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Abstract

Alp3CrosFe;MoxNiysTigs (x = 0, 0.05, 0.15) FCC+L2; compositionally complex alloys are
investigated using electrochemical and surface science methods in 0.1 M Na;SO4 and 0.1 M NaCl at pH 4
and 10. Mo is mainly found in the FCC phase and amplifies Al and Ti partitioning. The passive film is
enriched in Cr(Ill), Ti(IV), Mo(IV)/Mo(VI), and (at pH 4) Al(lll) with elemental fates tracked during film
formation and dissolution. Mo presence does not enhance Cr or Ni passivation, instead promoting Ti(lV).
Pitting and repassivation potentials increase at higher Mo concentrations, suggesting improved resistance

to localized corrosion often initiated at FCC-L2; interfaces.



Keywords:

Passivation; Compositionally complex alloys; High entropy alloys; Molybdenum; Atomic emission
spectroelectrochemistry; X-ray photoelectron spectroscopy

Introduction

Compositionally complex alloys (CCAs), alloys which contain four or more elements at concentrations
above 5 at. %, can have a range of beneficial properties including mechanical strength and corrosion
resistance [1-5]. Improved homogeneity of passivating elements is often suggested to limit localized

solute depletion that may function as preferential sites for localized corrosion [2, 3].

Light-weight elements, particularly Al and Ti, can impart both corrosion resistance and reduced
density when added to CCAs [1, 6]. In particular, passivity may be enhanced by simultaneous presence
with Cr in the passive film [7, 8]. However, increased Al and/or Ti concentrations in face centered cubic
(FCC) CCAs have been shown to lead to the formation of BCC [6, 9-15], B2 [11, 14, 16], and/or Heusler [6,
17-19] phases, where the second phase regions are enriched in Al, Ti, and often Ni [13, 14, 18, 20].
Interfaces created by such secondary phase formation have been suggested to function as initiation sites
for localized corrosion, decreasing overall corrosion resistance despite the thermodynamic stability of Ti
and Al oxides! [15, 18, 21]. Thus, phase stability issues limit Al and/or Ti concentration, necessitating

further alloying additions to limit the effects of microstructural segregation-driven localized corrosion.

Mo has been long established as improving corrosion resistance, most commonly in stainless steels
[22, 23]. Although there is no universal agreement for the mechanism behind the contribution of Mo to
the corrosion resistance of stainless steels, it is generally accepted as effective in preventing localized

corrosion mechanisms such as pitting. Newman suggested Mo, in its non-oxidized state, acts as a

1 High temperature annealing treatments may limit localized solute depletion, however, two-phase equilibrium
microstructures allow individual phases to be depleted of individual passivating elements, increasing the risk of
localized corrosion.



corrosion inhibitor in stainless steels [24] while Hashimoto et al. proposed inhibition occurs via a Mo
oxyhydroxide layer [25]. Alternatively, Mo has been suggested to be present in the passive films across
multiple valences and species [23, 26, 27]. Mo has also been shown to improve repassivation ability and
rates in stainless steels and Ni-Cr-Mo alloys [28, 29], potentially due to redeposition after dissolution [30].
Tranchida et al. suggested Mo slows transpassive dissolution rates by doping the Cr oxide film formed on

stainless steels and altering the band gap to limit the formation of unstable Cr species [31].

Lutton et al. evaluated alloying Ni-Cr binary alloys with Mo, finding Mo to improve the corrosion
resistance and increase the enrichment of Cr in the passive film in acidic and basic NaCl solutions [32]. The
phenomena were attributed to a favorable Cr-Mo synergy promoting O adsorption and low
concentrations of oxidized Mo acting as a doping agent in the passive film. Lloyd et al. suggested Mo
addition to Ni-Cr alloys to be most significant at high potentials where Cr(VI) is stable, attributing the
beneficial effects of Mo to limitations of Cr-induced transpassivity [33]. Additionally, Mo addition allows
for stable oxide formation over grain facets at orientations for which it does not occur on Ni-Cr binaries
of the same Cr content [34]. Such Ni-Cr-Mo alloys have been utilized to form a baseline survey of potential
mechanisms for the beneficial contributions of Mo to the corrosion resistance of FCC steels and similar
alloys [27, 35]. While Mo addition has been suggested to be beneficial for both Fe-Cr and Ni-Cr based
alloys, similar effects are not suggested in Cr-free counterparts [23, 36, 37]. For this reason, Mo is

considered to have synergetic behavior with Cr.

Alloying benefits of Mo have been shown to extend into CCA microstructures. For example, when
alloyed to the Co-Cr-Fe-Ni system, Mo may enhance mechanical strength by acting as a solid solution
strengthener [38]. Dai et al. evaluated varying annealing procedures to optimize the mechanical and
corrosion resistance of FeCoCrNiMog 1 CCAs [39]. At high Mo concentrations, second phase strengthening
is possible though second phase formation in FCC CCAs, in part due to the well-established ferritic

stabilization of Mo in conventional Fe alloys. In the AlCoCrFeNiMoy system, higher Mo concentrations
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increase strength by forming an eutectic structure with a second phase enriched in Cr, Fe, and Mo [40].

Mo frequently combines with Cr by forming o or p intermetallic phases [20, 40-46].

Mo, and its influence on second phase formation, has also been shown to affect the corrosion
resistance of CCAs such as those in the Co-Cr-Fe-Mn-Ni system [7, 20, 37, 39, 41, 42, 45-47] pioneered by
Cantor et al. [48]. Niu et al. showed increasing Mo content improved corrosion resistance in the
CoCrFeNiMoy system in addition to improving mechanical strength due to the formation of o and p
intermetallic phases ranging from nm to um size scale. A Mo concentration of 11.1 at. % had the highest
corrosion potential of all tested compositions and formed few stable pits [46]. Similarly, Wang et al.
observed more positive pitting potentials in chloride environments with increased Mo concentration
added to the (CoCrFeNi)i;xMoy system. However, more frequent pitting, higher current densities, and a
more negative corrosion potential were observed with 3 wt. % Mo added due to the formation of a o
phase. Such decreases were not observed during polarization in sulfuric acid [20]. Unlike most cases,
where o phases are likely at higher Mo concentrations, Linder et al. observed ¢ phase only at low Mo
concentrations in magnetron sputtered CoCrFeMoxNi thin films. Little effect was observed on room
temperature corrosion behaviour in acidic sulfate solutions, however, corrosion resistance improved with
Mo concentration at 80 °C. Additionally, increased surface cation fractions of both Cr and Mo were

observed in the passive film of the CCAs with increasing Mo concentration [45].

Chou et al. evaluated the corrosion resistance of the Co; sCrFeNiy sTiosMoyx CCA system [41]. Increasing
Mo concentrations marked a transition from single phase FCC to an FCC with o phase dendritic
microstructure. The corrosion resistance decreased with increased Mo concentration in both acidic
(H2S04) and basic (NaOH) solutions. In neutral NaCl solutions, the Mo-free CCA had a distinct pitting
potential well below the potentials of similar current increases for all evaluated Mo containing CCAs,
which dissolved in a transpassive manner following formation of a stable passive film. The breakdown

behavior of the Mo-containing CCAs was identified by a negative hysteresis and verified by scanning
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electron microscopy (SEM) imaging to indicate a lack of pitting. Improved resistance to general corrosion
at lower Mo concentrations and to pitting corrosion at higher concentration suggests that the optimal Mo

concentration for passivity and localized corrosion resistance may differ.

Similarly, Rodriguez et al. observed an increased breakdown potential and improved repassivation
behavior with the addition of 7.64 at. % Mo to the CoCrFeNi, CCA [42]. Improved overall corrosion
resistance was speculated to occur due to the formation of an improved protective layer at grain
boundaries and other preferential sites for localized corrosion. Shang et al. evaluated the microstructure
and corrosion resistance of a series of CoCrFeMnNiMoyx CCAs [43]. Increased Mo concentration was
suggested to improve the corrosion resistance. However, concentrations which were high enough to
promote the formation of a o phase were suggested to harm corrosion resistance. Mo was observed in
the oxide film with X-ray photoelectron spectroscopy (XPS) surface analysis, suggesting it may play a role
in the passivation process. The existing body of work highlights how balancing the beneficial pitting and
passivity contributions with phase partitioning, intermetallic formation, cost, and density consequences

adds considerable complexity to optimization of Mo concentration in CCAs.

