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Abstract 10 

The corrosion behavior of the Al0.3Cr0.5Fe2Mn0.25Mo0.15Ni1.5Ti0.3 compositionally complex two-11 

phase alloy was explored in a variety of electrolytes. Comparable corrosion resistance to 316L stainless 12 

steel and Ni-Cr binaries was observed in NaCl despite lower Cr concentrations. Individual elemental fates 13 

during corrosion were identified by combinations of in-situ atomic emission spectroelectrochemistry 14 

and ex-situ X-ray photoelectron spectroscopy with high-resolution surface analysis and depth profiling. 15 

A potentiostatically grown passive film was enriched in Al(III), Cr(III), Ti(IV), and Mo(VI). Al-Ti and Cr-16 

Ti layers were suggested but significant Al, Cr, and Ti mixing was present. Proposed benefits of Al-Cr-Ti 17 

coexistence are addressed.   18 
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Introduction 19 

Compositionally complex alloys (CCAs), which include the high entropy alloy subclass, consist of 20 

four or more elements at concentration ranges between 5 and 35 at. % [1]. The improved compositional 21 

distribution promoted in part by a high configurational entropy enables the possibility of unique 22 

properties arising from elemental interactions not obtainable in conventional alloys [2]. Unique alloying 23 

combinations and a high degree of atomic radius mismatch give the alloy class a wide range of potentially 24 

beneficial properties including mechanical strength [2-4], thermal conductivity [5], fracture toughness [6], 25 

and high temperature behavior [7]. In addition to their role in the quest for mechanical strengthening and 26 

broad alloying flexibility, CCAs are valued for their improved combinations and distributions of corrosion 27 

resistant elements that have been suggested to improve the stability of passive films and increase 28 

resistance to aqueous corrosion [8-10]. Such strategies include consideration of solid solution oxides and 29 

long-range ordered complex oxides [10-12].  30 

 Initial CCA compositions with reliable corrosion resistance often utilized Cr concentrations at or 31 

above those conventionally seen in stainless steel (> 13 at. %) to ensure the presence of a stable protective 32 

Cr-based passive film [12-16]. To date, novel CCAs with corrosion resistance exceeding conventional alloys 33 

with similar Cr concentrations has not generally been attained [15, 17]. Computational thermodynamic 34 

modeling often predicts stable oxide miscibility and potential long-range ordered spinel formation 35 

incorporating Cr and Fe or Ni [11, 12]. However, passive films are often determined to be significantly 36 

enriched in Cr far beyond congruent oxidation tracking with the bulk composition. This suggests a 37 

disproportionate role of certain elements to attain high corrosion resistance regulated by the passive film 38 

such as Cr in the case of stainless steels, Ni-Cr based alloys, and CCAs [13, 14, 18, 19]. Enrichment is driven 39 

in part by the favorable thermodynamic stability of Cr oxides and hydroxides and selective dissolution of 40 

other elements [11, 13, 20]. Thermodynamic stability of similar passive species has been used to inform 41 

subsequent corrosion resistant CCA compositions [12, 21]. One significant opportunity in CCA design is to 42 
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depart from single element passivation and explore whether combinations of elements produced 43 

desirable effects. Such combinations may promote stable passivation even when each element is below 44 

conventional critical concentrations for single passivating elements [10, 12]. 45 

 Cr and Al have been long established as effective co-constituent passivating elements, mainly in 46 

Fe-Cr-Al alloys designed for high temperature oxidation and/or nuclear applications [22-27]. Notably, 47 

Springer et al. [28] demonstrated the viability of utilizing Al to reduce Cr concentrations, obtaining good 48 

corrosion resistance in salt spray testing at Cr concentrations as low as 8-10 at. %.  Additionally, Hio et al. 49 

[29, 30]  suggested beneficial interaction on aqueous corrosion behaviour of both Al and Si across a range 50 

of Fe-Cr alloys with Cr concentrations below 16 wt. % in sulfate and chloride containing solutions.  51 

Recently, joint alloying of Cr and Al has been explored within corrosion resistant CCAs, often with 52 

Al introduced to decrease alloy density [31-42]. Yamanaka et al. [40] characterized the passive film of the 53 

AlCoCrFeNi CCA immersed in 3.5 wt. % NaCl, finding the film to be enriched in both Al and Cr (42.8% and 54 

25.6% of oxidized surface features respectively). However, the detailed location of Al(III) and Cr(III) cations 55 

with regards to film layering, elemental dissolution rates, and elemental interaction were not discussed. 56 

Zhu and Zhang [43] suggested the combination of both Al or Cr to be more effective in limiting corrosion 57 

in Fe-Mn-Al-Cr alloys in sulfate and chloride solutions than the individual contributions of either element. 58 

Cr was suggested to be enriched in a inner oxide layers with Al enriched in outer layers despite the well-59 

established solid solution solubility within the Cr2O3-Al2O3 corundum system [44]. Further characterization 60 

of Cr-Al interaction within passive films grown in aqueous conditions at room temperature is limited, 61 

unlike the well-studied oxides grown on Fe-Cr-Al alloys in high temperature systems [45-47].  62 

While Al is well established as a passivating agent, Al additions have been tied to the formation 63 

of BCC or B2 second phase regions in the microstructure of FCC CCAs. Such heterogeneity has been tied 64 

to inferior corrosion resistance, most prominently indicated by decreased pitting potentials with 65 
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increasing Al concentration [32-40]. Shi et al. [35] utilized in-situ atomic force microscopy to characterize 66 

the breakdown morphology of a series of AlxCoCrFeNi CCAs. Increasing the Al concentration over a range 67 

from 7.0 to 14.9 at. % resulted in a change in microstructure from a single-phase FCC structure to one 68 

with an FCC matrix with BCC and B2 present. Pitting potentials decreased and passive current densities 69 

increased with higher Al concentrations. Breakdown was observed to transition from random pitting in 70 

the single-phase FCC matrix to pitting at the FCC/BCC interface in the dual-phase alloys, eventually leading 71 

to preferential dissolution of the BCC phase at the maximum Al concentration. Thus, Al concentrations 72 

must be kept below thresholds governed by a given alloy’s onset of a dual-phase microstructure to 73 

minimize the risk of localized corrosion. 74 

While the behavior of Al-Cr containing CCAs has acquired some attention, Ti additions to 75 

transition metal-based CCAs also often improve corrosion resistance, largely due to the stability and 76 

protectiveness of Ti oxides [17, 48-51]. However, the miscibility and possible synergy between Ti and Al 77 

or Cr oxides in such alloys is often underexplored. Choudhary et al. [52] evaluated elemental dissolution 78 

rates and surface enrichment of a single-phase lightweight BCC AlCrTiV CCA. Oxides from all four 79 

constituent elements were present in the passive film with significant Al2O3 enrichment (38.8% of surface 80 

cation fractions after immersion at OCP as opposed to 12.4%, 19.9%, and 12.9% in the case of Cr, Ti, and 81 

V, respectively). Cr and V depletion in the passive film was tied to incongruent transpassive dissolution 82 

observed during polarization. Qiu et al. [53] evaluated the Al1.5CrTiV CCA with similar methods, observing 83 

significant Al oxide presence within the passive film formed in chloride solution with Cr and Ti passivation 84 

also observed despite high dissolution rates. In both cases, the stability of a four-oxide passive film was 85 

hypothesized to promote the wide passive range observed during polarization, demonstrating the viability 86 

of Al, Cr, and Ti interaction in the design of corrosion-resistant CCAs. However, the high Cr and Ti 87 

concentrations may limit the studies’ viability for low-cost CCA design, where Cr and Ti concentrations are 88 

decreased and interactions with additional elements are of concern. Thus, establishing enrichment 89 
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relations between Al, Cr, and Ti possibly altered by additional transition metals (e.g., Fe, Ni) that often 90 

dominate CCA compositions remains an important issue in the design of CCAs with reduced 91 

concentrations of traditional passivating elements. 92 

Despite benefiting corrosion resistance and decreasing alloy density, Ti concentrations in 93 

transition metal CCAs are constrained by the persistent concern of second phase formation at high Ti 94 

concentrations, often of BCC or B2 structure [1, 54-57]. In some cases, such second phase formation leads 95 

to susceptibility to localized corrosion and decreased pitting potentials brought about by the addition of 96 

