working
electrode (WE). The exposed area was 0.3 cm?. The reference electrode
was a saturated calomel electrode (SCE), and a Platinum (Pt) grid was
used as a counter-electrode. A platinum wire connected to a capacitor of
1 pF was connected in parallel with the reference electrode to avoid
artifacts in high-frequency measurement. A chloride-rich environment
(concentration of Cl” equivalent to seawater) was prepared using dem-
ineralized water and 35 g L™! of high-purity NaCl, with a natural pH of
5.5. The tests were performed at room temperature (25 °C). The
experiment consisted of two hours of open circuit potential (OCP) to
allow interface stabilization, followed by EIS spectra recorded from
0.02 Hz to 100 kHz. After an additional 20 minutes of OCP, potentio-
dynamic polarization measurements were performed from —30 mV to
1.2 V, with a scan rate of 1 mV s~!. Data obtained from EIS were
regressed using the Measurement Model software developed by Watson
and Orazem to identify stochastic error structures [35,36]. The data
were then modelized using SIMAD software developed at the Labo-
ratoire Interfaces et Systemes Electrochimiques (LISE) at Pierre et Marie
Curie University (UPMC). Tests were performed at least three times to
ensure reproducibility. Following the corrosion tests, the surface of the
samples was analyzed using scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX). The analysis was con-
ducted using a FEG ZEISS Ultra 55 SEM equipment coupled with a SDD
BRUKER AXS - 30 mm? detector for EDX microanalysis.

3. Results and discussion
3.1. Microstructural characterization

A thorough examination of the microstructure of the alloys investi-
gated in this study was conducted using DSC, XRD, SEM, and TEM
techniques. The detailed results and related discussion are in a previous
publication [16].

The X-ray pattern in Fig. S1 (supplementary material) illustrates
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phases’ precipitation during the devitrification process of both alloys. As
one may observe, the crystallization sequence of the Nb-containing PHE
alloy can be summarized in: [am] — [remaining amorphous (am’) +
bee] — [remaining amorphous (am”) + bec] — [remaining amorphous
(am’”’) + bece + bec’] — [bee’ + boride’]. Similarly, for the Ni-
containing alloy, the sequence was [am] — [remaining amorphous
(am’) + bee] - [remaining amorphous (am”) + bee + boride’] — [fee +
boride’ + boride"] — [bcc + boride’].

Here, am’, am’’, and am’”’ denote the remaining amorphous (am)
phases after each heat treatment, with different compositions/structures
than the preceding ones. Bcc represents the Feg g9Crgo5sMog o bcc-
phase. This phase is claimed to form with minimal diffusion, exhibit-
ing a chemical composition similar to the matrix, typical for PHE
amorphous alloys [40]. Thus, it should maintain the corrosion proper-
ties of the amorphous phase. Bec’ is the (Fe,Cr)g.g75sMo0g.125 bee phase,
fec is the (Fe,Cr)g.goNip 2 austenitic-type phase, boride’ is the MoyFeBy
(M3By) boride, and boride’’ is the Fe3B boride. Different proportions of
metallic elements (M = Fe, Cr, Mo, Nb) can be present in these borides.
These crystallization sequences are anticipated for PHE amorphous al-
loys. As temperature rises, the amorphous percentage decreases,
increasing heterogeneity and defects on the surface, hence, in the oxide
film.

TEM analysis was performed for a better understanding of phase
formation. Results of dark field images and diffraction patterns are
presented in Fig. S2 (A-E) for Nb-containing composition and (F-J) for
Ni-containing composition. In summary, the TEM image sequence shows
how the amorphous ribbon undergoes devitrification in both cases. The
process progresses through the formation of nanometric precipitates of
the phases observed by XRD until they reach a completely crystalline
structure. Images E and J depict the samples containing Nb and Ni,
respectively. The alloy containing Ni undergoes the final crystallization
stage at a lower temperature of around 800 °C than the sample con-
taining Nb. As a result, the formed phases in the Ni-containing alloy
coarsen between 800 °C and 1000 °C.

On the other hand, for the Nb-containing sample, new phases pre-
cipitate at 1000 °C. The diffraction patterns support the images, tran-
sitioning from the mere presence of the diffraction ring to the presence
of multiple spots corresponding to the presence of the phases. The im-
ages primarily depict the transition from an amorphous and
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homogeneous structure to a complex and heterogeneous structure,
which can directly impact the formation of the passive film and the
corrosion properties of the alloy.

3.2. Open circuit potential

The variation of corrosion potential (E,) with time of the amor-
phous and heat-treated ribbons is shown in Fig. 1 for both compositions.
The curves show, for the Nb-containing samples, that increasing heat
treatment temperature, i.e., reducing the percentage of the amorphous
phase, leads to more active corrosion potentials from around 0.02 V vs
SCE for the as-spun sample to around —0.4 V vs SCE for samples heat
treated at 1000 °C. In addition, FeCrMoNbB samples heat-treated at a
temperature superior to 800 °C showed potential fluctuation that can be
associated with constant consumption/reconstruction of the passive
film. The inset figure in Fig. 1(a) shows the surface of a sample (Nb-
containing ribbon annealed at 1000 °C) before immersion. It can be
noted that the surface is heterogeneous due to the presence of pre-
cipitates. This non-uniformity of the film, i.e., a film that partially covers
the surface, is inevitable and can lead to lower corrosion resistance or
even initiation of localized corrosion due to defects in the protective film
[41,42]. For the other samples, the potential remained stable with the
increase of immersion time, indicating a stable surface condition. In the
Ni-containing samples shown in (b), the potential remained steady over
the immersion time, regardless of the heat treatment of the samples. One
may observe a very similar potential value for the samples annealed up
to 800 °C. After that, a drop of about 300 mV in the potential is observed.
As spun Ni-containing samples exhibit lower corrosion potential
compared to Nb-containing ones.