Although Mo has well established benefits to corrosion resistance within traditional binary alloys as
well as the CCA field, the addition to Al and Ti-containing CCAs is notably less explored. Mo has been
shown to improve corrosion resistance in the Al-Ti-Mo system, although it also promoted chemical
segregation leading to microgalvanic corrosion [49]. Limited work has suggested increased Mo
concentrations in Al and Ti containing CCAs with modest Cr concentrations also promote the formation of
separate phases [40, 41]. Furthermore, the increase in alloy density from Mo additions runs contrary to
the light-weight applications for which Al and Ti CCAs are often targeted [6]. Despite potential adverse
effects on microstructural stability, Mo may be beneficial to Cr-lean, Al and Ti containing CCA design space,

particularly as such alloys have often been shown to have multi-phase microstructures vulnerable to



localized corrosion at phase interfaces [15, 18, 21, 50]. Thus, it is necessary to evaluate the effect of Mo

on the corrosion and passivity of such CCAs to optimize compositions.

This work investigates three Alg3CrosFeaMoxNiisTios (x = 0, 0.05, 0.15) containing CCAs of FCC + L2,
microstructure from a CCA alloy system designed and optimized for mechanical strength, ductility, and
toughness [51]. The concentration of Mo is adjusted to evaluate the optimal concentrations for
passivation and corrosion resistance in an alloy system that is dependent on three elements (Al, Cr, and
Ti) for passivity [7], as opposed to traditional alloys such as stainless steels with high Cr content and Cr-
dominated passive films [52]. The effects on phase content, passive film chemical composition, and
elemental dissolution are observed with X-ray diffraction (XRD) and SEM, XPS and atomic emission
spectroelectrochemistry (AESEC) respectively. While minimizing Mo concentration may decrease alloy
cost and density, as well as improve compositional homogeneity, concentrations below a critical threshold
may leave the alloys vulnerable to localized corrosion. The determining factors for compositional

optimization and the role of Mo in the passivation and corrosion process will be discussed.

Experimental Methods

Three CCAs with the compositions Alg3CrosFe;MoxNiisTios (x = 0, 0.05, 0.15) listed in Table |,
henceforth referred to as Mo-0, Mo-1.1, and Mo-3.2 with regards to Mo concentrations in at. %, were
synthesized via arc melting into a water-cooled copper hearth under Ar cover gas from high purity (greater
than 99.9%, Cr greater than 99.2 %) elements. Compositions were selected based on pervious work in
similar systems targeting light-weight, low-cost, corrosion resistance CCAs [7, 18, 51] and were predicted
to have an FCC matrix with Heusler (L2;) second phases with computational methods discussed elsewhere
[51, 53]. Samples were remelted and flipped five times to ensure chemical homogeneity before being
suction cast in a copper mold to produce disk-shape samples with 5 mm thickness and 10 mm diameter.

Cast samples were encapsulated under Ar into quartz tubes and annealed for five hours at 1070 °C before



guenching in water. Samples were mechanically ground with SiC paper up to 1200 grit and, in the case of
microstructural and surface chemistry analysis, polished with polycrystalline suspension through 0.25

microns before cleaning with acetone and isopropyl alcohol.

Table I: Nominal CCA and 316L compositions in atomic percent. Pure elements were massed within 1%
error of the tabulated compositions prior to arc melting. The 316L compositions are defined as the
median of the acceptable range and also include minor amounts of C, N, P, S, and/or Si.

Alloy Al Cr Fe Mo Ni Ti

Mo-0 6.5% 10.9% 43.5% 0.0% 32.6% 6.5%
Mo-1.1 6.5% 10.8% 43.2% 1.1% 32.3% 6.5%
Mo-3.2 6.3% 10.5% 42.1% 3.2% 31.6% 6.3%
316L 0.0% 17.0% 68.5% 2.5% 12.0% 0.0%

Phases present in the microstructure were identified with XRD using Cu Ka X-rays (1468.7 eV) at
a scan rate of 0.15 °/s on a PANalytical Empyrean Diffractometer™ using Bragg-Brentano focusing
geometry. The optics used were a 4 mm mask, 0.25° divergence slit, 1.52 mm anti-scatter slit, and 1.15°
Soller slit on the incident beam side with a 16.8 mm anti-scatter slit and 2.3° Soller slit on the diffracted
beam side. The microstructure was imaged with SEM on an FEI Quanta 650™ in backscattered electron
(BSE) imaging mode at an accelerating voltage of 15 keV, a probe size of approximately 4 nm, and a
working distance of approximately 10 mm. Energy dispersive spectroscopy (EDS) was utilized in both point
scan and mapping mode to evaluate phase composition and was analyzed with Oxford Instruments
Aztec™ software. Phase fractions were approximated from brightness threshold analysis of the BSE

micrographs via ImageJ.

A conventional three-electrode cell connected to a Gamry Instrument Reference 600+™
potentiostat was utilized for electrochemical testing with the sample as the working electrode, a platinum

mesh counter electrode, and a saturated calomel reference electrode (SCE) relative to which all potentials



hereafter are reported. An area of 0.1 cm? was exposed via a rubber O-ring to electrolyte solutions of 0.1
M NaCl adjusted to both pH 4 and 10 with concentrated HCl and NaOH respectively to evaluate corrosion
behavior over a range of environments with differing stability levels of Mo. The electrolyte was continually
bubbled with Ny throughout testing to reduce the activity of dissolved oxygen. All samples were
compared to a commercially procured (North American Steel) 316L stainless steel (UNS $31600) control
of a comparable Mo concentration (2-3 at. %). Three procedures were utilized to provide a comprehensive

analysis of the passivity and corrosion resistance of the alloys.

The solution-exposed air-formed oxide film was electrochemically characterized by measuring the
open circuit potential (OCP) for 1800 s directly after grinding. OCP measurement was followed by
electrochemical impedance spectroscopy (EIS) at the final OCP measured between frequencies of 1 MHz
and 5 mHz with 8 points/decade and an applied AC potential of 20 mVns. EIS spectra were fit to a Randles
circuit modified to include a constant phase element (CPE) with Gamry Echem Analyst software™. The
procedure was repeated after 20-day immersion in 0.1 M NaCl pH 4 alongside mass loss measurements.

Surfaces for each alloy were then imaged with SEM in BSE mode.

Second, to observe the passivation behavior, the air-formed oxide was first exposed to a cathodic
reduction treatment by applying a -1.3 Vsce potential for 600 s, which has been shown in previous work to
adequately minimize the air-formed oxide in similar CCAs via in-situ impedance measurements [7, 18, 54].
The sample was then potentiodynamically polarized in the forward direction from -1.3 to +0.8 Vsce at a
scan rate of 0.5 mV/s followed by a reverse scan (+0.8 to -1.3 Vscg, 0.5 mV/s). To analyze the polarization
behavior in the absence of localized corrosion, the procedure was repeated in 0.1 M Na,SO, with the pH
adjusted to 4 and 10 with concentrated H,SO, and NaOH respectively. Finally, an oxide film was grown in
the passive range by first exposing the sample to the -1.3 Vsce cathodic treatment and then applying a
potential step to -0.2 Vsce for 10 ks. The potential was determined to be in the passive range by initial

potentiodynamic polarization testing. Following the potentiostatic hold, a potentiostatic EIS experiment
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was carried out at an applied potential of -0.2 Vsce (1 MHz to 5 mHz, 8 points/decade, 20 mV,ms, modified
Randles circuit fitting) before OCP was recorded for 1800 s. All electrochemical experiments were
repeated threefold to ensure reproducibility. The pitting potential (Enit) in NaCl was defined at the
potential for which anodic current densities exceeded 10 A.cm™ with abrupt change in slope. Statistically
distributed properties obtained during potentiodynamic polarization testing in chloride solutions such as
pitting and repassivation potentials necessitated additional replication. Cumulative probability plots were
developed in accordance with ASTM G16-95? [55] with methods previously adapted to characterize

localized corrosion in Ni-based Mo-containing alloys [56, 57].