Al and/or Ti [56, 57]. Such risks to localized corrosion constrain the concentrations of Al or Ti that may be 97 

added to FCC CCAs, eliminating the possibility of complete reliance on either element to passivate. 98 

Localized corrosion may be further resisted by alloying with other minor elements such as Mo [58]. 99 

The use of Al, Cr and Ti as joint passivating elements has the potential to reduce density of 100 

corrosion resistant alloys for lightweight applications while also introducing new elements with well-101 

established passivation ability. However, elemental partitioning during second phase formation and 102 

localized corrosion requires further attention. Understanding the role of Al and Ti in second phase 103 

formation will help to establish effective compositional bounds within CCA design and allows for selection 104 

of passivating elements without detrimental phase formation. 105 

Additionally, the presence of three passivators, raises questions regarding the nature of the oxide 106 

formed during passivation. Possible oxide natures include: (i) oxide layering, (ii) phase separation of 107 

stoichiometric single element oxides within the passive film, (iii) an oxide solid solution, (iv) a new complex 108 

oxide, (v) a combination of the above descriptions. The addition of other passivating elements may enable 109 

passivation below traditional Cr thresholds. For example, Mo has a long-established contribution to 110 

corrosion resistance [59, 60] and has been found to operate in the passive film [61, 62]. This benefit that 111 

has recently been extended to CCA design [8]. Mo generally increases the corrosion resistance across a 112 
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wide range of CCA compositions [63, 64]. Potential mechanisms include inhibition of dissolution reactions 113 

[65, 66], contributions towards stability and/or protectiveness of oxide films, particularly those dominated 114 

by Cr(III), [61], and doping of Cr2O3 oxides to induce a favorable cation vacancy interaction [62]. The well-115 

established synergy also leads to Cr enrichment within the passive films of Ni-Cr-Mo alloys [61]. However, 116 

little work has been done evaluate the effect of Mo on other stable passivators utilized in CCAs such as Al 117 

and Ti. 118 

Increased Mo concentration has been suggested to induce and stabilize second phase formation 119 

in CCA microstructures. The affinity of Cr to Mo often leads to the formation of sigma or mu phases which 120 

can deplete the remaining microstructure from both elements [58, 63, 64, 67]. The addition of Mo to Al 121 

[67] and Ti-containing [68] CCAs has similarly induced second phase formation, however, unlike with Cr, 122 

Mo preferentially partitions away from Al and Ti. Therefore, the effect of Mo on corrosion may deviate 123 

from conventional wisdom and can not be forecast from simplified binary or tertiary systems. In this study 124 

Mo was also included at fixed low concentration. 125 

This work describes the synthesis and corrosion properties of a novel dual-phase FCC CCA using 126 

the strategy of simultaneous Al, Cr, and Ti passivity at low concentrations of each element. The combined 127 

benefits of the three elements and contributions to corrosion resistance are evaluated. In subsequent 128 

work, individual contributions of the matrix and second phases will be evaluated separately to determine 129 

the contributions of microstructure and elemental partitioning. In this study, passivation and breakdown 130 

leading to local corrosion were evaluated with global AC and DC electrochemical methods in a variety of 131 

environments. Tracking of dissolution and passive film enrichment evaluates the fate of each constituent 132 

element. Impedance-based and surface sensitive chemical characterization of the passive film formed 133 

during air exposure, open circuit corrosion, and within the passive range provide insight into film growth 134 

and implications for stability. The results are compared to a stainless steel and Ni-Cr binary alloys to check 135 

for any unique effects not seen in conventional alloys that often occur in compositionally complex alloys 136 
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[2, 10]. The resulting passivity of the alloy validates the combined benefits of combinations of low 137 

concentrations of Al, Cr, and Ti below traditional critical thresholds in binary alloys and provides a 138 

foundation for the design of future lightweight corrosion resistant CCAs.  139 

Methods 140 

Alloy Selection and Sample Preparation 141 

 A lightweight low-cost CCA of the nominal composition Al0.3Cr0.5Fe2Mn0.25Mo0.15Ni1.5Ti0.3 142 

(henceforth referred to as LC-CCA) was synthesized via arc melting high purity elements (Cr purity > 99.2%, 143 

all other metals purity > 99.9%) in an argon atmosphere and flipped five times to ensure homogeneity. 144 

Buttons approximately 1 cm in diameter were suction cast into a water-cooled copper mold. Compositions 145 

were selected to include lightweight passivating elements (e.g., Al, Ti) to target passivity below traditional 146 

Cr concentrations utilized in initial CCAs such as CoCrFeMnNi (20 at. %) and commercially produced 147 

corrosion resistant alloys such as 316L (17.1-19.2 at. %) with methodology discussed further elsewhere  148 

[69]. Table I compares the LC-CCA composition to experimental controls used throughout the study: three 149 

pure constituent elements, two binary Ni-Cr alloys intended to match the LC-CCA Cr and total passivating 150 

element (Al, Cr, and Ti) concentration, and commercially produced (North American Steel) 316L. Ni-Cr 151 

alloys were arc melted and annealed to promote single-phase FCC microstructure with method described 152 

further elsewhere [14]. Traditional Austenitic stabilizers were utilized in the LC-CCA to preserve an FCC 153 

microstructure including Ni and Mn, for which the concentration was optimized for corrosion resistance 154 

in the alloy system in prior work [70]. Notably, Co is not included due to the high cost and density with 155 

low-cost Fe, Mn, and Al prioritized instead.  156 

The LC-CCA was encapsulated in quartz tubing under Ar and annealed at 1070 °C for 5 hours 157 

before quenching in water, a treatment suggested to promote a dual-phase FCC + L21 microstructure by 158 

both computational thermodynamic modeling (Thermocalc 2019b, TCHEA3 database [71]) and machine 159 
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learning methods discussed elsewhere [72, 73]. Samples were ground with silica carbide paper to a 1200 160 

grit finish, and degreased with an organic solvent before microstructural (with samples polished to a 0.25-161 

micron finish with diamond suspension) and electrochemical evaluation. Phase and surface morphology 162 

was observed via scanning electron microscopy (SEM) on a FEI Quanta 650 system in back scattered 163 

electron (BSE) mode both prior to and following extended aqueous exposure. Phase compositions were 164 

quantified with energy dispersive spectroscopy (EDS) point scans and maps analyzed with Oxford 165 

Instruments AZtec software [74].  166 

Electrochemical Characterization of Corrosion Behavior 167 

 The corrosion resistance and passive film stability were initially evaluated with two extended 168 

immersion tests at room temperature: 20 day immersion in a 0.1 M NaCl solution adjusted to pH 4 with 169 

1.0 M HCl and 72 hour immersion in approximately 6.0 wt. % FeCl3 as defined by ASTM G-48-A [75] 170 

modified to utilize the smaller button samples (1 cm diameter and 0.3 cm thickness) and a 316L sample 171 

of similar dimensions. Pitted surfaces were imaged with the SEM setup described above following 172 

immersion.  173 

A Gamry Instrument Reference 600+ potentiostat and conventional three electrode cell with the 174 