3.3. Potentiodynamic polarization curves

Fig. 2 shows the polarization curves for both compositions in a
35gL~! NaCl solution in the amorphous condition and after four
annealing treatments. Except for samples heat-treated over 800°C,
where a clear Tafel region was observed, as expected, no Tafel region
was identified in other conditions where samples already started
passivated during testing. Thus, for these conditions, ig 2yvs.Ecorr (@ Te-
gion sufficiently far from E o) was considered the same as the corrosion
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Fig. 1. — Open-circuit potential evolution of the as-spun and annealed ribbons as a function of time in a 35 g L™! NaCl solution at 25 °C (a) FeCrMoNbB alloy (H) as-
spun, (@) 640 °C, (A) 720 °C, (W) 810 °C, (¢») 1000 °C and (b) FeCrMoNiB alloy (H) as-spun, (@) 570 °C, (4A) 690 °C, (V) 820 °C, (¢») 1000 °C. The inset image
in (a) corresponds to an SEM image of the surface of the ribbon heat treated at 1000 °C (Nb-containing alloy).
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Fig. 2. Potentiodynamic polarization curves of the amorphous and annealed ribbons performed in a 0.6 M NaCl solution (35 g L™) at 25 °C from —0.03 to 1.2 versus

Ecorr- (@) FeCrMoNbB alloy (M) as-spun, (@) 640 °C, (A) 720 °C, (
820 °C, (¢») 1000 °C.

current (icorr). The Tafel extrapolation was used for other conditions to
get the icorr values. The ip ayys.Ecorr and Ecorr Values extracted from po-
larization curves are shown in Table 1. Heating temperatures were
chosen based on crystallization peaks identified on DSC curves (refer to
[16]). In this work, the presence of other ions such as HCO3, SO?{, KT,
and Mg?*, as well as organic components/microorganisms in seawater,
was not considered, even if the authors are aware that it may have a
significant impact on the corrosion behavior, accelerating or even
mitigating corrosion phenomena [43,44].

For the Nb-containing alloy, corrosion resistance degrades right after
the first heat treatment, observing in terms of corrosion current density
that reduces in more than one decade and corrosion potential, i.e.,
decreasing amorphous fraction leads to depletion of corrosion resis-
tance. This behavior can be associated with many factors: an increase of
heterogeneities on the surface, accompanied by a reduction of amor-
phous content, precipitation of borides, and other phases containing
protective elements, such as Cr and Nb, that are no longer available to
form the passive film. Similar behavior was observed in the literature for
Fe-based metallic glass alloys [15,45-48]. The superior corrosion
resistance of the amorphous materials is often associated with the
absence of chemical and physical heterogeneities. A single homoge-
neous phase forms these materials. Once they have a sufficient con-
centration of corrosion-resistant elements, they show higher corrosion
resistance than crystalline metallic materials [49]. However, even if the

Table 1

Electrochemical properties were obtained from potentiodynamic polarization
curves in slightly acid media (pH5.5) in a 0.6 M NacCl solution, based on the
results of at least three experiments to ensure reproducibility. Icorr = i0.2vvs.Ecorr
for conditions treated at temperatures below 800 °C.

FeCrMoNbB FeCrMoNiB
Sample  Eo mV vs. icorr HA em ™2 Sample Ecorr mV vs. Teorr PA
SCE SCE cm 2
AS 24+ 4 5.4E-2 + AS -262 +18 2.1+0.6
0.6E-2

640 -58 + 3 0.33 £ 0.08 570 -105 + 12 0.6 £ 0.6
720 -177 £ 19 1.2+0.2 690 -129 £ 15 1.0+1.1
810 -303 + 32 1.4+ 0.5 820 -469 + 24 9.0+1.3
1000 -377 £ 19 3.0+1.7 1000 -419+19 6.7 £ 0.8

) 810 °C, (

) 1000 °C, and (b) FeCrMoNiB alloy (H) as-spun, (@) 570 °C, (A) 690 °C, (V)

corrosion current increased more than one decade after the two first heat
treatments, from around 10 nA cm ™2 to 0.7 pA cm ™2, the beginning of
crystallization does not seem to affect the presence of the passivation
plateau that extends for more than 900 mV (vs. SCE) with a passive
current density of the order 107 A ecm™2. As expected, no clear Tafel
region was identified.

The corrosion properties significantly degraded for samples heat-
treated above 800°C. Ecorr values were —303 mV and —377 mV and
i.2vvs.Ecorr Values were around 1.4 pA em ™2 and 3 pA cm ™2 for 810°C
and 1000°C samples, respectively. Despite relatively low corrosion
currents in the order of 10~® A cm ™2, a significant increase in the current
after the corrosion potential was observed, and no passivation plateau
was noted in these cases where generalized corrosion occurs.

Fig. 2(b) shows the potentiodynamic polarization curves for the Ni-
containing composition. Despite having lower corrosion resistance
than the Nb-containing alloy, the as-spun and devitrified samples up to
690 °C Ni-containing alloy show excellent properties, revealing similar
values of ig ayys gcorr around 107% A em~2. The corrosion potential value
was even better for the sample heat-treated at 690 °C than the amor-
phous one. An extensive passivation plateau was also observed for these
samples. Similar to the case shown in (a) for the Nb-containing alloy, the
samples heat-treated at temperatures above 800 °C suffered generalized
corrosion. However, the corrosion properties of the Ni-containing alloy
were less sensitive to the devitrification process in the solution used in
this study. Up to 690 °C, a very similar behavior with very close values of
ip.2vvs.Ecorr and corrosion potential was found for the samples. It is
essential to highlight that the pitting corrosion phenomenon, quite often
observed for amorphous Fe-based alloys in the literature [8,21,50,51],
was not observed for the two compositions studied in this work, which
renders the alloys more attractive for several applications.

The cathodic polarization response was also measured for the sample
heat-treated at 810 °C (Nb) and 820 °C (Ni). A plateau is observed in
both cases with the corresponding current of 10~* A cm 2. The presence
of this plateau indicates that the reduction of dissolved oxygen limits the
reaction. We can infer that at Ecoyy, the reaction is limited by the cathodic
reaction.

Fig. 3 shows SEM images of ribbons that underwent potentiodynamic
polarization experiments to enhance our understanding of their corro-
sion behavior. The images depict the FeCrMoNDbB alloy (A-D) and the
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E Ni - As-spun

Fig. 3. — SEM images of the ribbons after potentiodynamic polarization test in a 0.6 M NaCl solution at 25 °C of FeCrMoNbB alloy ribbon (A-D) and FeCrMoNiB alloy

ribbon (E-H).

FeCrMoNiB alloy (E-H). Table 2 presents the results of EDX analysis for
both samples, considering the presence of oxygen and the absence of B.
The images confirm that no pitting occurred in samples showing a
passive plateau in the potentiodynamic curves: A-C for the alloy with Nb
and E-G for the Ni-containing alloy. Corrosion products have formed on
the surface and can be seen in the images. Images D and F show a fully
crystallized ribbon after corrosion tests, confirming the occurrence of
generalized corrosion. The images also clearly show resistant pre-
cipitates in the matrix that the corrosion process has partially consumed.