To identify the fate of individual elements in passivation and dissolution, AESEC was utilized on
Mo-3.2 and pure Mo samples during the polarization and potentiostatic film growth procedures described
above. The electrolyte solution containing dissolved elements was transported to a Horiba Jobin Yvon
Ultima 2C™ inductively coupled plasma atomic emission spectrometer (ICP-AES) via a flow cell. Elemental
dissolution rates were evaluated by monitoring emission intensity at a characteristic wavelength for each
element. A polychromator at a focal length of 0.5 m was utilized alongside a monochromator used to
obtain a better signal resolution of Mo, Cr or Al depending on the electrolyte condition. To compare to
electron current density (je), elemental dissolution rates were converted to an equivalent current density
(jm) with Faraday’s law. A more thorough scientific basis and methodology for AESEC analysis is available
elsewhere [58]. Dissolution rates in Ar-deaerated 0.1 M NaCl pH 4 and 0.1 M NaCl pH 10 were monitored
during potentiodynamic polarization from -1.3 to +1.0 Vsce (0.5 mV/s) following a 600 s exposure to OCP
and a 600 s cathodic treatment at -1.3 Vsce. Additionally, dissolution rates were monitored during

potentiostatic passive film formation (-0.2 Vscg, 4 ks) directly after exposure to OCP, bypassing any

2 For the passive current density probability plots, the procedure was modified to take the linear regression from
the logarithm of the current densities.



cathodic reduction. The test time was decreased relative to previous electrochemical tests to ensure

plasma stability.

XPS was utilized to characterize the passive film composition and valence. Each sample was
exposed to a 600 s cathodic treatment at -1.3 Vsce followed by a 10 ks potentiostatic hold at -0.2 Vsc, the
potential and time used for the potentiostatic oxide growth procedure described above. Samples were
transported under Ny directly to a PHI VersaProbe ™ XPS system, bypassing any EIS and OCP
measurement. Al Ka X-rays (1468.7 eV) at a 26 eV pass energy, 45° take off angle, and with a 100 um spot
size® were used. High resolution spectra were collected over the Al 2p, Cr 2ps), Fe 2p1/2, Mo 3d, Ni 2ps/,
and Ti 2ps/2 core series with spectra bounds defined by an initial survey scan. Spectra were calibrated with
C 1s set to 284.8 eV and deconvoluted with a Shirley background correction, Doniach-Sunjic peaks for
metallic features, and Voigt functions for oxidized features with KOLXPD™ analysis software. Peak
deconvolutions were constrained by position, full-width half maximum, and multiple splitting utilizing
spectra of known reference compounds obtained elsewhere [59-62]. As Ni Auger peaks overlap the Fe
2ps/2 core series, a constant position shift between the experimentally obtained Fe 2pi/; series and
reference spectra in the Fe 2ps/; series was assumed to identify chemical species. The intensity of the Cr
3s series, which overlaps the Al 2p series, was fixed based on the intensity of the Cr 2ps/; series adjusted
with relative sensitivity factors. Cation fractions were evaluated as the proportion of the intensities of the
oxidized states for each element normalized with relative sensitivity factors with methods discussed

further in the supplementary information section. Multi-cation species (e.g. spinels) are only suggested

3 The XPS spot size is significantly larger than any second phase regions, limiting the ability to evaluate the lateral
variation in passive film chemistry with regards to the bulk phase over which the film was grown. XPS
measurements are obtained over a large enough area that they may be reasonably assumed to be representative
of the entirety of the microstructure. High-resolution evaluation of the passive film chemistry with regards to
phase interfaces in the microstructure will form the basis for a future study.
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for alloys for which good fit agreement is obtained when fit to both core series with the peak intensity

constrained by fixing cation fractions for each species to stoichiometric ratios between each element.

Results
Characterization of Alloy Microstructure

The CCAs are suggested by XRD patterns shown in Figure 1 to have a predominantly FCC
microstructure with a second phase also detected. The second phase has been suggested to be L2; using
methods discussed elsewhere [51]. Figure 2 indicates second-phase regions are of single-micrometer size.

The phase volume and morphology is similar across all three CCAs with Mo-1.1 and Mo-3.2 having slightly

higher L2; volume fractions than Mo-0.

— 0.0% Mo
— 1.1 % Mo
— 3.2% Mo
E
=
F
2
[g]
E
] | ] | I | FCC
* I 1 * 1 I * I |* 1 I L21
20 30 40 50 60 70 80 90 100 110

Two Theta (degrees)

Figure 1: XRD patterns for synthesized and homogenized CCAs. Square and star indexes identify
corresponding diffraction peaks for FCC and L2, phases respectively.

100 pm

Figure 2: BSE micrographs of a) Mo-0, b) Mo-1.1, and c) Mo-3.2 microstructures
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EDS point scans for each CCA (Table Il) and mapping for the Mo-3.2 alloy (Figure 3) both suggest
the matrix to be enriched in Fe, Cr, and Mo, while the second phase is enriched in Al, Ti, and Ni with each
element present in both phases. Generally, the degree of Al and Ti partitioning increases with Mo content,
with Mo-0 exhibiting the most chemically homogenous microstructure with regards to the ratios between
the concentrations of each element in the FCC matrix compared to L2, EDS point scans. EDS mapping of

additional CCAs is shown in the supplementary information section.

Table Il: Elemental fractions obtained from EDS point scans over matrix and second phase regions of
each CCA and area fractions obtained via ImageJ analysis of a series of BSE micrographs.

Phase Al Cr Fe Mo Ni Ti Area
Mo-0

Matrix 7.8 13.5 52.8 - 18.6 7.3 96.9%

2" Phase 18.7 4.3 18.9 - 42.5 15.6 3.1%
Mo-1.1

Matrix 6.1 11.5 44.1 1.3 311 5.9 95.6%

2" Phase 20.5 23 134 Trace 451 18.7 4.4%
Mo-3.2

Matrix 3.7 11.6 44.7 3.2 30.7 6.1 96.0%

2" Phase 15.3 25 13.9 0.5 47.3 20.5 4.0%
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Figure 3: EDS mapping of representative second phase regions within the Mo-3.2 microstructure

Characterization of Passivity and Transpassive Breakdown by Potentiodynamic Polarization in Cl Free
Electrolytes

E-log(i) curves obtained in acidic and basic Na,SO, solutions, which allow for characterization of
the passivation process without Cl" induced breakdown, are shown in Figure 4. Extracted parameters are
summarized in Table S.1. All materials passivate either spontaneously or after an active to passive
transition, although no clear trends are present regarding the critical current density and critical potential.
Critical current densities and potentials are further obscured by changes in sign of the current density
prior to the formation of a stable passive film for Mo-0 in pH 4 and Mo-1.1in pH 10. In both environments,
Mo-1.1 has the highest passive current density (ipass). ipass Of M0-0 is comparable to that of 316L in the pH
4 solution, but 316L has a lower ipss than all CCAs at pH 10. Increasing current densities representative of
transpassive dissolution of the passive film are not observed within the evaluated potential range for any
of the CCAs. However, such behavior is suggested for the Al and Ti-free 316L at potentials above 0.6 Vsce.

No trends in corrosion potential (Ecor) are observable.
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Figure 4: Potentiodynamic polarization of CCAs and 316L in Ny bubbled a) 0.1 M Na»SO4 pH 4 and b) 0.1
M Na;SO,4 pH 10 following cathodic reduction pre-treatment (600 s, — 1.3 Vsce).

Characterization of Passivity and Localized Breakdown by Potentiodynamic Polarization in CI Containing

Electrolytes

Figure 5 shows representative E-log(i) curves in acidic and basic NaCl solutions and selected
probability plots with key parameters quantified in Table IIl. Ecorr generally increases with increased Mo
concentration in the pH 4 solution. Opposite trends are seen in the pH 10 solution, potentially driven by
the solubility of Mo0O4* in basic environments and resultant dissolution and depletion of Mo from the
oxide [63]. ipass is lower in pH 10 than in pH 4 for all CCAs with the lowest values observed for Mo-0 in pH

4 and similar values for each CCA in pH 10. Probability plots for Ecorr and ipass are shown in Figure S.2.
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Figure 5: a,d) E-log(i) and cumulative probability plots for b, e) pitting potential and c, f) repassivation
potential summarizing potentiodynamic polarization of CCAs, pure Mo, and 316L in N5 bubbled a,b,c)
0.1 M NaCl pH 4 and d,e,f) 0.1 M NaCl pH 10 following cathodic reduction pre-treatment (600 s, — 1.3

Vsce).