LC-CCA (approximately 0.875 cm2 exposed area) as the working electrode, a platinum mesh counter 175 

electrode, and a saturated calomel reference electrode (SCE, 0.241 V vs. standard hydrogen electrode) 176 

were used for AC and DC electrochemical corrosion experimentation. Passivation and breakdown 177 

characterization was initially evaluated in dilute NaCl at natural pH (approximately 5.75) and H2SO4 (pH 1) 178 

to ensure an observable passivation process. The samples were exposed in 0.01 M NaCl to a potentiostatic 179 

treatment of -1.3 VSCE (V vs. SCE) for 600 s intended to minimize air-formed oxides before cyclic 180 

polarization from -1.3 to 0.8 VSCE at a scan rate of 0.5 mV/s. For pure Al, Cr, and Ti, the cathodic applied 181 

potential step initial polarization potential was decreased to -2.25 VSCE, (-1.75 VSCE for Mn), to promote 182 
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complete reduction of the air-formed oxides. Impedance was monitored in-situ at a frequency of 1 Hz and 183 

an applied AC voltage of 20 mVrms, as the imaginary component has been previously utilized to track film 184 

thickness1 [18, 76]. The LC-CCA was also polarized in additional electrolytes prepared with NaCl 185 

concentrations of 1.0 M, 0.1 M, and 0.001 M. Polarization in 0.01 M NaCl with the pH adjusted to 2 and 4 186 

with 1.0 M HCl and to 6, 8, 10, and 12 with 1.0 M NaOH was also evaluated and is shown in the 187 

supplementary information section. All electrolyte solutions were continually bubbled with N2(g) to reduce 188 

the activity of dissolved oxygen. Polarization (bypassing impedance measurements) was also evaluated 189 

for the LC-CCA in solutions containing 0.1 M H2SO4 and NaCl at concentrations of 0.01, 0.1, and 1.0 M. 190 

Polarization experiments were repeated three times to ensure reproducibility. 191 

Specific elemental dissolution rates were tracked during polarization in 0.1 M NaCl adjusted to pH 192 

4 and 10, where the pH and NaCl concentration was adjusted relative to initial polarization evaluation 193 

described above to increase dissolution rates beyond detection limits, with an inductively coupled plasma 194 

atomic emission spectroelectrochemistry (AESEC) apparatus (Horiba Jobin Yvon Ultima) described 195 

elsewhere [77]. A polychromator with focal length of 0.5 m and a monochromator with focal length of 1.0 196 

m were used to detect elements dissolved in the electrolyte. For the pH 4 solution, Mo signal was obtained 197 

by the monochromator and for the pH 10 solution, Al signal was obtained by the monochromator improve 198 

the resolution of each element. Emission intensities at characteristic wavelengths for each element were 199 

used to calculate equivalent dissolution current densities using Faraday’s law with methods described in 200 

the supplementary information section and elaborated further elsewhere [77]. The N2(g) bubbling, and in-201 

situ impedance monitoring used in the polarization procedure described above were bypassed during 202 

AESEC experimentation. AESEC was also used to obtain elemental dissolution rates during potentiostatic 203 

                                                           
1 The previously utilized direct proportionality between in-situ impedance measurements and passive film 

thickness depends on film properties including the dielectric constant and constant phase element behavior as 

well as parallel plate capacitor assumptions. Such properties are expected to change with film composition and 

morphology during growth procedures. Therefore, any in-situ impedance measurements are limited to qualitative 

representations of film thickness trends and are not intended to yield exact thickness.  
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holds at -0.2 VSCE following a -1.3 VSCE cathodic treatment for 600 s and utilizing the same electrolyte 204 

solutions and AESEC setup described above. Results are available in the supplementary information 205 

section. 206 

 The passive film formed on the LC-CCA under three different conditions were further 207 

characterized with potentiostatic electrochemical impedance spectroscopy (EIS) in 0.01 M NaCl under N2(g) 208 

bubbling. To characterize the air-formed film, the LC-CCA was exposed to open circuit potential for 30 209 

minutes directly after mechanical grinding before obtaining a full EIS spectrum ranging from 100 kHz to 1 210 

mHz at the stable OCP (5 points/decade, 20 mVrms).  211 

To evaluate the effect of extended aqueous exposure at OCP on the air-formed oxide, the 212 

procedure above was repeated, however, the exposure period was extended to 40 ks before EIS at the 213 

final OCP. Each film was compared to a passive film grown from a reduced surface in aqueous 214 

environments previously evaluated [70] using a third procedure. The air-formed oxide was first minimized 215 

using the -1.3 VSCE exposure described above. The surface was then exposed to a potentiostatic hold for 216 

40 ks at -0.25 VSCE, a potential determined to be within the LC-CCA passive range from initial polarization. 217 

Impedance was monitored in-situ during film growth (1 Hz, 20 mVrms) and was followed by a full EIS 218 

spectrum described above with the DC potential maintained at -0.25 VSCE.  219 

X-ray Photoelectron Spectroscopy Characterization of Passive Film 220 

The surface film composition and valence states were transported under N2(g) and evaluated with 221 

a PHI VersaProbe III X-ray photoelectron spectroscopy (XPS) system following the EIS procedure for 222 

extended OCP exposure and -0.25 VSCE exposure. The air-formed oxide film was evaluated directly after 223 

mechanical grinding with no electrolyte exposure. XPS spectra were acquired and with Al Kα X-rays 224 

(1,468.7 eV) at a 26 eV pass energy, 0.05 eV step size, and 45° take off angle over a 100 μm by 100 μm 225 
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spot size. High-resolution spectra over the O 1s, Al 2p, Cr 2p3/2, Fe 2p1/2
2, Mn 2p1/2

2, Mo 3d, Ni 2p3/2, and 226 

Ti 2p series were collected, calibrated to the C 1s series (284.8 eV), and deconvoluted with KOLXPD 227 

analysis software [78]. Intensities were normalized with relative sensitivity factors obtained via PHI 228 

Multipak [79]. Spectra were fit to the following features: Shirley background substitutions, Doniach-Sunjic 229 

peaks for metallic features, and Voigt functions for oxidized features, to known reference compounds 230 

based off position, peak intensity, width, and multiplet splitting [80-83]. The film grown at -0.25 VSCE was 231 

further characterized with depth profiling. The film was sputtered with Ar over a 3 mm by 3 mm area at 1 232 

keV for 7 minutes with sweeps over each constituent element core series taken at 15 second intervals 233 

(112 eV pass energy, 0.2 eV step size, 100 μm square spot size, 45° take-off angle). The intensities over 234 

both metallic and oxidized region of the spectrum were normalized with relative sensitivity factors to 235 

evaluate trends in oxide layering. 236 

Results 237 

Alloy Microstructure 238 

 Figure 1 shows the microstructure and mapping of the elemental distribution of the homogenized 239 

(1070° C, 5 hours) LC-CCA. The microstructure consisted of a matrix phase and second phase regions with 240 

sizes on the order of single microns. The second phase area fraction was determined to be 4.33% via BSE 241 

imaging and crystal structures were identified as FCC and Heusler (L21) by X-ray diffraction in previous 242 

work [70], confirming computational predictions [70, 72]. The FCC matrix was enriched in Fe, Cr, and Mo, 243 

while the L21 phase was enriched in Al, Ni, and Ti. However, each element was present in both phases. 244 