According to the EDX results in Table 2, the percentage of surface
elements (except B) after the first and second heat treatments is com-
parable to the proposed theoretical composition. However, a significant
increase in oxygen levels is observed for the sample that underwent
generalized corrosion, possibly due to the formation of corrosion prod-
ucts. Moreover, there is a decrease in the Fe content, accompanied by
increased protective elements such as Cr, Mo, and Nb. The XRD analysis
(Fig. S1) indicates that these elements will form precipitates, leading to
their deficiency in the matrix, which becomes more prone to corrosion.
The absence of Ni in the sample heat-treated at 1000 °C, which expe-
rienced generalized corrosion, may indicate that this element formed an
fec or bee phase (Fig. S1) that dissolved in the solution.

After immersing the sample for 2 hours, EIS and XPS analysis were
performed to better understand of the structure and composition of the
passive film. The results will be discussed below.

3.4. Electrochemical impedance spectroscopy (EIS)

Figs. 4(a) and 5(a) display the Nyquist plot for both compositions’ as-
spun and annealed samples. Typical capacitive-like response repre-
sented by inclined lines or semi-circles was identified for all samples,
suggesting the presence of an oxide layer at the interface, whatever the

Nyquist plot for the Ni-containing composition also consists of semi-
circles. However, unlike the case of the Nb-containing alloy, a subtle
difference between the behavior of the as-spun sample and after heat
treatment at 690 °C can be noted. The sample treated at 570 °C exhibits
superior performance. The Bode plot is presented in Figs. 4(b) and 5(b)
for Nb and Ni-containing composition, respectively. For the Nb-
containing alloy, the low frequencies impedance modulus |Z|
decreased from around 370 kQ cm 2 (as-spun sample) to 7 kQ cm™2
when the temperature increased (sample heat treated at 1000 °C),
meaning higher corrosion resistance for the as-spun sample, corrobo-
rating potentiodynamic polarization curves results. A slight difference is
observed between the as-spun sample and the samples after the first two
stages of heat treatment for the Ni-containing alloy. The values found
were around 50 kQ cm ™2, much lower than the |Z| obtained for the as-
spun sample of the Nb-containing alloy.

A bode plot can help recognize the number of time constants.
However, an ohmic resistance (Re) or impedance can mask some phe-
nomena in high frequencies. This so-called ohmic resistance/impedance
is related to a non-uniform current distribution associated with the ge-
ometry of the electrode and the sample holder [52,53].

Figure S3 (supplementary material) shows a zoom of the high-
frequency part evidencing the ohmic impedance effect, which makes it
challenging to identify a value for the electrolyte resistance Re. In this
work, after correcting the Bode diagram by ohmic impedance, it was
observed that there was no significant gain of information regarding the
properties of the passive film. Therefore, only the correction for the
electrolyte resistance R, (determined by MM) was considered, neglect-
ing the high-frequency part (from 100 Hz) for the impedance data
fitting.

Thus, the correction of impedance modulus and phase angle is
calculated by Egs. 1 and 2, respectively [54],

composition and annealing, that limits the reactions between the sub- || =\/(Z -R)}+2 1)
. . P corrected r € i

strate and the electrolyte. Qualitatively for the Nb-containing alloy,

increasing the heating treatment temperature reduces the diameter of

the semi-circle, suggesting lower protectiveness of the oxide layer.

Table 2 -

General composition of the surface obtained by EDX analysis (B not included).
Nb Fe Cr Mo Nb (o] Ni Fe Cr Mo Ni (o]
AS 71.7 12.6 8.4 4.2 3.1 AS 70.9 13.0 9.2 4.2 2.7
HT640 65.6 11.3 7.6 4.3 11.2 HT570 69.3 13.1 8.5 4.2 5.1
HT720 53.2 12,5 6.4 4.2 23.7 HT690 73.5 12.4 7.6 3.9 2.6
HT1000 15.9 15.9 17.3 9.5 41.4 HT1000 28.9 25.6 26.8 0 18.7
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Different data treatments and representations could be done to
identify better the number of time constants involved. In this sense, we
chose to plot aegr [55],

_ |dlog|Zi(r)]| \
diogf

The calculus considers the derivative of the imaginary part (Z;) on a
log-log scale.

Figs. 4(d) and 5(d) show the variation of aeg with frequency for the
Nb-containing and Ni-containing composition, respectively. A plateau
over the frequency range typically suggests a capacitive or pseudo-
capacitive behavior (CPE). For the as-spun sample (Nb-containing
composition), we observe a plateau extending over the entire frequency
range, which can be associated with only one CPE whose o parameter
would be equal to 0.88. For the 720 °C thermally treated alloys,
considering the medium frequency region, we observe only one plateau
corresponding to a single time constant with alpha between 0.8 and 0.9
which supports the assumption that the CPE behavior valid at medium
dominates the capacitive response. Whereas for the sample heated to
640 °C, the existence of one or more plateaus is unclear, and we observe
a decrease of o value with increasing frequency (Fig. 4(b)). Sample heat
treated at 810 °C shows two plateaus, one in middle frequency from
around 5-200 Hz and another around 10* Hz. Furthermore, for the 1000
°C HT sample, we observe a plateau from 10 Hz. In all cases, in Figs. 4(c)

-1
D orreciea = tan (

3

and 5(c), the corrected bode plot shows a decrease of the o value from
10210® Hz (10* Hz for the Nb-containing as-spun sample) which is
associated with the influence of the ohmic impedance at high frequency.

The as-spun and heat-treated 690 °C Ni-containing alloy sample,
similarly to the Nb-containing alloy, shows only a mid-frequency
plateau ranging from 1 to 10 Hz, corresponding to a CPE behavior
with an alpha of 0.92. The sample treated at 570 °C shows two well-
defined time constants (one at low-frequency from 0.1 to 10 Hz, and a
second one at mid-frequency from 10 to 103 Hz), with alpha of 0.85 and
0.78, respectively (Fig. 5(d)). This behavior should illustrate an inter-
mediate interface state as the heating temperature is closer to the Tg. For
the samples heated at 820 °C and 1000 °C, alpha decreased with the
frequency (Fig. 5(c) and (d)) as observed typically for a reactive elec-
trode [56].

For both compositions, we can already infer from this first approach
that sample heat treated at temperatures lower than 800 °C shows
capacitive behavior of the metal/ electrolyte interface with at least one
CPE observed.