Table lll: Selected corrosion parameters for potentiodynamic polarization shown in Figure 5 obtained in
a) 0.1 M NaCl pH 4 and b) 0.1 M NaCl pH 10. Each term includes the mean value bounded by a one

standard deviation range.

a) 0.1 M NaClpH 4
Alloy Ecorr (Vsce) Epit (Vsce) Erep (Vsce) Ipass
(MA.cm??)

Mo-0 -0.827 +/- 0.256 +/- -0.086 +/- 6.88 +/-
0.194 0.231 0.129 2.13

Mo-1.1  -0.767 +/- 0.222 +/- -0.115 +/- 16.78 +/-
0.238 0.218 0.106 15.55

Mo-3.2 -0.501 +/- 0.399 +/- 0.091 +/- 13.76 +/-
0.285 0.204 0.053 13.98

316L -0.372 +/- 0.465 +/- -0.072 +/- 0.18 +/-
0.062 0.008 0.079 0.05
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b) 0.1 M NaCl pH 10
Alloy Ecorr (Vsce) Epit (Vsce) Erep (Vsce) ipass
(MA.cm??)

Mo-0 -0.627 +/- 0.435 +/- -0.131 +/- 5.38 +/-
0.237 0.285 0.094 2.96

Mo-1.1  -0.675+/- 0.11+/- 0.016 +/- 4.86 +/-
0.26 0.157 0.049 3.93

Mo-3.2 -0.852 +/- 0.338 +/- 0.028 +/- 6.59 +/-
0.153 0.094 0.084 5.31

316L -0.307 +/- 0.431 +/- -0.019 +/- 0.130 +/-
0.004 0.111 0.004 0.028

All three CCAs generally have lower localized corrosion resistance than 316L in the Cl’-containing
solutions, with passive films breaking down by pitting and limited crevice corrosion. The repassivation
potentials (Erep) obtained from downward scans, such as those shown in Figure S.2, indicate the presence
of positive trends with increasing Mo concentration. Although the distribution of E.., increases from Mo-
0 to Mo-3.2 in both environments, Mo-1.1 has a similar distribution to Mo-0 in the pH 4 environment
whilst it is similar to that of Mo-3.2 in the pH 10 environment. Similar trends are shown for the E;: in the
pH 4 environment, with the Ey;: increasing by nearly 0.15 V from Mo-0 to Mo 3.2. The increase suggests
Mo increases the resistance of the passive film to localized breakdown or that the stabilization and
propagation stages are affected. However, E,it is higher for Mo-0 in the pH 10 environment, deviating from
the trends established for E., and Egi: in the pH 4 environment. Neither E,i: nor E.p are affected to a
statistically significant level by pH, with the notable exception of the increased E,i: of Mo-0 in the pH 10
solution. Intermediate spikes before breakdown in the E-log(i) curves, most noticeably those of Mo-3.2
and 316L, suggest breakdown and repassivation due to metastable pitting. Neither the passivation nor

breakdown behavior of any of the CCAs resembled that of pure Mo.
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AESEC was utilized to track individual elemental dissolution rates during upward polarization of
the Mo-3.2 alloy (Figure 6). The elemental dissolution rates are presented in equivalent current densities
with the oxidation states used to calculate them indicated in the parenthesis. At both pH 4 and pH 10,
elemental dissolution rates are mostly below the detection level at potentials in the passive regime
(approximately -0.45 to -0.20 Vsce for pH 4 and -0.8 to -0.15 Vsce for pH 10). For example, at pH 4, Ni and
Fe begin to dissolve at potentials near Epi: (-0.07 Vsce) while other elements dissolve at more positive
potentials (0.07 Vsce for Cr, 0.17 Vsce for Mo, Al, and Ti). At higher potentials (above 0.0 Vsce), the elemental

dissolution rates are not proportional to the composition of either phase.

10? . . . . 102 : . . .
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*Li ,

W 1
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-1.5 -1.0 0. 5 0.5 1.0 15 -1 o o 5 0.5 1.0
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Figure 6: Equivalent current densities of in-situ elemental dissolution rates monitored via AESEC during
upward polarization of Mo-3.2 in Ny bubbled a) 0.1 M NaCl pH 4 and b) 0.1 M NaCl pH 10. Dashed lines
indicate element detection limits.

The Mo-3.2 elemental dissolution rates within the transpassive region calculated from the
equivalent current densities are presented in Table IV. Only the Ni and Fe compositions were remarkably
different in that the dissolved Ni was lower than the expected alloy composition (31.6 at. % Ni), and the
dissolved Fe (53.6% for pH 4 and 58.5% for pH 10) was higher than the alloy composition (42.1 at. % Fe)
in both pHs. Lower Mo contents than the expected alloy composition from Table | (3.2 at. % Mo) indicate

slight Mo enrichment.
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Table IV: Proportion of transpassive elemental dissolution attributable to each element in at. %. Values

are determined from the ratios of equivalent current densities obtained via AESEC at E = 1.0 Vsce during

LSVin 0.1 M NaCl at pH 4 and 10 shown in Figure 6. Bolded terms indicate dissolution rates higher than
the bulk alloy composition suggesting depletion.

Electrolyte Al Cr Fe Mo Ni Ti

0.1 M NaCl pH 4 4.1% 7.6% 53.6% 2.5% 28.6% 3.6%

0.1 M NaCl pH 10 4.0% 7.7% 58.5% 2.8% 23.8% 3.2%

Dissolution of Mo in the cathodic region is observed for both Mo-3.2 and pure Mo (Figure S.3) for
both environments with significantly higher Mo dissolution rates in pH 10. The higher Mo dissolution in
the cathodic potential range at pH 10 may be attributed to the dissolution of the pre-existing Mo-based
corrosion products formed after mechanical grinding. A significantly high cathodic current density at the
level of -1*10* A.cm™ is observed for both Mo-3.2 (Figure 6a) and pure Mo (Figure S.3) at pH 4 with
relatively low Mo dissolution rate compared to that at pH 10. Notably, Mo dissolution shows an increased

Tafel slope relative to other elements for both pH 4 and pH 10.

Growth and Characterization of Passive Films by Impedance Spectroscopy

Figure 7 shows EIS characterization utilized to provide a more comprehensive electrochemical
characterization of the air-formed solution-exposed passive films after 1800 s at OCP. All OCP values were
within 80 mV of each CCA in the same environment, with no clear trends with Mo concentration. In all
cases, EIS is acquired at potentials well within the passive region defined by Figure 5. In this preliminary
report, the spectra for the CCAs and 316L were fit with the modified Randles circuit shown in Figure 7e
with fit parameters shown in Table V. In this model the polarization resistance (Rp) likely encompasses
both charge transfer resistance and diffusional impedance. In both acidic and basic environments, Rp

decreases with Mo content relative to Mo-0. Despite the high Rp values, Mo-0 has a CPE coefficient (a)
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below 0.8 in both pH environments, whereas the higher a values of other CCAs and 316L are indicative of

more ideal capacitive behavior [64]. The corrosion resistance of the air-formed solution-exposed passive

films of all CCAs are suggested to be inferior to the corrosion resistance of films formed on 316L based on

lower Rp values obtained in both environments.
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Figure 7: a,c) Bode and b,d) Nyquist plots obtained following 30 minutes exposure of the air-formed
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oxides to open circuit corrosion in Ny bubbled a,b) 0.1 M NaCl pH 4 and c,d) 0.1 M NaCl pH 10. The final
OCP values and potentials at which EIS was measured are indicated in the figure legends. e) Equivalent
circuit model utilized for EIS fits