Mn was relatively uniformly distributed between both phases. The composition of each phase previously 245 

obtained [70] via EDS is tabulated in the supplementary information section. 246 

                                                           
2 The Fe 2p1/2 and Mn 2p1/2 series were utilized as opposed to the higher intensity 2p3/2 series due to overlap with 

Ni Auger peaks. A constant position shift for all features was assumed relative to the known feature positions from 

references for each elements’ 2p3/2 spectra. 
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Behavior in H2SO4 and Evaluation of Passivation in a Cl- Free Environment 247 

 Evaluation of corrosion resistance in H2SO4 focusses on the active to passive transition, 248 

dissolution, and passivity in an environment where only key passivating elements may operate as opposed 249 

to localized breakdown [32, 76]. When polarized in 0.1 M H2SO4, the LC-CCA exhibited superior passivation 250 

ability to both Ni-Cr binary samples and comparable behavior to 316L, as shown in Figure 2. The LC-CCA 251 

had a similar corrosion potential (ECorr) to Ni-20Cr and 316L during upward polarization. Both the LC-CCA 252 

and 316L showed a significantly lower critical or primary passivation current density than both Ni-Cr 253 

binaries, suggesting more efficient and potentially more rapid passivation from the perspective of the h 254 

factor, i.e., the number of monolayers of metallic alloy dissolved to form an infinitely connected passive 255 

film during the stage of primary passivation [84]. Furthermore, the passive current density (iPass) was of 256 

similar magnitude to 316L and lower than both Ni-Cr binaries, suggesting the formation of an improved 257 

passive film. Transpassive dissolution and oxygen evolution were observed for all alloys slightly above 0 258 

VSCE. This behaviour may indicate a strong presence of Cr(III) within the passive film at lower potentials 259 

that enables a subsequent potential-dependent change in valence state (e.g. Cr(III) to Cr(VI)) [85] whilst 260 

the exclusive presence of Al(III) and Ti(IV) [86] oxides would preclude this possibility. Moreover, the 261 

oxygen evolution reaction is often observed to be slow on thick insulating oxides of Al and Ti [87-89]. 262 

Despite the lower Cr concentrations in the LC-CCA (10 at. %) than Ni-20Cr and 316L (roughly 18 at. %), the 263 

transpassive dissolution potential (ETrans) and dissolution rates were similar for all alloys, establishing the 264 

potential for improved passivity without following the conventional strategy of increasing Cr content 265 

above a critical threshold. 266 

Behavior in NaCl and Localized Breakdown Characterization 267 

 The significant effects of Cl- ions on passivation behavior and localized passive film breakdown 268 

were addressed by exposure to NaCl solutions of varying concentrations. Passivation of the LC-CCA over 269 
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all NaCl concentrations is suggested by Figure 3. iPass was less than 10-5 A.cm-2 in 0.5 mV/sec upward scans 270 

and did not show a clear trend correlating with NaCl concentration. The imaginary component of 271 

impedance (-Z”) at 1 Hz, a proportional indicator to passive film thickness, increased in magnitude almost 272 

linearly with respect to potential in the passive range (~-0.5 - 0.5 VSCE). Low -Z” at -1.3 VSCE suggest near-273 

complete reduction of the air-formed oxide film during the cathodic treatment prior to polarization. -Z” 274 

decreased at potentials at or near the pitting potential (EPit), suggesting growth and breakdown of the 275 

passive film. EPit decreased from 0.623 to 0.030 VSCE with increasing NaCl concentration from 0.001 to 1 276 

M. Sharp spikes slightly at potentials below EPit in the current density and -Z” are most visible in the 0.001 277 

and 0.01 M conditions, suggesting initiation of metastable pits that repassivated prior to stabilization. 278 

Stable pitting at potentials above EPit was indicated by a sharp increase in the current density. Pits were 279 

visible on the sample surfaces polarized in all four NaCl concentrations following exposure with no 280 

apparent pattern with regards to overall sample geometry. However, they were generally larger and more 281 

frequent following testing in more concentrated NaCl solutions. A positive hysteresis was present in all 282 

four NaCl concentrations and the repassivation potential (ERep) decreased with NaCl concentration (Figure 283 

S.2).  284 

The addition of NaCl to 0.1 M H2SO4 shown in Figure 4 showed little effect on ECorr or iPass. A 285 

negative hysteresis was present in unadjusted H2SO4 and H2SO4 with 0.01 M NaCl. The hysteresis 286 

transitioned to positive in the 0.1 M and 1.0 M NaCl added H2SO4 solutions, suggesting a transition from 287 

transpassive dissolution to pitting breakdown. Pitting in more NaCl concentrated solution, most 288 

noticeably in the case of 1.0 M NaCl added H2SO4 solution, was further indicated by spikes in the current 289 

density and a value of EPit below ETrans observed in dilute solutions.  290 

 The passivation and breakdown of the LC-CCA does not mirror any of the constituent single 291 

elements, as shown by the polarization data in 0.01 M NaCl compared to pure Al, Cr, and Ti in Figure 5. 292 

For instance, ECorr was below that of Ti and well above that of Cr and Al. iPass of the LC-CCA was comparable 293 
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to Al and slightly lower than Cr, but was well above that of Ti. The maximum LC-CCA -Z” was comparable 294 

to Cr and below that of Al and Ti. EPit was below that of Cr and Ti, whose films did not completely break 295 

down within the evaluation range, but well above the Al EPit near -0.4 VSCE. The characteristic passivation 296 

parameters were also not readily estimated by averages of constituent elements. This is regulated by the 297 

nature of the elemental interplay within the oxide film which is not likely to follow property averaging 298 

based off the bulk alloy composition.  299 

The polarization behavior of the LC-CCA in 0.01 M NaCl is compared to 316L and both Ni-Cr 300 

binaries as shown in Figure 6 and summarized in Table II. The LC-CCA showed the most positive EPit, 301 

suggesting improved passive film resistance to breakdown. Given that the LC-CCA has a lower Cr content 302 

(10 at. %) than Ni-20Cr and 316L (~18.3 at. %), it is suggested that the replacement of Cr with Al and Ti 303 

have some contribution that maintains and potentially improves passive film protectiveness and pit 304 

stabilization tendency. Passivation may include formation independent metal oxides or synergistic 305 

behavior with between the three elements as discussed below.  306 

 AESEC was utilized to obtain the elemental dissolution current densities in 0.1 M NaCl pH 4 and 307 

pH 10 during potentiodynamic polarization as shown in Figure 7. No dissolution was observed in either 308 

pH below EPit. Al rates are not shown in Figure 7 a due to low signal with respect to noise, however, the 309 

lack of detection is indicative of relatively low Al dissolution rates in the passive region which, similar to 310 

Cr and Ti, suggests stability and presence in the passive film. Beyond EPit, dissolution occurs at higher rates 311 

with Fe and Ni dissolving at the highest ratios with the dissolution rates approaching tranpassive 312 

dissolution at near-stoichiometric ratios at high potentials. Further analysis of elemental dissolution rates 313 

obtained via AESEC including dissolution observed during potentiostatic holds as well as LC-CCA 314 

polarization behavior across a range of pH are available in the supplementary information section.  315 

Passive Film Impedance and Cation Fractions 316 
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 During the 40 ks exposure of the LC-CCA under open circuit condition with no initial cathodic 317 

treatment and an initially unaltered air-formed oxide, OCP rose from -0.262 to -0.155 VSCE (Figure S.4), 318 

potentially indicating a decreased driving force for dissolution. The OCP of measured after film growth at 319 

-0.25 VSCE reached a stable value of -0.042 VSCE (not shown), higher than that any value observed during 320 

open circuit condition exposure of the air-formed oxide for the same time duration. 321 

 EIS characterization of the air-formed, OCP exposed, and passive range exposed films is shown in 322 