3.4.1. SIMAD simulation

The impedance of films showing CPE behavior was simulated using
SIMAD software, assuming a non-ideal capacitive behavior related to
resistivity distribution in the oxide layer simulated by the power law
model reported for the first time in the literature for those alloys.
Additionally, at frequencies below 10 Hz, the phase angle decreases for
all the samples, corresponding to a faradaic impedance or an Os-related
diffusion phenomenon. Therefore, the discussion will further present a
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schematic representation of the interface.
In this case, the impedance of the film can be described as [57,58]

S 1—a
Zin(0) = ¢ ( P 4

P! + jweey)”

Where py is the resistivity at the metal/oxide interface, ps is the re-
sistivity at the oxide/electrolyte interface, o is the pulsation, and j is the
imaginary number (j% = —1).

The function g is given by

g=1+288(1 —a)”, (5)

The CPE parameter Q can be obtained by the graphical method
(Fig. S5). There are several ways to obtain the a parameter, such as
directly after regressing the data via SIMAD. It can also be obtained
graphically by plotting the relationship between |Z;j| and frequency
(Fig. S6) or via the plot of 0.

There is also a relationship between these parameters and €, ps, & and
the other CPE parameter o, given by [58]

(e€p)”

0=——=,
80p;

(6)

Hence the parameters Q and o obtained above are used to estimate
the value of ps, but we need to get the thickness value from the capac-
itance. The capacitance can be obtained using the measurement model
or Cole-Cole representation.

3.4.2. Cole-Cole diagram

Cole-Cole diagrams [36,38] were employed to obtain more infor-
mation about the oxide layer and the capacitance values. It consists of
transforming the impedance spectrum into a capacitance spectrum (Eq.
7). The value of oxide capacitance corresponds to the extrapolation at
the infinite frequency of the complex capacitance.

. 1
C=-

jolZ—R) )

However, this method requires precise estimation of the ohmic
resistance Re, which can be challenging. The real part can be calculated
by using Eq. 8
_ —Zimg

2mfx (Zimg2 + 7

corrected

CV

, (8)
. ) °

And the imaginary part is given by Eq. 9

bl
by Re)

Once the capacitance value is determined by extrapolation to infinity
of C;, the thickness of the oxide layer can be calculated using Eq. 10,
where g9 = 8.85x107*F cm™! is the vacuum permittivity and e, = 12 is
the material relative dielectric constant (typical value of Fe and Cr oxide
layers [59]). In the case of layers composed of several oxides, estimating
this value is challenging, varying between 10 and 100 depending on the
material. Such considerable permittivity variation can lead to an

Zr corrected by Re
2mfx (Zimg2 + 7

corrected

- Cimg =

)]
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additional error in the capacitance estimation.

E€p

= Cor (10

50x

An example of a Cole-Cole graph used to estimate the thickness of the
oxide layer for the as-spun sample of the Nb-containing alloy is shown in
Fig. S4. The extrapolation of the domain of frequency correspondent to
the CPE crosses the origin, as indicated by the straight line in Fig. S4. The
method was applied to the two compositions studied for the samples that
presented a passivation plateau related to the passive layer in the
potentiodynamic curves shown in Fig. 2. The results are shown in
Table 3.

The values found for the thickness of the oxide layer are between 0.8
and 5.6 nm, typical of a passive layer. Values in the range 1-10 nm are
typically associated with the presence of a passive film. In addition, an
increase in capacitance value may indicate the presence of a less-
performing film that does not cover the entire surface [60].

3.4.3. Measurement model

The measurement model is another helpful tool, originally developed
to determine the error structure of the data, that can be helpful to
characterize the passive film. Agarwal et al. [61] proposed the fitting
impedance data by adding sufficiently Voigt elements (R//C circuits) in
series with an electrolyte resistance. Sequentially increasing the number
of Voigt elements was done while ensuring that the 95.4% confidence
interval for each regressed parameter does not encompass zero. The
regression of the Voigt measurement model gives two essential pieces of
information for passive film description, the electrolyte resistance and
the capacitance. From the last, the thickness of the passive film can be
estimated by Eq. 10, as already discussed. The error between the
simulation and the measurement (y) must be lower than 1%, charac-
terizing a good fitting level, and it is given by

s B0 - S PX)’
7= 2} B R an
where Py is N}, adjustable parameters; Xy (x;) is a basic arbitrary func-
tion; x; and y; are experimental values, and oi is the standard deviation of
the measured value.

The results for the regressed data for Nb and Ni-containing compo-
sitions are given in Tables 4 and 5, respectively.

The results found for the electrolyte resistance (ge) are consistent
with those estimated by the graphical analysis (through the Nyquist
diagram). The capacitance values, hence the oxide film thickness values,
are concordant with the values estimated by Cole-Cole. Typical of a
passive layer, as expected from the analysis of the potentiodynamic
curves presented in Fig. 2. Here, one must be aware that using several
Voigt circuits to represent the interface appears to be perfectly accept-
able, as the Cole-Cole method yields identical results. Even though
substituting ge for Ze in the Cole-Cole method may lead to an error, the
hypothesis is reasonable since it still delivers comparable outcomes.

Finally, an expression of the capacitance of the oxide film dependent
on the dielectric constant of the material that associates capacitance
with resistivity at the interface film/electrolyte ps is given by

Crim = 80(pse€0)' ™", (12)

The work aims to extract the most parameters that allow us to

Table 3 -
Capacitance obtained from Cole-Cole (C,.) diagram and calculated thickness (8)
of the oxide layer considering € = 12.

2

Sample Nb Ce. pF ecm™2 Nb 8. nm Ni C¢c pF em™ Ni §.. nm
As-spun 3.4 3.2 10.3 1.0
1st HT 1.9 5.6 3.4 3.1
2nd HT 13.6 0.8 13.5 0.8

Table 4
Results obtained by Measurement Model regression for the Nb-containing
composition.

Parameter As-spun HT640°C HT720°C

Re 2.22 +0.01 2.69 + 0.02 2.83 +£0.01
Cym (HF cm™2) 2.89 +0.14 1.46 £ 0.06 13.64 £+ 1.07
Voigt elements 10 10 12

x> 0.003 0.001 0.0001

& (nm)* 3.7 7.3 0.8

2 Calculated by using Eq. 10.

Table 5
Results obtained by Measurement Model regression for the Ni-containing
composition.

Parameter As-spun HT570°C HT690°C

Re 2.69 £ 0.01 3.08 £ 0.01 2.89 +£0.01
Cym (WFem™2) 10.95 &+ 0.57 2.88 £ 1.6 13.75 £ 0.79
Voigt elements 9 10 9

%2 0.001 0.002 0.001

& (nm)” 1.0 3.7 0.8

# Calculated using Eq. 10.

describe the oxide film formed on the surface of the studied alloys to see
the impact of crystallization and composition on the film. The parame-
ters obtained by regressing the data and those calculated using Egs.
10-14 are presented in Tables 6 and 7 (Nb and Ni containing alloy,
respectively). Calculating these parameters allows one to identify the
nature of the film formed, confront what is physically expected, and
compare the samples in terms of their resistivity profile.