19



Table V: EIS fit parameters for the spectra shown in Figure 7 obtained in a) 0.1 M NaCl pH 4 and b) 0.1 M

NaCl pH 10. Each term is defined by the Randles circuit shown in Figure 7e.

a) 0.1 M NaClpH 4

Alloy Rs (Q.cm?) Rp (kQ.cm?) Y (uS.s%cm™) o
Mo-0 81.1 126.7 55.6 0.766
Mo-1.1 80.4 43.4 51.6 0.864
Mo-3.2 63.5 82.7 59.2 0.824
316L 33.9 350.6 32.9 0.852

b) 0.1 M NaCl pH 10

Alloy Rs (Q.cm?) Rp (kQ.cm?) Y (uS.s%cm™) o
Mo-0 282.6 96.8 19.5 0.610
Mo-1.1 82.7 61.9 28.7 0.856
Mo-3.2 28.4 26.3 75.1 0.783
316L 82.6 1039.0 23.8 0.880

During 20-day immersion in 0.1 M NaCl adjusted to pH 4, Mo-1.1 has the highest mass loss rate

(Table VI). Both Mo-0 and Mo-3.2 had lower mass loss rates by over an order of magnitude, indicating

there were no clear trends with Mo concentration. Figure 8 shows film breakdown is attributable to

pitting, with pits frequently observed at or near second phase interfaces. Neither phase is suggested to

preferentially dissolve, nor do pits appear do penetrate into either phase at significantly higher rates.

Furthermore, Figure 9 and Table VII show both the OCP and R values of Mo-1.1 and Mo-3.2 decrease

during long-term immersion. Decreasing OCP values suggest the passive film is not improved by the

extended exposure, while both values increase during the immersion for Mo-0 and 316L, indicating

growth of a more protective passive film.
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Table VI: Mass loss and average area penetration rates obtained during 20-day immersion of CCAs and
316L in 0.1 M NaCl pH4. The mass gain observed for Mo-3.2 approached the tolerance of the scale and
may be interpreted as negligible.

Alloy Mass Loss Rate Area Average
(mg.cm2y?) Penetration Rate (um.y?)
Mo-0 13 1.7
Mo-1.1 13.2 17.3
Mo-3.2 -0.1 (Trace) -0.1 (Trace)
316L 0.8 1.0

)
S Interface Pitting
Matrix Pitting S
Interface Pitting

Ly

=

Matrix Pitting

Matrix Pitting

Figure 8: BSE micrographs showing representative pit morphologies for a) Mo-0, b) Mo-1.1, c) Mo-3.2,
and d) 316L. High magnification micrographs show pits formed on e) Mo-0, f) Mo-1.1, and g) Mo-3.2
with regards to second phase morphology.

Table VII: EIS fit parameters for the spectra shown in Figure 9 obtained following 20-day immersion in
0.1 M NaCl pH 4. Each term is defined by the Randles circuit shown in Figure 7e.

0.1 M NaCl pH 4: Day 20

Alloy Rs (Q.cm?) Rp (kQ.cm?) Y (pS.s®.cm™) as
Mo-0 72.8 1206.0 28.4 0.877
Mo-1.1 69.2 27.1 97.4 0.811
Mo-3.2 84.2 45.8 68.8 0.895
316L 71.6 1679.0 27.1 0.895
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Figure 9: Bode plots following 30 minutes and 20-day exposure to open circuit corrosion in 0.1 M NaCl pH
4 of the air-formed oxides formed on a) Mo-0, b) Mo-1.1, c) Mo-3.2, and d) 316L. Spectra were fit with
the equivalent circuit model shown in Figure 7e. The final OCP values and potentials at which EIS was
measured are indicated in the figure legends.

A film grown in the passive region after cathodic treatment via applying a -0.2 Vsce potential,
indicated as part of the passive range of each CCA by initial potentiodynamic polarization (Figure 5), was
also characterized. Figure 10 shows current density measurements throughout the passive film growth
procedure. In pH 4 solution, the current density is generally higher in CCAs with less Mo beyond 100 s. A
steady increase in the current density of Mo-0 suggests the formation of a weaker and/or dissolving
passive film, although no pits or other features of localized corrosion were visible following exposure. In
pH 10 solution, all current densities decrease with time and trends with Mo content are less prominent,
with Mo-1.1 having the highest current density at the conclusion of the film growth procedure. Sharp
decreases in current densities approaching zero occur on most alloys as anodic passivation approaches
the residual oxygen reduction rate, indicating a transition from the anodic to cathodic regime. For both

environments, 316L has lower current density magnitudes than all evaluated CCAs.

Current Density (A.cm”)
Current Density (A.cm';]

L "
10° 10" 10
Time (s) Time (s)

Figure 10: Current densities of CCAs and 316L during exposure to a -0.2 Vsce potential in Ny bubbled a)
0.1 M NaCl pH 4 and b) 0.1 M NaCl pH 10 following cathodic reduction pre-treatment (600 s, — 1.3 Vsc).
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Individual elemental dissolution rates are measured during the potentiostatic film growth on Mo-
3.2 via AESEC (Figure 11) in pH 4 and pH 10 solutions. Fe and Ni dissolve and followed similar trends as
electron current density at pH 4 (Figure 11a), while dissolution rates of the other elements such as Al and
Ti are generally below the detection limit. In pH 10 solution (Figure 11b), Mo slightly dissolves but does
not reflect trends in the electron current density, particularly past 10° seconds. A slight increasing trend
of Al dissolution rate with time is observed at pH 10 while those of Fe, Ni, Cr and Ti are below the detection

limit.

102 T T T

10°L Jrian derany Iniy - Trem

Figure 11: Equivalent current densities of in-situ elemental dissolution rates monitored via AESEC during
exposure of Mo-3.2 to a -0.2 Vsce potential in Ny bubbled a) 0.1 M NaCl pH 4 and b) 0.1 M NaCl pH 10.
Dashed lines indicate element detection limits. Al dissolution rates are not shown in pH 4 due to high
amounts of noise.

Following potentiostatic passive film growth, the films were characterized with EIS (Figure 12,

Table VIII) and fit with the Randles circuit described above (Figure 7e). The high current density observed
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during film growth (Figure 10a) is characteristic of a less corrosion resistant passive film. Unlike the case

of the air-formed solution-exposed films, Re increases with Mo content in both environments. a is above

0.85 for all alloys in both environments, indicating characteristic capacitive behaviour of the passive films.

The Rp magnitude values vary less with Mo concentrations under pH 10 conditions than in pH 4 conditions,

with much of the variability attributable to the low Rp of the film formed on Mo-0 in pH 4 conditions. Rp

of all the CCA passive films is lower than that of 316L, regardless of Mo concentration or pH.
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Figure 12: a,c) Bode and b,d) Nyquist plots obtained following cathodic reduction pre-treatment (600 s, -
1.3 Vsce) and 10 ks exposure to -0.2 Vsce in Ny bubbled a,b) 0.1 M NaCl pH 4 and c,d) 0.1 M NaCl pH 10.
Spectra were fit with the equivalent circuit model shown in Figure 7e.
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Table VIII: EIS fit parameters for the spectra shown in Figure 11 obtained in a) 0.1 M NaCl pH 4 and b)
0.1 M NaCl pH 10. Each term is defined by the Randles circuit shown in Figure 7e.

a) 0.1 M NaClpH 4

Alloy Rs (Q.cm?) Rp (kQ.cm?) Y (uS.s%cm™) o
Mo-0 73.3 0.8 74.9 0.917
Mo-1.1 72.2 56.4 69.9 0.902
Mo-3.2 87.0 153.4 45.6 0.871
316L 91.4 218.7 54.5 0.871

b) 0.1 M NaCl pH 10

Alloy Rs (Q.cm?) Rp (kQ.cm?) Y (uS.s%cm™) o
Mo-0 68.3 109.4 46.0 0.884
Mo-1.1 72.8 330.7 255 0.884
Mo-3.2 91.4 504.5 25.1 0.868
316L 95.5 818.0 24.1 0.918