Figure 8 and fit to an equivalent circuit model (ECM) modified from Jakupi et al. [90] (Figure 8 e) with 323 

parameters listed in Table III. All three evaluated LC-CCA films showed polarization resistance (RP), defined 324 

as the total non-solution resistive components in the ECM, above 105 Ω.cm2, suggesting good resistance 325 

to corrosion. As the resistance attributed to the film was multiple orders of magnitude higher than the 326 

resistance attributed to the film-electrolyte interface for all fitted spectra, RP trends closely follow the film 327 

resistance values (Rf). The RP value for the film grown in the passive region from an initially cathodically 328 

polarized substrate is nearly doubled that of the air-formed oxide. The extended exposure of the air-329 

formed oxide at OCP has little effect on RP or the constant phase element coefficients (α), as values were 330 

similar to those of the initial air-formed oxide. Figures 8 c and 8 d compare the EIS spectra of the film 331 

grown electrochemically on the LC-CCA at -0.25 VSCE to films grown on the Ni-Cr binaries and 316L under 332 

the same conditions. Similar to the in-situ impedance measured during polarization, the Ni-Cr binaries 333 

had higher impedance moduli in the low frequency domain. In the Bode plots, all the curves showed a 334 

reasonably constant phase frequency domain (0.1-10 Hz) where α values associated with the film were 335 

near or above 0.8 (~ -72°). Alternatively, the parameters associated with the film/electrolyte interface 336 

generally have lower α values and resistances. The impedance modulus follows fairly linear behavior with 337 

frequency in between flat regions at high and low frequencies characteristic of the RS and RP respectively. 338 

Current density and in-situ -Z” measurements are shown in the supplementary information. 339 
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The chemical composition and oxidation states of the air-formed, OCP exposed, and 340 

electrochemically grown films and relevant XPS deconvolutions are reported in Table IV and Figure 9 341 

respectively3. Passive films grown under all conditions reported here were enriched in Cr and Ti relative 342 

to the bulk composition. The air-formed oxide and electrochemically grown oxide were also enriched in 343 

Al, while Mo was present in the air-formed and OCP exposed films. Films grown under all three conditions 344 

were depleted in Fe, Ni, and Mn relative to bulk compositions. The cation fractions of Al, Fe, and Mn in 345 

the film decreased during the 40 ks OCP exposure relative to the air-formed oxide, potentially suggesting 346 

preferential dissolution. Alternatively, Cr, Mo, and Ni cation fractions increased, although the relative 347 

enrichment may arise from the preferential dissolution of Al, Fe, and Mn as opposed to preferential 348 

passivation during exposure. Unlike the oxide grown electrochemically at -0.25 VSCE, OCP exposure did not 349 

cause any significant increase in Ti cation fraction relative to the air-formed oxide. 350 

The surface of the electrochemically grown film (-0.25 VSCE, 40 ks) was dominated by Ti with a 351 

suggested surface cation percentage of 55.4%. The film was also enriched in Al and Cr. XPS analysis 352 

suggested the film contains TiO2 and Cr(OH)3 with limited signal attributed to Cr2O3 and FeCr2O4. The Al 353 

signal could not be further deconvoluted beyond metallic features, oxidized features, and the Cr 3s 354 

spectra that overlapped the region. Thus, all oxidized features were fit as a single Al2O3 peak.  355 

Oxide and hydroxide peak fitting results suggest Cr(III) exists in a variety of molecular conditions. 356 

Significant Cr hydroxylation is suggested to occur during 40 ks OCP exposure based upon the dominant 357 

Cr(OH)3 peak formed whereas the air-formed oxide peak was fit to Cr2O3. Additionally, the fitting results 358 

indicate FeCr2O4 and NiCr2O4 presence, potentially suggesting preferential interaction of Fe and Ni cations 359 

                                                           
3 It is of note that the XPS spot size was significantly larger than the areas of individual L21 regions, thus the surface 

characterization was assumed to be a homogenous representation of the film grown over both phases. The 

possibility of microstructural partitioning on film enrichment forms the basis for future work that will isolate the 

passive film grown over each phase and evaluate film homogeneity of the dual-phase material. 
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with Cr, although the low intensity and possibility of solid solution oxides make it difficult to confirm the 360 

presence of a long-range ordered spinel species. 361 

XPS sputter depth profiling shown in Figure 10 revealed local enrichment of Al, Cr, and Ti at 362 

roughly similar depths within the passive film electrochemically grown in 0.01 M NaCl at -0.25 VSCE. To 363 

isolate the signal attributable to oxidized features and evaluate potential oxide layering, the intensities of 364 

each element within the binding energy regions associated with oxidized features and metallic features 365 

are identified separately. Generally lower intensities of both metallic and oxidized features at low 366 

sputtering time are attributed to carbon surface contamination. The highest levels of Mo and Fe in an 367 

oxidized state can be observed at shorter sputtering times (or shallow depths) than the highest Al, Cr, and 368 

Ti, suggesting outer layer enrichment. However, even within the Mo and Fe enriched outer regions, the 369 

film is still dominated by Al, Cr, and Ti. The highest intensities of Ti, Al, and Cr oxides are all observed near 370 

1.25 minutes of sputtering and each elements’ depth profile followed similar trends with sputtering times, 371 

suggesting some miscibility between Al, Cr, and Ti within the passive film or co-location within the XPS 372 

penetration depth. The metal intensities increase with increased sputtering time and generally approach 373 

the bulk metal composition at extended sputtering depths while carbon and oxygen become lower or 374 

disappear. It is of note that depth profiling suggests higher intensities of Cr throughout most of the passive 375 

film than Ti with the notable exception of the surface. Thus, although the surface, which governs key 376 

electrochemical reactions may be dominated by Ti, it is possible that the interior regions of the film may 377 

have more Cr than suggested by the high-resolution scans. Although the depth profiling provides accurate 378 

assessment of potential layering, it is of note that quantitative assessment of oxidized features may be 379 

limited, particularly past three minutes of sputtering where the oxygen signal is below half of the 380 

maximum signal. It should be further noted that no structural information is provided by XPS and 381 

reference to molecules is uncertain. 382 

Immersion Mass Loss Evaluation 383 
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 Table V shows mass loss data for the air-formed oxides of the LC-CCA and 316L obtained during 384 

the ASTM G-48-A test (~6 wt. % FeCl3, 25°C) and extended immersion in 0.1 M NaCl pH 4. The pH 385 

adjustment was utilized due to previous inconclusive results in unadjusted 0.1 M NaCl, where neither 386 

sample had observable mass loss [70]. The FeCl3 exposure yielded mass loss rates for the LC-CCA which 387 

were approximately 150% higher than those of 316 L and well above rates observed in NaCl. Pits on the 388 

size order of hundreds of microns were observed with no magnification on both alloys and can be seen in 389 

Figure S.6. Pits on the LC-CCA were generally larger and more frequent than those on 316L. For both alloys, 390 

pits were more frequent near the edges of the sample. Some corrosion product was visible near the pits 391 

before cleaning and no corrosion product was visible on the non-pitted regions of the surface. In 0.1 M 392 

NaCl pH 4, the LC-CCA had a significantly higher mass loss rate (5.994 mg.cm-2.y-1) than 316L (0.833 mg.cm-393 

2.y-1), and generally had more stable pits form. Non-spherical pits were disproportionately observed at or 394 

near the second phase interface, however, the L21 phase was not observed to be preferentially dissolved. 395 