The values found for py and ps for both alloys are characteristic of
insulators and semiconductors, respectively [57]. Since pg is the re-
sistivity value at the metal/oxide interface, high values of this parameter
may be associated with a high degree of surface protection of the ma-
terial. For the Nb-containing alloy, it can be noticed that the resistivity
value po decreases by about one decade when the sample is heat-treated
at 720 °C. This behavior is consistent with the results shown earlier,
which point to a degradation of the corrosion properties with increasing
temperature. Similar behavior is noted when comparing the as-spun
samples of the two alloys studied. A lower resistivity value, of the
order of 10'2 Q cm, was found for the case of the alloy containing Ni, a
difference of one decade concerning the alloy containing Nb, as
expected.

The values of film capacitance Cgyy calculated by Eq. 12 are
concordant with those obtained by the Measurement Model and Cole-
Cole. These values were used to estimate the thickness of the passive
layer using Eq. 10. Values below 1 nm were found for all cases—typical
values for a protective passive layer.

The error between the measurement and the simulation (y) was
around 1% or lower for all the samples, indicating a satisfactory fitting
level. SIMAD software minimized the y? given by Eq. 11. The values
found for thickness are only approximations. A parameter that can be
used to compare the samples is the resistivity value. The behavior at 640
°C (Nb) and 570 °C (Ni) is not fully understood. For both samples, the
values found for capacitance (<10 pF) and thickness (about 5nm)
suggest the existence of a protective passive layer. However, for the 640

Table 6

Results obtained by SIMAD regression for the Nb-containing composition.
Parameter As-spun HT 720°C
o (Q cm) 1.75 x1013 1.27 x10'2
ps ( cm) 4.25 x107 2.06 x10%
Cgim (UF cm™2) 3.4 13.5
Q) (WF s* 1) 17, 0.88 15, 0.89
8fi1m (nm) 3.2 0.8

x 0.83 0.49
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Table 7

Results obtained by SIMAD regression for the Ni-containing composition.
Parameter As-spun HT 690°C
po (Q cm) 2.88 x10'2 2.93 x10'2
ps (Q cm) 1.73 x10° 3.51 x10°
Cgim (uF cm™2) 11 13.6
Q) (uF s*7) 67, 0.91 50, 0.92
diim (nm) 0.97 0.80
X 0.99 1.07

°C sample, no plateau characteristic of a CPE was detected. Instead, a
phase that decreases with frequency is observed (Fig. 4(c)). The two
models proposed in the literature, the Power Law and Young Model, do
not predict a decrease in the phase with frequency. In turn, the 570 °C
sample showed two plateaus (Fig. 5(d)) with alphas of 0.85 and 0.78, at
low (up to 20 Hz) and mid/high frequency (20-2000 Hz), respectively.

Interestingly, for both compositions, the samples heated at temper-
atures just above T, (100 °C for the Nb-containing alloy and 70 °C for the
Ni one) showed a different behavior compared to the other passive
samples. Authors have associated improved corrosion properties with
the relaxation process in the literature. Reducing the free volume in-
duces the formation of a compact and hence more protective passive
layer [62,63]. Nevertheless, this is observed for a temperature below Tj.
Treatments above Ty resulting in crystallization are generally associated
with a deterioration of the corrosion properties.
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The resistivity profile calculated through the fitting data obtained in
SIMAD is shown in Fig. 6. The difference observed between the re-
sistivity profiles for the as-spun samples of both compositions can be
associated with the compositional differences presented by the passive
film.

The resistivity profile calculated through the fitting data obtained in
SIMAD is presented in Fig. 6, based on the equation that describes the
Power Law [64]:

-1
ﬁz(m(l,@)gy) ,
Ps Po Po

The fitting with SIMAD allowed estimating the resistivity values at
the metal/oxide interface (po), the oxide/electrolyte interface (ps), and
the resistivity profile through the oxide layer. After comparing the as-
spun samples of both compositions, it was observed that the Nb-
containing alloy has a higher value of py (around 10'® Q cm)
compared to the Ni-containing alloy (one decade lower), confirming the
belief that the Nb-containing alloy presents better corrosion resistance.
When comparing the as-spun and heat-treated samples for both alloys, it
was observed that the resistivity profile was consistent with the behavior
observed through the potentiodynamic curves. In the case of the Nb-
containing alloy, there was a decrease in the values of py and ps with
an increase in temperature. As for the Ni-containing alloy, after heat
treatment at 690°C, the resistivity py value remained similar, but the pg
was superior for the heat-treated sample, consistent with the behavior
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Fig. 6. - Resistivity profiles obtained from the fitted parameters for the (A) FeCrMoNbB as-spun sample, (B) FeCrMoNbB 720°C, (C) FeCrMoNiB as-spun, and (D)
FeCrMoNiB 690°C. p is the resistivity obtained by applying the Pawer low and & is the dimensionless position (¥/3).
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observed by the potentiodynamic curves, which was similar, but slightly
better for the heat-treated sample.

Based on the model presented by Marcelin et al. [65], the resistivity
curves reveal two distinct domains. The first domain is characterized by
a constant resistivity value, denoted as p0, at the alloy/passive film
interface. Conversely, the second domain shows a decrease in resistivity
toward the passive film/electrolyte interface, represented by psd. This
bimodal distribution of resistivity is associated with the dual structure of
the passive film, consisting of a dense inner oxide layer (such as Cr203)
and an outer, more hydrated layer primarily composed of hydroxides.

XPS was employed primarily to gather qualitative information to
understand better the passive film formed in these alloys. The results and
related discussion are presented below.

3.5. X-ray photoelectron Spectroscopy (XPS) results

The oxides forming the passive film give essential information about
the stability and protectiveness of the film. X-ray Photoelectron Spec-
troscopy technique was used in this study to comprehend, especially
from a qualitative point of view, the formation of oxides that compose
surface layers of as-spun and crystallized samples after exposing them to
a chloride-rich solution for two hours. Employing this technique, we
sought to identify the effect of devitrification on the oxide layer
composition and correlate it with the behavior observed through the
potentiodynamic properties obtained from the potentiodynamic polar-
ization curves and EIS measurements.