Characterization of Passive Film Cation Fractions

XPS was utilized to characterize the passive films grown at -0.2 Vsce with cation fractions of
constituent elements in the passive films shown in Figure 13 and Table IX. For all CCAs and growth
conditions, Cr(lll), Ti(IV), and (in the case of Mo-1.1 and Mo-3.2) Mo(IV)/Mo(VI) are present in the passive
film at higher concentrations than their respective bulk compositions. Fe(Il)/Fe(lll) and Ni(ll) are depleted
in the passive film relative to alloy content for all cases. Al(lll) is present for all CCAs, but depleted in the
film compared to the bulk in the Mo-0 alloy at pH 4 and the Mo-3.2 alloy at pH 10. For all CCAs, Cr(lll) is
the most prominent constituent in the passive film. However, the concentration of Cr(lll) in the passive
film decreases both with Mo concentration and pH. Although Fe(l1)/Fe(lll) and Ni(ll) remained depleted in
the film grown on Mo-3.2 at pH 10 relative to bulk composition, the surface cation fractions increased

relative to the film grown at pH 4. Such increases were compensated by decreases in Al(lll), Cr(lll),
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Mo(IV)/Mo(VI), and Ti(lV), suggesting the film more closely resembles bulk alloy composition. However,

such decreases do not necessarily suggest instability of such elements in basic conditions.
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Figure 13: Surface cation fractions calculated from XPS characterization of CCA passive films formed
during 10 ks exposure to -0.2 Vsce in 0.1 M NaCl pH 4 and 0.1 M NaCl pH 10 following cathodic reduction
pre-treatment (600 s, —1.3 Vsce).

Table IX: Surface cation fractions obtained from the XPS fits shown in Figure 14. Bolded terms indicate
surface cation fractions higher than the bulk alloy composition suggesting enrichment.

Alloy Al Cr Fe Mo Ni Ti

Mo-0 pH 4 0.9% 51.4% 8.9% 0.0% 17.8% 21.0%
Mo-1.1pH 4 9.1% 52.6% 9.9% 5.9% 1.9% 20.6%
Mo-3.2 pH 4 6.9% 44.6% 1.7% 13.9% 0.0% 32.9%
Mo-3.2 pH 10 1.7% 30.4% 25.1% 3.8% 21.6% 17.4%

Figure 14 shows fit XPS spectra for Cr, Mo, and Ni. Spectra for Al, Fe, and Ti along with precise fit
parameters for all elements are shown in the supplementary information section. For all spectra, features
characteristic of oxidized species as both hydroxides and oxides, as well as unoxidized metal are present,
indicating the film is thin enough to permit observation of an attenuated signal from the bulk metal.

Deconvolution of the Cr spectra suggests the presence of Cr(lll) oxides, hydroxides, and that complex
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oxides such as possible spinels (FeCr,04 and NiCr,04) cannot be ruled out in the passive film. The fitting
suggests formation of a Cr-Ni spinel may contribute to the stability of Ni(ll) and Cr(lIl) in the passive film
formed in the pH 10 environment, although the chemical shifts, which are determined by local
interactions, are insufficient to determine long-range structure. The surface cation fraction of Ni(ll)
increases with a decrease in Mo concentration in pH 4, with the Cr-Ni spinel no longer suggested for Mo-
3.2 in pH 4. In addition to Cr(lll), significant concentrations of Ti are present as Ti(IV) oxide. The Mo signal
collected from the passive film of Mo-3.2 grown at pH 4 is nearly entirely attributable to the Mo(VI)
valence while the film formed at pH 10 has a lower Mo surface cation fraction with a larger proportion
attributable to Mo(0) and Mo(IV) valences. The 13.9 at. % surface cation fraction for Mo on the Mo-3.2
film formed at pH 4 suggests a significant role of Mo in the passivation process. Additionally, the film
contains more Fe and Ni, and less overall Mo when grown in pH 10 solution than in pH 4, consistent with
oxide and hydroxide thermodynamic stability. These results follow those shown by AESEC, where Fe and
Ni dissolution rates were below the detection limit while Mo dissolution was observed at pH 10 (Figure
11b). At pH 4, only Fe and Ni dissolution is observed (Figure 11a), which is in agreement with the
comparatively lower Fe(ll)/Fe(lll) and Ni(ll) cation fractions in the passive film. In summary, while the films
are consistently enriched in passive species predicted to be thermodynamically stable, Mo concentration

plays a prominent role in altering the amount of each species.
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Figure 14: XPS spectra of CCA passive films formed during 10 ks exposure to -0.2 Vsce in 0.1 M NaCl pH 4
and 0.1 M NaCl pH 10 following cathodic reduction pre-treatment (600 s, — 1.3 Vscg).

Discussion

The selected alloys evaluate the effects of Mo additions from 0-3.2 at. % within the Al-Cr-Fe-Ni-Ti
CCA systems. The alloying strategy preserves the ratios between passivating elements Al, Cr, and Ti and
the composition of each of the three elements varies by less than 0.5 at. % between the CCAs (Table I).
Thus, effects on corrosion resistance are attributable to Mo content. Furthermore, the Cr concentration
of the investigated alloys was kept below critical thresholds for passivation in Fe-Cr (~13 at. % Cr [65]) and
Ni-Cr (~12 at. % Cr [66]) alloys with Al and Ti also maintained below traditional Fe binary thresholds (~15
at. % Al [67], >47 at. % Ti [68]). Passivity below such Fe-Cr thresholds has been shown to be obtainable
due to the addition of Al and Ti [7] with the optimal Al-Cr ratio informed by work in similar CCA systems

[69].

The present study probes the effect of Mo alloying in the passive film (i.e., in Na;SQ.), pit
stabilization, and passive film growth in NaCl solutions at pH 4 and 10. Mo is present in the alloys mainly

28



in the FCC matrix (Table 1) and is suggested by XPS to be present in Mo(0), Mo(lV), and Mo(VI) valence
states (Figure 14). Utilization of pH 4 and 10 solutions further compares the effect of Mo with different
thermodynamically expected fates (solid state stability versus dissolved aqueous anions) [63]. Stable or
metastable Mo oxides are suggested in the oxide at anodic potentials near pH 4 whilst at pH 10, E-pH
diagrams suggest Mo to be thermodynamically stable as MoO4* [63]. This implies that Mo may operate
to inhibit pitting in its traditional function as a dissolution suppressor. However, the presence of multiple
valence states introduces the possibility of aliovalent Mo doping in the passive film that can create more
ionic defects which may affect passive film dissolution separate from pitting phenomena [27]. Corrosion
resistant passive film formation at OCP is found to exhibit the best attributes for the solution-exposed air-
formed Mo-0 passive film (Figure 7, Table V). For instance, Rp of the Mo-0 solution-exposed air-formed
oxide is higher following 20-day immersion (Figure 9a, Tables V, VII) and the mean inass in chloride is
generally the lowest of the evaluated CCAs in this work (Figure 5, Table Ill). In contrast, Mo-3.2 is
suggested to be the most corrosion resistant with regards to pitting susceptibility indicated by the most

positive pitting potential at pH 4 (Figure 5, Table Il1).

Effect of Mo on Microstructural Partitioning and Localized Breakdown

Both the average E,i: and probabilistic distribution suggest improved resistance to film breakdown
under acidic conditions (Figure 5b). More positive E.p, values for Mo-3.2 than Mo-0 were observed in both
environments with less variability than changes in E,i, indicating that Mo may enhance repassivation
(Figures 5c, 5f). Such findings suggest that Mo plays a more prominent role in pit propagation and stability
than initiation. Mo enrichment suggested by decreased dissolution rates at transpassive potentials
relative to bulk composition (Figure 6) may be attributable to the local decrease in pH leading to the
deposition of Mo-rich corrosion products [70]. Mo has been reported to help reform a stable passive film
in mild acids after surface activation caused either by the applied cathodic potential [71] or by mechanical

scratching [24]. In this case, the Mo-containing passive film may serve as a catalyst for the hydrogen
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evolution reaction [72] resulting in a high cathodic current density in this potential domain. High Mo
valence within the passive film may add charge carriers which in turn support charge transfer reactions
such as the oxygen evolution reaction [35]. For instance, Mo(IV)/(VI) doping in Cr(lll) oxide leads to cation

vacancies and/or excess free electrons [27].