This lack of preferential dissolution of either phase indicates the interface may serve as a preferential pit 396 

initiation site, a phenomenon further suggested by frequent pitting observed at the interface such as in 397 

the case of Figure S.6 e. 398 

Discussion 399 

Thermodynamic Factors Influencing Passive Film Formation 400 

Thermodynamic influences played a strong role in passive film composition. Elements enriched in 401 

the passive film shown in Table VI generally from stable oxides (e.g., TiO2, Cr2O3, Al2O3) indicated by 402 

favorable Gibbs free energies of formation [91, 92] and broad stability ranges on E-pH diagrams [86]. All 403 

films were enriched in Ti, Cr, and, with the exception of the oxide exposed to OCP, Al with enrichment and 404 

depletion quantified by the ratio of cation fractions in the passive film suggested by XPS to the bulk alloy 405 

composition in atomic percent. Al, Cr, and Ti were all enriched relative to alloy composition in the passive 406 
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film grown at -0.25 VSCE over 40 ks with Ti suggested to be the dominant species at the surface of the 407 

passive film (Table IV) by high-resolution XPS spectra (Figure 9). The Ti(IV) appears to exceed the 408 

concentrations needed to form a continuous protective TiO2 layer [93], although there is no defined 409 

threshold as is the case in the Fe-Cr system. Kim et al. [94] passivated three Fe-Ti binary alloys with Ti 410 

concentrations of 38, 57, and 77 at. % at 1 VSHE in 5 M HCl. Ti formed the majority of the passive film for 411 

each alloy. Both the Ti surface cation fraction and the overall corrosion resistance increased with bulk Ti 412 

fraction, however the lack of evaluation below 38 at. % makes comparison of critical Ti thresholds 413 

between the LC-CCA and Fe-Ti systems impractical.  414 

The higher local surface enrichment ratio of Ti compared to Al and Cr could possibly be 415 

rationalized by the favorable free energy of formation of TiO2 (-959.1 kJ/mol [91]) relative to Al2O3 (-416 

1690.7 kJ/mol [91]) and Cr2O3 (-1050.0 kJ/mol [92]) on a per cation basis, which may be relevant in the 417 

comparatively oxygen rich environment near the surface (Figure 10 b), despite not being preferred on a 418 

molecular level. Cr2O3 and Al2O3 exhibit solid solution solubility [44] in each other. In contrast, the solid 419 

solution solubility of both Al2O3 [95] and Cr2O3 [96] is limited with TiO2, which does not possess the 420 

corundum crystal structure. Furthermore, both Ti2CrO5 and TiAl2O5 have similar enthalpies of formation 421 

(within 0.3 eV/atom) as disordered solid solution oxides of the same respective compositions, as 422 

illustrated by the convex-hull diagrams in Figure 11 [97]. This potentially leaves open the possibility of 423 

stability of these complex oxides, however, convex-hull plots do not account for entropic contributions 424 

that may further stabilize solid solution oxides and decrease the likelihood of complex oxide ordering. XPS 425 

data analysis suggested the presence of stoichiometric Al and Ti oxides, although the limited availability 426 

of reference spectra such as core level binding energies for complex Ti oxides limits any possibility of 427 

phase identification via XPS. Fe was depleted in the evaluated passive films. Fe2O3 has been suggested to 428 

be miscible with Cr2O3 and FeCr2O4 has been suggested to be stable in some CCA passive films [11]. 429 

However, the strong depletion of Fe in the LC-CCA passive film grown within the passive region (Table VI) 430 
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limits the possibility of significant stoichiometric FeCr2O4 presence despite the high thermodynamic 431 

stability (-1339.40 kJ/mol [92]) as there is insufficient Fe(II) in the oxide to accommodate the Cr(III) an 432 

observation confirmed by the XPS spectral data analysis (Figure 9).  433 

Although computational methods such as CALPHAD have demonstrated the ability to account for 434 

both solid solution solubility and structure in a Ni-Cr-Fe-Mn-Co CCA oxide passive films [11], such work 435 

has not been extended to explore Al-Cr-Ti mixing. Given that Al and Cr were not suggested to form 436 

separate oxide layers from Ti by depth profiling results, it is likely that the enthalpy of mixing contribution 437 

for the respective oxides did not initiate a significant barrier to miscibility. It could be speculated that a 438 

combination of cations within the passive film may allow enhanced corrosion resistance relative to any 439 

individual element oxide and yielded strong corrosion resistance given lower alloyed Al and Cr 440 

concentrations than the traditional 12-13 at. % threshold seen in Fe-Cr based alloys [98] and the 15 at. % 441 

concentration necessary for formation of a stable passive film on Fe-Al alloys binary alloys in H2SO4 442 

electrolyte [87]. The suggested layering indicates that complete miscibility between the three elements 443 

was not observed, and thus, further investigation regarding the morphological and structural nature of 444 

the oxide is required. 445 

 E-pH diagrams for the pure metals and oxides of constituent elements are often uses as guidelines 446 

for oxide stability. However, the viability of such predictions is limited as such diagrams do not account 447 

for interactions between multiple cations that were suggested by the sputter depth profiling (Figure 10 b) 448 

nor interfacial energies present between phases separated oxides. Furthermore, two elements may form 449 

a long-ranged ordered oxide such as a spinel that has stability aided by ordering contributions to the 450 

enthalpy of formation. In addition to the complex Al, Cr, and Ti containing oxides that are suggested to 451 

potentially be stable by Figure 11, Fe-Cr and Ni-Cr spinel species have also been experimentally verified 452 

to form during passivation of similar CCAs [13, 76]. Such interactions may account for deviations from 453 
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behavior that would otherwise be observed for pure metals, for example those illustrated by the 454 

CALPHAD-guided E-pH diagrams produced for the Ni38Fe20Cr22Mn10Co10 [11].  455 

Kinetic Factors Influencing Passivation  456 

Passive film enrichment or selective depletion has been independently suggested to be predicted 457 

from the ratio of solute element dissolution rates compare to the solvent elements by Kirchheim et al. 458 

[19] and directly measured elemental dissolution rates in an alloy via AESEC by Ogle et al. [77]. The 459 

experimentally observed surface cation fractions are compared to values predicted from pure element 460 

current densities at -0.25 VSCE and equivalent dissolution rates normalized by the valence of the most likely 461 

dissolved species with methods modified from Kirchheim et al. [19] (Table VI). For instance, iPass is lower 462 

for Ti than Al. Thus, Al can be expected to dissolve at higher rates in the passive region leaving Ti to be 463 

enriched in the passive film. A more detailed methodology may be found in the supplementary 464 

information section. 465 

 In both cases, the dissolution rates are normalized to that of a dominant element (Fe in the case 466 

of the LC-CCA) with decreased dissolution rates relative to the matrix assumed to correspond to 467 

passivating species remaining in the passive film while Fe is assumed to completely dissolve. Therefore, 468 

the low dissolution and release rates of solubilized Al, Cr, and Ti observed via AESEC are consistent with 469 

the enrichment in the passive film suggested by iPass of each element and observed via XPS (Table VI), likely 470 

indicating a role in the oxides identities seen. The passive film composition calculated during 471 

potentiostatic oxide growth in the passive range, which show progressive Al, Cr, and Ti enrichment with 472 

increasing time (Figure S.7), and calculation methodology are further elaborated within the 473 

supplementary information section. However, quantitative analysis is limited by dissolution rates of Al, 474 

Cr, Mo, and Ti at or below the respective AESEC detection limits during passive dissolution, particularly 475 

during exposure to potentials within the passive region. Calculation from dissolution rates (Table VI) 476 
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correctly predicted the Cr and Ti enrichment. Ni dissolved at low rates in the pure metal state and was 477 

thus predicted to be enriched in the passive film. However, metallic Ni XPS signal was only slightly enriched 478 

near the metal-oxide interface and there was little Ni oxide signal throughout the whole film, suggesting 479 

little contribution to passivation (Figure 10). Excess Al is predicted at the surface when calculating from 480 

elemental dissolution rates using AESEC (Figure S.7). Such dissolution rates are affected by the presence 481 