General XPS spectra for both compositions in all conditions can be
seen in Fig. S7 (supplementary materials). The fitted spectra for each
alloy element present in the passive film for the amorphous ribbons are
shown in Fig. 4 (Nb-containing composition) and Fig. 5 (Ni-containing
composition). The Fe2ps3,» spectra were decomposed into four peaks
around 706.8 eV, 710.1 eV, 711.0 eV, 712.9 £ 0.2 eV, corresponding to
Fe° metallic state, and FeO, Fe;Os, and FeOOH [27,66]. The Cr2ps 2
spectra consist of three peaks. One peak around 574 eV that can be
assigned to the electrons originated from Cr°, and peaks around
576.5 eV and 577.4 eV that correspond to Cr>* and Cr®" oxidic states
[67,68]. In turn, Mo3d spectra are composed of two peaks originating
from Mo° in the metallic state (228 eV and 231 eV), as well as two peaks
for Mo*t (228.4 and 231.2 eV) and Mo®" oxidized state species (232.2
and 235.2 eV) [69]. Similar to Mo, Nb3d was decomposed into two
peaks corresponding to Nb° (202.1 and 204.3 eV) and two peaks be-
tween 203.1 and 210.1, related to the presence of three different oxides,
NbO, NbO,, and NbyOs [70]. In the case of amorphous samples for both
compositions, B1s spectra were found to be composed by a contribution
of the pure element, B°, around 188 eV, and a contribution of B-O type
oxides. However, for some of the crystallized samples, the presence of
B503 could be detected with a peak around 193.4 eV [67,71]. Ni oxides
were not detected for the as-spun sample of the Ni-containing alloy.
Previous works could not identify Ni on the surface either [72]. Only the
peak corresponding Ni° metallic was found (852.9 eV). The contribution
of NiO (854.3 eV) was encountered only in the sample heat-treated at
1000 °C.

As indicated above, the spectrum consists of peaks of the oxidized
state of each element present in the composition and the elements in the
metallic state, suggesting that we have an oxide layer in all cases. Given
that a contribution of the metallic species could be detected, the metallic
state peaks were assumed to come from the underlying alloy surface, and
one can say that the XPS signal is composed of the passive film and the
underlying alloy. Hence, since the maximum penetration depth is be-
tween 5 and 7 nm [73], one can say that the oxide layer has a thickness
inferior to 7 nm. A compact, thin oxide layer can be associated with the
high protectiveness of the passive film and, hence, good corrosion
resistance. However, homogeneity is also an important parameter to
consider [74].

Curve fitting was used to determine the oxide content.

The addition of metalloids was identified as beneficial for the

10

corrosion resistance of Fe-Cr alloys [22]. The elements with high oxygen
affinity, like Cr, Mo, and B, tend to concentrate on the surface when
exposed to the air or corrosive solutions. The affinity of Mo with oxygen
is way lower than Cr and Nb. For example, they will have preferential
oxidation and be formed under Mo’s outer layer. Many authors reported
the excellent stability of Cr oxides of Fe-based alloys [75,76]

Cr — Crt+3e, 14
cr*+H,0 — Cr(OH),+3H", (15)
Cr(OH); +50H" — CrO* +4H,0 + 3¢, (16)

The presence of anions such as CrO3-and MoO3~ are responsible for
ion selectivity, hindering the penetration of aggressive chloride ions in
the passive film [67]. However, borates were not found to be able to
change the ion-selectivity of Cl', which indicates that the protection
provided by B oxides is not as adequate as that offered by others, such as
Cr and Nb oxides. Similar behavior was confirmed/observed by Virta-
nem [77] when studying passive film formation on Fe-Cr-(B, P)-C alloys.
Molybdenium’s role in combatting pitting corrosion is still in debate,
even if many studies have been done in this field. Many studies point to
Mo as responsible for passive film repair / re-passivation [72,78,79].
Some studies also point out Mo as accountable for protecting the passive
film, preventing Cl- ions attack, and reducing pitting events. According
to Figs. 7 and 8(c), Mo is found in the passive layer in the metallic state
Mo and Mo*" and Mo®" states. Insoluble FeMoOy can be formed by the
reaction between the Fe?' and MoO3*, hindering pitting corrosion
propagation.

Peak deconvolution allows the identification of oxidized species and
further calculation of the concentration of each element on the surface
through the integrated intensity area of each peak. For that, the sensitive
factor associated with each element was considered. The values are
shown in Table S2.

Fig. 9 shows the relative amounts (Area of the X oxide / Biggest Sum
of the areas of all the oxides/hydroxides present in the layer in both
alloys, assuming that the closest temperatures were the same: 570-640,
690-720, and 810-820) of each element in the oxidized state (OS)
present in the passive film. Also, data from Table 1 (corrosion potentials
and currents) are plotted in Fig. 9a and b to facilitate discussion further.
We observe, for the Nb-containing alloy, a decrease of protective ele-
ments such as OS-Cr (25-19%), OS-Mo (Mo went from 10% to 2% when
annealing the amorphous ribbons at 810 °C and was not even detected in
the 1000 °C) and OS-Nb (going from representing 37% of film compo-
sition to only 10% when heat treated at 810 °C).

Moreover, the presence of OS-Nb was not detected at 1000 °C, when
increasing the annealing temperature. It is well known that OS-Cr and
0OS-Mo oxides are denser than Fe-oxides, generally showing a porous
structure. A similar behavior (OS-Nb) was observed by Yang [80] when
analyzing Fe-based alloys as coatings in the amorphous state and after
crystallization. However, Ni-containing alloy keeps a similar proportion
of those elements for the as-spun sample until the second heat treatment
explaining the weak difference in the polarization curve for those three
samples. OS-Cr variation was more pronounced after the third cycle of
annealing (820 °C), decreasing from 26% in the as-spun to 8%.

The thickness of the passive film is an important parameter, and XPS
can be used as a reliable technique for pure metals. However, when it
comes to multicomponent alloys, the determination can be a difficult
task since oxidation is not homogeneous. Different calculation ap-
proaches can be found in the literature [27,28,81]. In the present study,
for a comparative estimation of the oxide thickness, Eq. 17 was used.

d= ﬂln{l +IM—} a7

M met

where d is the thickness of the oxide layer, 1 is the inelastic mean free
path of the oxide (values obtained from [82,83]) Iy ox/Im,met represents
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Fig. 7. XPS spectra for each element present in the passive film for the as-spun ribbon of the Nb-containing composition. The solid black line represents the
experimental data, the red line represents the fitting, and the colored dotted lines indicate the different contributions of each element. Shirley’s baseline (in dark

blue) was applied. In (a) Fe2p; (b) Cr2p; (c) Mo3d; (d) Nb; (e) B; (f) Ols.

the ratio between the area of the oxide peak of the element M and the
area of the element M, considering the sensitivity factor of each element
(Table S2 — supplementary material). The thickness, t, was estimated
based on the proportion of oxides present in the passive film (Fig. 9), to
better represent the compositional complexity of the film apart from the
B oxide, which showed the highest associated error.