Frequent pitting at the interface between FCC and L2; (Figure 8) is observed, identifying a
microstructural feature responsible for pit initiation. This location suggests a role of grain boundaries or
phase interfaces as possible contributors to the weakening of localized corrosion resistance, potentially
due to the formation of defects in the passive film [73]. While increasing Mo concentration decreases pit
initiation frequency in single-phase stainless steels and Ni-Cr-Mo alloys [74, 75], interface pitting may
hinder the effect of Mo. Interfaces likely have less prominent effects on repassivation than initiation as
the pit is grown well beyond the interface. The beneficial effects of Mo on pit repassivation (Figure 5)
suggest Mo slows propagation or enhances repassivation unhindered by the interface. Furthermore, the
increase in compositional partitioning in the alloy at higher Mo concentrations (Table II) may indicate
localized depletion of passivating elements (e.g. Ti, Al) that may harm resistance to localized corrosion,
particularly at or near the bulk metal phase interfaces (and resultant oxide film interfaces) where the film
may be vulnerable to breakdown [21, 76]. Further evaluation with high resolution Auger electron
spectroscopy of the variation in both bulk metal and passive film chemistry across the phase interface,
including the position and local enrichment of Mo, will be discussed in a forthcoming publication. Adverse
effects of partitioning may limit the otherwise beneficial effects of Mo. This is shown by lowering of Eg;
distributions with increasing Mo concentration in basic environments, where Mo dissolution is likely and
adverse microstructural effects may be more prominent (Figures 5b, 5e). Despite clear effects of Mo on
microstructural partitioning, neither imaging of corroded surfaces (Figure 8) nor transpassive elemental

dissolution rates (Table V) suggest preferential dissolution of either phase.
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Higher concentrations of Mo in the CCA correspond to slightly increased levels of partitioning,
where the concentration of an element in the second phase differs from that in the matrix to a greater
extent than in the case of CCAs with less Mo, illustrating a secondary, but still important, microstructural
effect of Mo. The o phase that has been previously shown to harm corrosion resistance with increasing
Mo in CCAs [20, 41, 43] was not formed, likely due to the comparatively low concentration of both Cr and
Mo. Mo is enriched in the FCC matrix phase, despite its prominent role as a ferritic stabilizer. Such lateral
variation of Mo content in the passive film chemistry has been shown to promote selective dissolution in

CoCrFeMoNi [77], but such behavior is not observed in the evaluated system (Figure 8).

Although Mo is not enriched in the L2; second phase, Al, Ni, and Ti generally increase in
concentration in the second phase with increasing Mo concentrations (Table Il). For example, the Ti
content in the L2; phase of Mo-3.2 is over three times the Ti content in the matrix, whereas the Ti content
in the L2; phase of Mo-0 is approximately twice that of the matrix. Similarly, Al concentrations in the L2;
phase of Mo-0 are 2.5 times those of the matrix whereas the ratio between the same phases of Mo-3.2 is
over four. This follows previous trends of Mo enrichment in phases differing from those enriched in Ti [41]
and Al [40] in similar CCAs, with both elements possibly being driven away from the Mo-enriched FCC
phase by the unfavorable enthalpies of mixing [78]. The enrichment of Ti and Al in phases depleted of Mo,
rather than the FCC phase which is enriched Cr and Mo, may limit the ability for synergetic behavior in the
passive film, particularly given high importance of Tiin the passivation process suggested by surface cation

fractions (Figure 13, Table IX).

The beneficial contributions of Mo must be balanced with potential effects of phase partitioning
of second phase-enriched elements on localized corrosion, adding a layer of complexity to previously
established trends in the single-phase Fe-Cr-Mo and Ni-Cr-Mo systems. Unlike the proposed beneficial
effects of low Mn concentrations on elemental degree of partitioning, poor passivation, and overall

corrosion resistance observed in a similar CCA system [18], Mo concentrations must be limited to avoid
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detrimental levels of partitioning. The addition of Mn or other FCC stabilizing elements could help increase
the maximum allowable Mo content without harmful chemical segregation in the microstructure, but
corrosion resistance may also be harmed by poor Mn passivation [79, 80]. Although Ni passivation is
suppressed, low transpassive Ni dissolution rates (Table IV) may suggest alternative fates such as

enrichment at the metal-oxide interface [54, 81].

The effect of Mo on Ni partitioning is noteworthy as the binary enthalpy of mixing between Mo
and Ni is higher than that between Mo and other system elements [78]. The unfavorable interaction
between Mo and Ni may preferentially cause Ni to enrich in the Mo-depleted second phase. Unlike the
case of Al and Ti, increased Mo concentration does not consistently increase the degree of Ni partitioning,
although the uncharacteristically low Ni composition in the FCC phase of Mo-0 highlights uncertainty in
the EDS point scans. In addition to microstructural factors, increasing Mo concentrations also reduced the
concentration of Ni(OH),, following trends in the Ni-Cr-Mo system proposed by Lutton et al. [32] where
Ni was also less present in the passive film due to the enhancement of other passivating elements such as

Cr.

Effect of Mo on Passive Film Composition

Mo is also considered with respect to its effects on global passive film chemistry. Cr is the primary
passivating species in all three CCAs and in both pH values. However, the passive film concentration varies
across the three alloys. Mo is not a primary passivator in any of the evaluated CCAs, although in both Mo-
containing CCAs, the passive film is enriched in Mo(IV)/Mo(VI) at the film-electrolyte interface relative to
bulk composition at similar ratios (Figure 13, Table IX). Notably, Mo content may be lower at film depths
approaching the metal-film interface, given the tendency of Mo to enrich within outer layers of passive
films formed on similar alloys [7, 27, 47, 77, 82-85]. Significant presence of Mo in the passive film is

unsurprising given the thermodynamic stability of Mo oxides in a pure Mo system at pH 4 near -0.2 Vsce
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[63]. Mo(IV)/Mo(VI) cations are still suggested to be present in the passive film, although at lower
concentrations in the Mo-3.2 film formed in pH 10 solution even though Mo oxides are not
thermodynamically predicted to be stable. Despite low concentration in the bulk alloy, the presence of
Mo in the alloy affects the passive film chemistry and possibly ionic defect status. As Mo concentration
increases in the evaluated CCAs, Cr(lll), Fe(Il)/Fe(lll), and Ni(ll) content decrease while Al(lll), Mo(VI), and

Ti(VI) increase in the electrochemically formed passive films (Figure 13, Table IX).

Increased Mo concentration promoted Cr(lll) passivation in the Ni-Cr-Mo system explored by
Lutton et al. [27, 86], particularly in ClI" environments where Ni dissolved. In contrast, the CCAs with the
highest Mo concentrations have the lowest surface cation fraction of Cr in the passive film formed in the
pH 4 environment despite still being enriched relative to bulk alloy composition (Figure 13, Table IX). While
Ti preferentially partitions to the L2; phase, enough is still present in the FCC phase to affect global passive
film chemistry. Thus, the limitation of the Cr(lll) content in passive film of the CCA system may also be
attributed to the high stability of Ti(IV) in the passive film. In the Ni-Cr-Mo system, Cr,0s is the most stable
oxide (AG¢° =-1050 kJ/mol) [87] whereas in the CCAs evaluated, Ti may be a preferential site for oxidation
given the lower free energy of formation on a per cation basis of TiO, (AGs° = -889 klJ/mol) [87]. Likewise,
very little Al,O; (AGs* = -1580 kJ/mol) [87] was observed in Mo-0 while the film grown on Mo-3.2 was
enriched in Al(lll). Additionally, Mo-3.2 did not form any observable Ni(OH), species in the passive film
(AGt® = -447 kJ/mol) [88] and had the highest combined concentration of Al(lll), Cr(Ill), and Ti(IV) species.

Thus, across both systems, Mo may be suggested to promote the presence of more stable oxide species.