Cr and/or Ti cations in the passive film, which may promote the stability of Al cations. However, the high 482 

passive current density of pure Al as a single element (Figure 5) without such interactions leads to 483 

prediction of depletion via Kirchheim’s method (Table VI). 484 

Passive Film Protectiveness 485 

A multi-cation film may be a result of thermodynamic stability but this is not necessarily the same 486 

attribute or feature that controls passivation kinetics nor protectiveness against breakdown in Cl-
 487 

containing environments. Passivation kinetics are regulated by either surface of the ionic crystal or other 488 

defect properties including formation energy and mobility [42, 99]. Cation miscibility within the passive 489 

film, particularly when the dopant cation has a lower valence state, has been shown to decrease the 490 

oxygen anion vacancy formation energy in both Al-doped TiO2 [100] and Ni-doped Cr2O3 [101]. Lower 491 

oxygen anion vacancy formation energies would promote an increased oxygen vacancy concentration. 492 

This brings about a corresponding increase in electron charge carriers to maintain charge neutrality. 493 

Relative to the oxide films of 316L, Ni-10Cr, and Ni-20Cr that are dominated by undoped Cr, this could 494 

create a more reactive oxide from a kinetic standpoint. An increased oxygen vacancy concentration may 495 

increase the governing film formation reaction rates for films formed involving oxygen vacancy diffusion 496 

[102], and may therefore justify the higher ipass values observed during polarization of the LC-CCA in NaCl 497 

(Figure 6). Alternatively, the increased ipass may arise from the Al cation fraction, as Al2O3 dominated 498 

passive films are generally more porous than those dominated by Cr2O3 [9, 37]. ipass of the LC-CCA was of 499 

similar magnitude to pure Al, while the Cr and/or Ni dominated passive films present in the Ni-Cr binaries 500 
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and 316L had lower ipass values (Figures 5, 6). This effect was not observed during polarization in H2SO4 501 

(Figure 2), potentially due to the acidic environment reducing the presence of Al in the LC-CCA passive 502 

film by dissolving it rapidly to form Al3+. Effects of vacancy formation that may increase iPass are not 503 

suggested to play a negative role in the breakdown process given the increased pitting potential of the 504 

LC-CCA relative to the Ni-Cr binaries. It is often believed that these defects do not regulate pit initiation, 505 

however, the formation of cation vacancy clusters may [103]. Other favorable attributes which enhance 506 

corrosion protection such as Cl- adsorption, incorporation, or morphological roughening are unknown. 507 

Enriched Elements and Film Electrochemistry at Extended Times 508 

 Extended oxide aging, either through exposure to open circuit potential or a fixed applied 509 

potential has the ability to alter the chemistry, structure and defective nature of the passive film and, by 510 

extension, the protectiveness or resistance to corrosion. Conventional wisdom generally suggests 511 

thermodynamic stable oxides with high driving forces may prevail at long times [104]. Complete reliance 512 

on accelerated corrosion testing such as potentiodynamic polarization and/or characterization of air-513 

formed oxide chemistry limits the assessment of performance during extended aqueous exposure. 514 

Of the LC-CCA three passive films evaluated, the film grown at -0.25 VSCE had the highest RP, 515 

suggesting the best resistance to corrosion in the unadjusted 0.01 M NaCl (Table III). The improved 516 

resistance to corrosion may be aided by the high levels of Ti within the passive film and corresponding 517 

high thermodynamic stability. Exposure to a potential within the passive range provides driving force for 518 

enrichment in thermodynamically favorable passive films. This phenomenon has been illustrated by Wang 519 

et al. [105] in CoCrFeMnNi. Application of a potential in the passive range led to the formation of a passive 520 

film more enriched in Cr, the cation that was most thermodynamically favorable, oxide relative to air-521 

formed and OCP exposed passive films. Similar trends were observed with the increasing 522 

thermodynamically favorable Ti enrichment at the surface of the LC-CCA film grown in the passive range.  523 
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The air-formed film exposed to OCP for 40 ks had a RP similar to that of the air-formed oxide. This 524 

oxide was alternatively enriched in Cr by exposure ageing, with Ti concentration being maintained at 525 

similar levels to the air-formed oxide. This may suggest Ti enrichment in the film was most critical in 526 

improving RP, either through independent additive contributions or synergistic attributes with Al or Cr. Mo 527 

was enriched in the film exposed to OCP (Table VI) and outer layer of the film formed during exposure to 528 

the passive range (Figure 10). This enrichment, in conjunction with increasing Mo dissolution rates in the 529 

active region during polarization (Figure 7), may suggest that Mo plays a role in the repassivation process 530 

similar to the Ni-Cr-Mo system [106]. However, the effects of Mo on the proposed Al-Cr-Ti synergy remain 531 

unexplored.  532 

Conclusions 533 

 A low-cost dual-phase CCA with corrosion resistance dependent on simultaneous Al, Cr, and Ti 534 

passivation below any binary alloy threshold was synthesized and evaluated utilizing a combination of 535 

electrochemical and surface characterization techniques. The following conclusions were observed and 536 

may be implemented for future Al and Ti containing CCA reiterations: 537 

•  Corrosion resistance was similar to that of 316L as indicated by a slightly improved pitting 538 

potential and similar passive current densities in a dilute NaCl solution. The use of Al and Ti at low 539 

concentrations (5-10 at. %) is validated in corrosion resistant CCA design to reduce density and 540 

ensure corrosion resistance below critical Cr concentration thresholds seen in Fe-Cr based alloys. 541 

•  The passive films were found to be enriched in Ti, Cr, and often Al. Significant Ti enrichment not 542 

seen in the air-formed oxide was observed in the passive film grown during extended exposure to 543 

a potential in the passive region. Ti was suggested to be miscible with Cr and Al from both sputter 544 

depth profiling and from thermodynamic calculations, forming solid solution oxides. Miscibility 545 
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with Ti and/or other cations may have improved the stability of Al in the passive film at potentials 546 

beyond the stability region of oxide formed on pure Al. 547 

•  The corrosion resistance was superior to single-phase FCC alloys with similar concentrations of 548 

passivating elements. Non-stochiometric dissolution and passivation were observed suggesting 549 

neither phase was vulnerable to preferential dissolution despite pitting being observed at the 550 

phase interface.  551 
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Figure and Table Captions 

Table I: LC-CCA, Ni-Cr, and 316L nominal compositions in atomic percent. 316L compositions are defined 

as the median of the commercial supplier composition range 

Figure 1: a) BSE micrograph of LC-CCA microstructure and b) EDS mapping of LC-CCA second-phase 

region. Figure 1 b was reproduced from [61] 

Figure 2: Potentiodynamic polarization of LC-CCA, Ni-Cr binaries, and 316L in N2(g) bubbled 0.1 M H2SO4 

following cathodic reduction pre-treatment (600 s, -1.3 VSCE) 

Figure 3: a) Potentiodynamic polarization and b) in-situ imaginary impedance (1 Hz) measurement of LC-

CCA in N2(g) bubbled NaCl solutions of varying concentration at a neutral pH (5.5-6) following cathodic 

reduction pre-treatment (600 s, -1.3 VSCE) 

Figure 4: Upward (solid) and reverse (dashed) potentiodynamic polarization of LC-CCA in N2(g) bubbled 