The values obtained for the thickness of the passive layer for the
samples of both alloys were less than 7 nm [73], typical of a thin and
compact layer. Although higher, the values showed the same trend in the
EIS results. For the Nb alloy, a value of 2.8 nm was found for the as-spun
sample, which increased to 6.6 nm for the sample heat-treated at 640°C.
The value of the sample treated at 720°C was smaller, reaching 4.8 nm.
These results do not consider the contamination layer associated with
Cls in the spectrum, resulting in higher obtained values.

The Ni-containing alloy showed the same trend, with the highest
thickness value found for the sample treated at 570°C. The as-spun
sample had a thickness of 4.9 nm. However, comparing the as-spun
samples of the two studied alloys, the behavior was opposite to that
presented by EIS, with the sample of the Ni-containing alloy showing a
higher d value than the sample of the Nb-containing alloy. This behavior
can be explained by various factors, including errors associated with
estimating thickness via XPS, given that simplifications are made in the
equation, and the proportion between the elements considered for the
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calculation also has a level of uncertainty. Furthermore, the value of the
oxide permittivity ¢ was considered the same for all the samples to
simplify the calculations, as in the case of complex passive layers con-
taining various oxides, this value is difficult to determine precisely.
Since the calculation of the thickness by EIS is sensitive to the value of €,
this is also a source of errors in the estimation.

Although these are only approximations, two aspects are worth
mentioning: the values below 7 nm are typical of a thin, compact oxide
layer such as a passivation layer. In addition, the values indicate that the
ribbons did not undergo significant oxidation during the heat treatment
process, i.e., the Ar atmosphere effectively protected the sample surface.

4. Discussion

This work successfully used a combination of potentiodynamic po-
larization curves, EIS, and XPS techniques to extract information on the
behavior of two new Fe-based PHE alloys.

By analyzing the potentiodynamic curves, it is possible to observe
two main behaviors. The first group comprises samples exhibiting a
passive plateau, including samples in the amorphous state and those
subjected to heat treatment in both alloys studied. The second category
consists of samples heated at temperatures above 800 °C, which expe-
rienced generalized corrosion when exposed to an anodic potential.
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When we compare the two compositions, the Nb-containing alloy has an
ig.2vvsocp of about 10°8A cm’z, two decades less than the Ni-containing
alloy (107® A cm™2). The Nb-containing alloy shows an outstanding
corrosion behavior compared to most of the alloys presented in the
literature [14,15,45,50,80,84,85].

The Niobium oxide is often presented in the literature as a compact
and resistant oxide and is responsible for changing the structure of the
oxide layer, improving its protective properties[23]. Furthermore, the
XPS analyses pointed out the presence of a layer rich in various oxides,
including Nb oxides, for the Nb-containing alloy. At the same time, Ni
was not identified in oxide form for the as-spun sample, which may be
one of the explanations for the superior corrosion resistance of the alloy
containing Nb.

The oxidation of multicomponent alloys is a competitive process.
This process is evident in the XPS results presented in Fig. 8 and S7 for
both alloys. As one may observe in these Figures, the amounts of the
same oxides in both cases are very different depending on the presence
of Nb or Ni (please also refer to Fig. 9). The explanation for this behavior
can be extracted from the Ellingham [86] and Ellingham-Richardson
[87,88], where one may observe that all the oxides detected by our
XPS analyses on the surface are more stable than nickel oxide (NiO).
Therefore, Ni did not form an oxide in the as-spun sample or in the early
stages of heat treatment due to its low amount. NiO was only observed in
the fully crystalline sample, likely because the other elements were less
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available once the precipitates had formed and also most probably used
to stabilize the austenite phase as it happens in a standard Ni-alloyed
stainless steel and also observed in the XRD pattern of Figure S1.
Apparently, Ni remains in the matrix even at extremely high tempera-
tures, up to 690 °C. Its oxidation is prevented by the formation of more
stable oxides. At 820 °C, the austenite phase precipitates, and all
available Ni is used up. At 1000 °C, Mo, Fe, and Cr are involved in the
process of precipitates and the formation of the new bcc matrix allowing
Ni oxides and hydroxides to be formed.

Also, Cr oxide is more stable than Ni oxide and Fe oxide. Nb oxide is
more stable than any other oxide, and Mo oxide is more stable than Ni
but less stable than Fe oxide [86-88]. Therefore, by observing the XPS
results, one will notice that they present this trend precisely: There is a
considerable amount of Cr oxide (there is no metallic Cr), a significant
amount of Fe and Mo oxides, and a small amount of metallic Fe and Mo.

Furthermore, since metallic elements could be detected, it indicates
that their electrons originate from the layer just beneath the oxide layer,
corresponding to the metallic alloy. Considering the limit of electron
penetration, it can be concluded that this is a thin layer. According to
reference [89], the XPS beam has a penetration depth of only 5-7 nm.
Therefore, it can be inferred that the film thickness is less than 7 nm,
which supports the results obtained from the EIS analysis and XPS
calculation.

As one may observe in Fig. 9, it is demonstrated that Ni has almost no
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Fig. 9. Plots of corrosion data taken from Table 1, (a) potentials and (b) currents. Relative proportion of Fe, Cr, Mo, Nb, Ni, and B-compounds in the oxidized states
on (a) FeCrMoNbB and (b) FeCrMoNiB alloy surface after 2 hours of immersion in a 35 g L~ NaCl solution, natural pH of 5.5 and 25 °C, obtained from the analysis of

the XPS spectra.

influence in the Ni-containing alloy, but Mo does, as the amount of OS-B
drops with the increase in OS-Mo. In this case, it is very clear that OS-Cr
is the main one in both alloys because OS- B and OS-Fe behave with the
inverse of OS- Cr. Still, OS-Nb and OS-Mo have a significant impact on
the alloy because the amount of OS-B increases with their decrease. On
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the other hand, OS-Ni has almost no influence on Ni-containing alloy,
unlike OS-Mo, which, along with OS-Cr, shows a strong influence. An
increase in OS-Mo and OS-Cr decreases the amount of OS-B and OS-Fe.