Mo may affect the passive film composition by acting as an aliovalent dopant. XPS fitting (Figure
14) suggests that while oxidized Mo is dominated by Mo(VI) cations, Mo(IV) is also present. Mo(V) may
have also been present given frequent observation in Ni-Cr-Mo alloys [28, 35, 86, 89], but was not
identified, possibly due to overlap with other valence states. In the Ni-Cr-Mo system, Mo(IV) appears to

stabilize Cr passivation while Mo(VI) cations are considered more likely to dissolve [71], however
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conflicting results have been suggested in CoCrFeMnNiMoy CCAs [43]. The higher valence state Mo cations
may be reduced to lower valence states to locally stabilize the higher valence Ti(IV) cations relative to
Cr(I11) and Al(ll1), potentially through affecting the local stability of O vacancies [90]. During the growth of
the oxide in 0.1 M NaCl pH 4 (Figure 10), the current density was lowest for Mo-3.2, suggesting slower

passivation kinetics along with the well-known properties of aliovalent Mo cations [27].

A significant local enrichment of Mo(0) might support Mo acting as an non-oxidized dissolution
blocker [24], whereas preservation or local enrichment of the oxidized states may favor mechanisms
dependent on passivated Mo [27, 30, 31, 47]. Both valence states are suggested to be present within or
near the passive film by XPS (Figure 14). However, under both Mo(0)-based mechanisms, Mo depletion in
the L2;1 phase would limit the ability of the CCAs to resist localized corrosion within the L2; phase or at the
FCC-L2; interface and mechanisms dependent on Mo dissolution must also be considered. Mo dissolution
occurred across of a range of potentials, most noticeably in the cathodic region due to the well-known
stability of MoO4* in alkaline solutions [63]. However, this was attributed to dissolution of the air-formed
oxide, which has been shown to have high concentrations of Mo in similar CCAs [7]. Additionally,
dissolution of air-formed oxides has yielded similar cathodic dissolution rates in the Ni-Cr-Mo system [71].
The likely proposed mechanism relating Mo dissolution to corrosion resistance is that MoO4* ions act as
an inhibitor to limit pit stability [23, 91], a possibility indicated by significant Mo dissolution being
observed via AESEC (Figures 6, 11), especially in pH 10 solution. In this case, Mo does not have to originate
in the L2; phase or near the interface, but can be supplied from the FCC phase and transported via

comparatively more rapid liquid phase diffusion.

Comparative Effects of Mo under Acidic and Basic Conditions

Elemental dissolution trends measured with AESEC generally follow those predicted by the

electrochemical stability of pure constituent elements for a given solution pH [63]. Pure Fe and Ni are

34



predicted to dissolve at pH 4 and form insoluble species at pH 10 [63] at -0.2 Vsce. E-pH diagrams have
predicted stability of both Ni oxide [63] and Ni-Cr spinel [92, 93] is more favorable under basic conditions.
Therefore, XPS intensity attributable to Ni-containing complex oxide and single-cation passive species
significantly increased (Figure 13, Table IX) while corresponding Ni dissolution rates decreased in basic
conditions (Figure 11). Fe and Ni dissolve at pH 4 while they are below the detection limit at pH 10 at this
potential for CCAs investigated in this work (Figures 11). Fe and Ni dissolve at a lower potentials than the
other elements at both pH (Figure 6), and are depleted in the passive film at pH 4, as observed via XPS
(Figure 13, Table IX). Despite thermodynamic instability, limited presence of Ni and Fe in the passive films
formed at pH 4 indicate metastable oxide presence and/or stability enhanced by solubility with additional

cations.

Mo dissolves at much higher rates in basic solutions (Figure 10), likely due to the stability of the
MoOQ4* ion [63]. The increased stability of Mo oxides in acids corresponds with an increase in the surface
cation fractions attributable to oxidized Mo in the Mo-3.2 film grown in pH 4 relative to when grown in
pH 10 solution (Figure 13, Table IX). The decreased Mo enrichment in the passive film with increasing pH
follows previously established trends in 316L [94], Ni-Cr-Mo [32, 86], and the CoCrFeMoNi CCA [95].
Furthermore, Mo metal is stable at higher potentials in acids than bases [63], potentially explaining the
cathodic dissolution of Mo observed in the basic environment that was not observed in the acid (Figures

6,S.3).

During potentiostatic passive film growth, the current density is highest for the Mo-free sample
in pH 4 solution (Figure 10a), indicating that Mo may result in an enhanced passive film formation.
Alternatively, current density shows inconsistent trends with Mo concentration in pH 10 solution (Figure
10b). Potentiostatic EIS further verifies that Mo-0 had the lowest Rp at pH 4 and that of Mo-3.2 was the

lowest at pH 10 (Figure 12).
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Increasing Mo concentration improves pitting resistance more prominently in acidic
environments (Figure 5, Table Ill), similar to the case of the Moo sCoCrFe medium entropy alloy developed
by Shuang et al. [96]. However, the improvement in corrosion resistance with decreasing pH observed is
not present at a statistically significant level in the presently evaluated CCA series, potentially due to the
lower Mo concentrations in the tested CCAs (0-3.2 at. %) than in MogsCoCrFe (16.7 at. % Mo). The same
effect is not observed with E.p,, where Mo resulted in higher Rp regardless of pH. Notably, the Eqe
distribution of Mo-1.1 resembles that of Mo-3.2 in the pH 10 environment, which shows good
repassivation behavior, and that of Mo-0 in pH 4, which shows poor repassivation behavior. This may

indicate a lower Mo concentration is necessary for significant repassivation benefits in basic conditions.

Conclusions

Three Alp3CrosFeaMoxNiysTios (x =0, 0.05, 0.15) CCAs with Mo concentrations of 0, 1.1, and 3.2 at. %
were synthesized and characterized to elucidate connections between microstructure and corrosion
resistance with the main motivation to investigate the benefits of Mo in Cr-lean CCAs containing Al and Ti

as passivators. The following conclusions were obtained:

e An FCC matrix enriched in Fe, Cr, and Mo (when added as alloying element) with L2; regions
enriched in Al, Ti, and Ni was present for all CCAs. Mo is found to have indirect effects on corrosion
through its impact on elemental partitioning after heat treatment at 1070 °C. The microstructural
partitioning affects the nature of films grown on CCAs with increased Mo concentration,
particularly with regards to the concentration of elements that preferentially partition to the
second phase such as Ti. Such changes in element partitioning are shown to alter passive film
chemistry, and thus have a significant effect on the corrosion behavior that must be accounted

for within the alloy design process.
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The resistance to localized corrosion was improved with increased Mo concentration both during
potentiodynamic polarization and long-term immersion, most noticeably through improvements
in the repassivation potential. Pitting often occurred at the FCC-L2; interfaces, particularly in low-
Mo CCAs, but neither phase was vulnerable to selective dissolution.

Mo also affects passivity and passive film chemistry. Decreased passive current densities and
more positive repassivation potential with Mo content may suggest Mo slows corrosion reaction
kinetics through solid state effects in the passive film. Species found in the passive films of CCAs
with higher Mo concentration generally had more negative standard free energies, and did not
appear to be limited in passivation by local enrichments in the microstructure. The overall
corrosion resistance was generally worse than 316L in both acidic and basic environments, which
may be attributable to the lean Cr contents compared to the high Cr content 316L as well as the
microstructure containing two phases with corresponding interfaces.

Trends in corrosion behavior with Mo content are less prominent in Al and Ti containing CCAs
than single-phase alloy dependent on only Cr for passivity. The CCA design space introduces a
variety of effects of alloying elements such as Mo with both metallurgical and passivity roles that

have secondary effects on passivation that are not observed in single-phase or less complex alloys.
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Highlights

The passivation behavior and corrosion resistance in chloride and sulfate of a dual-phase
compositionally complex alloy series with varying Mo content is characterized.

Pitting and repassivation potentials increase with Mo concentration in acidic solutions where
Mo is stable, indicating improved resistance to resistance to localized corrosion that often
occurs at phase interfaces.

Elemental fates are tracked with X-ray Photoelectron Spectroscopy and Atomic Emission
Spectroelectrochemistry.

Mo concentration affects the passive film chemistry, with Ni passivation suppressed in favor of
more stable species such as TiO,.

The addition of Mo increases the degree of elemental partition within the FCC+L2;

microstructure, potentially limiting interaction between Al, Cr, Ti, and/or Mo in the passive film.

44