0.1 M H2SO4 with varying concentrations of NaCl following cathodic reduction pre-treatment (600 s, -1.3 

VSCE) 

Figure 5: a) Potentiodynamic polarization and b) in-situ imaginary impedance (1 Hz) of LC-CCA and pure 

constituent passivating elements in N2(g) bubbled 0.01 M NaCl (pH ~5.75) following cathodic reduction 

pre-treatment at a potential dependent on the constituent element standard half-cell potential 

Figure 6: a) Potentiodynamic polarization and b) in-situ imaginary impedance (1 Hz) of LC-CCA, Ni-Cr 

binaries, and 316L in N2(g) bubbled 0.01 M NaCl (pH ~5.75) following cathodic reduction pre-treatment 

(600 s, -1.3 VSCE) 

Table II: Selected corrosion parameters from potentiodynamic polarization shown in Figure 5 a. Each 

term includes the average value with a one standard deviation bound 



Figure 7: Equivalent current densities of in-situ elemental dissolution rates monitored via AESEC during 

upward polarization of the LC-CCA in 0.1 M NaCl a) pH 4 and b) pH 10. Equivalent current densities are 

determined from the elemental flow rates with equation S.2 

Figure 8: a) Bode and b) Nyquist plots of the EIS spectra for the passive films grown during air-exposure, 

extended OCP exposure, and extended potentiatic exposure (-0.25 VSCE) following cathodic reduction 

pre-treatment (600 s, -1.3 VSCE). Additionally, c) Bode and d) Nyquist plots compare EIS spectra of the LC-

CCA film formed during extended potentiatiostatic exposure with films grown on Ni-Cr binaries and 

316L. All films were characterized in N2(g) bubbled 0.01 M NaCl (pH~5.75) and e) ECM diagram 

Table III: EIS circuit fit parameters for the spectra indicated in Figure 7. CPE components include an 

admittance (Y) and CPE coefficient (α). The Warburg component (W) consists of an admittance (Y) term 

and a finite length bound coefficient (B) 

Figure 9: XPS spectra and fits for key passivating elements in films grown on the LC-CCA during air-

exposure, extended OCP exposure (N2(g) bubbled 0.01 M NaCl), and extended potentiatic exposure (N2(g) 

bubbled 0.01 M NaCl, -0.25 VSCE, cathodic reduction pre-treatment) 

Table IV: Surface cation fractions obtained from XPS fits indicated in Figure 7 

Table V: Mass loss rates for the LC-CCA and 316 L compared with previously obtained data in 0.1 M NaCl 

(pH~5.75) [61] 

Figure 10: XPS sputter depth profiles showing cumulative intensities of peaks fit to a) metallic features 

and b) oxidized features for each element 

Table VI: XPS enrichment factors calculated with a modified model from Kirchheim et al. (equations S.5-

S.6) compared with enrichment factors calculated via experimental XPS surface cation fractions 

(equation S.7) 



Figure 11: Convex-Hull diagrams for the a) Cr-Ti-O and b) Al-Ti-O systems indicating the formation 

enthalpy of potentially compounds obtained via Materials Project [82]. 
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Figure 5
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Figure 7: AESEC LSV
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Figure 8
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Figure 10
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Figure 11
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Tables 

Table I 

Alloy Al Cr Fe Mn Mo Ni Ti 

LC-CCA 6.0% 10.0% 40.0% 5.0% 3.0% 30.0% 6.0% 

Ni-Cr10 0.0% 10.0% 0.0% 0.0% 0.0% 90.0% 0.0% 

Ni-Cr20 0.0% 20.0% 0.0% 0.0% 0.0% 80.0% 0.0% 

316L 0.0% 18.3% 65.7% 2.1% 1.5% 11.4% 0.0% 

 

Table II 

Alloy EPit (VSCE) ECorr (VSCE) ERep (VSCE) iPass (μA.cm-2) 

LC-CCA 0.574 ± 0.106 -0.768 ± 0.015 0.206 ± 0.107 3.44 ± 0.48 

316L 0.407 ± 0.080 -0.461 ± 0.009 -0.003 ± 0.019 1.35 ± 0.31 

Ni-10Cr 0.383 ± 0.219 -0.905 ± 0.005 -0.139 ± 0.033 1.36 ± 0.22 

Ni-20Cr 0.291 ± 0.111  -0.921 ± 0.012 -0.118 ± 0.015 1.28 ± 0.17 

 

Table III 

Condition Rf 

(MΩ. 

cm2) 

Rf/e 

(Ω.cm2) 

Rs 

(Ω.cm2) 

αf αf/e Yf 

(μS.sα. 

cm-2) 

Yf/e 

(μS.sα. 

cm-2) 

YW 

(μS.sα. 

cm-2) 

BW 

(s0.5) 

Electrochemical Growth (-0.25 

VSCE, 40 ks) 264 0.18 277.2 0.862 0.752 117.0 37.0 42.6 38.8 



OCP Exposure (40 ks) 161 66.09 353.4 0.836 0.753 67.1 30.7 325.5 37.2 

Air-formed 

139 8.35 77.1 0.810 0.754 66.6 30.7 304.6 39.6 

Ni-10Cr (-0.25 VSCE, 40 ks) 

237 0.00 494.0 0.889 0.734 22.9 44.4 21.4 37.1 

Ni-20Cr (-0.25 VSCE, 40 ks) 

362 3.84 512.6 0.835 0.670 25.4 44.2 71.4 31.4 

316L (-0.25 VSCE, 40 ks) 

80 0.00 511.8 0.806 0.775 42.9 56.2 153.4 22.5 

 

Table IV 

Condition Rf  

(MΩ. 

cm2) 

Rf/e 

(Ω.cm2) 

Rs 

(Ω.cm2) 

αf αf/e Yf 

(μS.sα. 

cm-2) 

Yf/e 

(μS.sα. 

cm-2) 

YW 

(μS.sα. 

cm-2) 

BW 

(s0.5) 

Electrochemical Growth (-0.25 

VSCE, 40 ks) 264 0.18 277.2 0.862 0.752 117.0 37.0 42.6 38.8 

OCP Exposure (40 ks) 161 66.09 353.4 0.836 0.753 67.1 30.7 325.5 37.2 

Air-formed 

139 8.35 77.1 0.810 0.754 66.6 30.7 304.6 39.6 

Ni-10Cr (-0.25 VSCE, 40 ks) 

237 0.00 494.0 0.889 0.734 22.9 44.4 21.4 37.1 

Ni-20Cr (-0.25 VSCE, 40 ks) 

362 3.84 512.6 0.835 0.670 25.4 44.2 71.4 31.4 

316L (-0.25 VSCE, 40 ks) 

80 0.00 511.8 0.806 0.775 42.9 56.2 153.4 22.5 

 



Table V 

Alloy LC-CCA 316L 

ASTM G-48-A (mg.cm-2.y-1) 9790 3900 

0.1 M NaCl pH 4 (mg.cm-2.y-1) 5.894 0.833 

0.1 M NaCl pH ~5.75 (mg.cm-2.y-1) [61] Trace Trace 

 

Table VI 

Growth Condition Al Cr Fe Mn Mo Ni Ti 

X’’S: Kirhkheim Model (-0.25 VSCE dissolution rates) 0.008 2.367 0.003 0.001 1.046 1.381 5.262 

Electrochemical Growth (-0.25 VSCE, 40 ks) 2.75 1.43 0.23 0.02 0.77 0.08 9.23 

OCP Exposure (40 ks) 0.60 4.61 0.10 0.06 5.03 0.30 3.61 

Air-formed 1.95 2.65 0.72 0.30 2.77 0.09 3.38 

 