Indeed, evaluating the passivation, as one may observe in Fig. 9,
there is a synergism between Cr, Nb, and Mo in the passive film of the
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Nb-containing alloy and Cr and Mo in the passive film of the Ni-
containing one, directly impacting the overall corrosion potential
(Ecorr) behavior. In other words, it is evident that Ecorr decreases with
the decrease of Cr, Nb, and Mo in the film of the Nb-containing alloy and
Cr and Mo in the Ni-containing one. Also, the levels of Ecorr in the film
of the Nb-containing alloy are always higher than for the Ni-containing
one due to, in addition to the effect of OS-Mo and OS-Nb, the higher
contents of OS-Cr in all temperature conditions. Furthermore, the vari-
ations around the average value (dash line) are directly related to var-
iations in OS-Cr, not only for the Nb-containing alloy but also for the Ni-
containing one.

Considering the Ni-containing alloy, observing the strong influence
of OS-Cr is interesting. As almost no other OS-Element contributes to the
passive film up to about 800 °C other than OS-Cr, such passive film may
be a reference for analyzing its influence on both alloys’ surfaces. From
that temperature range results, it is possible to observe that an increase
of only 5% of OS-Cr leads to an increase of about 100 mV in Ecorr. This
effect is almost directly proportional because, with a decrease of about
40% in OS-Cr, the potential is decreased by about 350 mV. The effect of
0OS-Nb and OS-Mo in the passive film of the Nb-containing alloy can be
inferred by the vast difference in Ecorr between both passive films of
both alloys in almost the same temperature range. The OS-Mo effect on
the surface film of the Ni-containing alloy may be observed at the
temperature of 1000 °C, where the OS-Cr hugely dropped, but Ecorr
increased with the increase of OS-Mo.

Regarding corrosion current, the behaviors are very similar to the
ones for the OS-B and OS-Fe described above, and the explanation
related to the film formation and passivation may be the same. However,
more notable is the influence of the synergetic effect of OS-Cr, OS-Mo,
and OS-Nb in the passive film of the Nb-containing alloy on the corro-
sion currents behaviors. Such currents are always smaller than the ones
for the Ni-containing alloy, probably because of the highest amounts of
OS-Cr in all temperature conditions, but the whole behavior is almost
coincident with the inverse of their decreased amount in the surface
film. The same may be applied to OS-Cr and OS-Mo in the passive film of
the Ni-containing alloy because, as one may observe in the Figure, the
currents drop with their increasing amounts.

The fitting with SIMAD allowed estimating the resistivity values
po and ps. By comparing the as-spun samples of both compositions, the
Nb-containing alloy presents a higher value of py (metal/oxide interface)
compared to the Ni-containing alloy, corroborating the general idea that
the Nb-containing alloy gives better corrosion resistance. By comparing
the as-spun and heat-treated samples in the case of both alloys, the re-
sistivity profile proved to be quite consistent with the behavior observed
through the potentiodynamic curves, with a decrease in the values of
po and ps for the Nb-containing alloy with increasing of temperature. For
the Ni-containing alloy, after heat treatment at 690°C, the resistivity
po value is similar. However, the ps was superior for the heat-treated
sample, consistent with the behavior observed by the potentiodynamic
curves and was similar, but slightly better, for the heat-treated sample.

After crystallization, a significant decrease in the percentage of
protective oxides in the passive layer is observed, especially Nb oxides,
which represent about 35% for the as-spun sample, and were not
detected for the 1000 °C heat-treated sample. This behavior is associated
with forming precipitates rich in these protective elements such as Nb,
which are no longer available to create the passive film. This decrease in
protective elements, associated with increased surface heterogeneity
and the formation of defects resulting from the crystallization process,
reflects a degradation of corrosion properties. observed by the poten-
tiodynamic curves. On the other hand, this reduction is not observed in
the case of the alloy containing Ni, which presents similar i syvsocp and
Ecorr Values at temperatures below 700 °C. A specific model has been
developed to describe the interface for these cases.

It is worth emphasizing that the alloys presented in this study do not
exhibit pitting corrosion, contrary to most in the literature [51,90-92].
The impedance analysis for the samples of both compositions resulted in
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capacitance values and thickness typical of a passive protective layer.
The samples presenting a CPE behavior were extracted for the first time
in the literature for PHEA fit using power law and resistivity values of
about 10'® Q cm? for as-pun alloy samples containing Nb. This value
decreased by one decade compared to the same alloy sample containing
Ni. For the cases where samples showed a passive plateau, the combi-
nation of MM, SIMAD, cole-cole, and XPS results allowed the extraction
of valuable information about the passive film.

Fig. 10 shows a schematic representation of the interface metal/
oxide layer/electrolyte for the proposed samples analyzed in this work.
The Power law defines the presence of a high film resistance associated
with a high film protection capacity.

In the case of the metal in contact with the electrolyte, the metal can
dissolve into the electrolyte. The oxide layer will depend on the oxide
structure and composition and is independent of the reactions at the
interface metal-electrolyte. The velocity of the charge transfer depends
on the kind of reaction, temperature, potential, and concentration of
reaction products.

5. Conclusions

After analyzing the results and discussing them, certain conclusions
can be made.

e The behavior of multicomponent alloys proved to be quite complex.
Despite exhibiting relatively similar polarization curves, using the
impedance technique and multiple tools such as Cole-Cole and MM,
combined with XPS analysis, allowed the extraction of resistivity at
the metal/oxide interface, thickness, and capacitance, enabling the
calculation of resistivity ps and the consequent plotting of the re-
sistivity profile.
The resistivity profile was plotted for two samples of each compo-
sition, namely the as-spun and those heat-treated at approximately
700°C, and demonstrated consistency with the behavior observed in
the potentiodynamic curves. Typical insulator-like resistivity values
were found at the metal/oxide interface for the samples, even after
annealing at temperatures close to 700 °C.
A decrease of up to about 50% in the amorphous phase did not impair
the corrosion properties of the Ni-containing alloy samples. For both
compositions, heat treatment above 800 °C completely degrades the
corrosion properties of the alloy; generalized corrosion is observed.
o The analysis of XPS shows that the presence of Nb oxide significantly
influences the corrosion behavior. The decrease in the percentage of
this oxide and protective oxides such as Cr and Mo in the passive film
was associated with a degradation of corrosion properties.

Electrolyte:

0.6 M NacCl
Ze / Re

zf| | = Ca CPE;,,

FeCrMo(Nb,Ni)B alloy

Fig. 10. - Schematic representation of the interface alloy/oxide film/electro-
lyte for an oxide layer partially covering the surface.
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e Limitations concerning the techniques were also emphasized.
Notably, the Cole-Cole plot’s sensitivity to accurately estimate the
value of Re was highlighted, along with potential errors associated
with using approximate values for the material’s permittivity.
Additionally, errors in calculating thickness via XPS were attributed
to the simplification of the equations utilized and the inability to
access the oxide structure in greater detail.
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