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Abstract 

Five Al0.3Cr0.5Fe2Mn0.25Mo0.15Ni1.5Tix compositionally concentrated alloys were synthesized, 

forming alloys with an FCC matrix. At Ti concentrations of 5 at. % and above, an L21 phase enriched in Al, 

Ti and Ni was present within the FCC matrix. At Ti concentrations of 9.6 at. % Ti and above, a three-phase 

microstructure containing FCC+L21+Laves phases was formed, with the Laves third phases enriched in Cr 

and Mo. Ti(IV) was a prominent constituent in the passive film. Resistance to localized corrosion improved 

with Ti concentration before reaching an optimal concentration and beginning to decrease, likely due to 

the formation of new phases.  
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1.0 Introduction 

 Ti is a frequent addition to both refractory [1-6] and transition-metal [5-9] based compositionally 

concentrated alloys (CCAs) providing a wide range of properties including mechanical strength [2, 9-11], 

low densities [4, 6, 8, 12-15], high-temperature oxidation resistance [7, 16, 17], and aqueous corrosion 

resistance [2-4, 18].  

Strong aqueous corrosion resistance has long been observed for both pure Ti and Ti-based alloys 

[19-21]. Alloys such as Ti-6Al-4V have shown viability for corrosion resistance in both biological [22-24] 

and marine [25, 26] environments. The beneficial attributes of Ti to corrosion resistance are attributable 

to the thermodynamic stability of TiO2 across a broad range of environments [27, 28]. The oxide is 

commonly suggested to be amorphous [29, 30], but rutile structures are frequently observed following 

rapid anodic growth [31, 32] or exposure to increased temperature [27, 33]. Limited presence of hydrogen 

or hydroxide ions has also been suggested within TiO2 films, potentially promoting layering behavior [27].   

Similar to the case of Ti-dominated alloys, the formation of stable TiO2 may improve the passivity 

of alloys for which Ti is a constituent element. For example, the addition of Ti to Fe-Ti binary alloys has 

been shown to enable the formation of a stable TiO2 passive film in hydrochloric acid, enabling passivity 

and improving corrosion resistance [34], however, evaluated compostions were limited to Ti 

cocencentrations at or above 38 at. %. Therefore, a critical Ti concentration for passivity was not 

uncovered and further work may be necessary to evaluate the effect of Ti addition at low concentrations. 

Additionally, the effects of Ti on passivity may be enhanced by co-presence with other constituent alloying 

elements. 

Ti may act as a co-constituent passivator with other passivating elements such as Cr [35]. Like Cr, 

Ti has been suggested to improve the stability and increase the passive window width of Fe and Al-

containing passive films [36, 37], possibly due to the ranges of stable pH for TiO2 stability being  
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considerably  larger than those of the oxides for Fe, Al, or even Cr [28]. However, unlike the case of the 

Cr2O3-Al2O3 system, complete solid solution miscibility is not present between TiO2 and Cr2O3 or Al2O3 [38, 

39], possibly due to insolubility driven by differences in crystal structure. In addition to phase separated 

oxides, stochiometric line compounds such as TiAl2O5 [38], TiCr2O5, and several other Ti-Cr-O compounds 

[39] may form on the basis of formation energy [40]; however, there is little experimental evidence 

indicating Ti-containing complex oxides. The presence of stochiometric line compounds has been 

theorized to potentially improve passive film stability by improving the potentials and/or pH ranges where 

otherwise unstable constituent species may be stable [40, 41]. However, there is little definitive evidence 

as to whether stochiometric line compounds improve corrosion resistance relative to solid solution 

oxides.  Significant overlap in the of cation concentrations-depth profiles in Al-Cr-Ti-V [42], Fe-Cr-Al-Ti 

[43], and Al-Cr-Fe-Mn-Mo-Ni-Ti [35] passive films suggests that Ti may mix with Al and Cr. However, 

further work is necessary to evaluate the precise structural, morphological, and chemical nature of such 

a passive film. Surface and depth profiling with X-ray photoelectron spectroscopy further suggests 

potential Ti coexistence with Al and/or Cr in additional systems, although enriched levels may vary with 

depth [4, 8, 43]. 

The presence of Ti in CCAs, and therefore their passive films, is often suggested to affect corrosion 

resistance across both single-phase and multi-phase systems [11, 18, 44, 45]. Doping of Ti oxide films has 

been shown to play a strong effect on oxygen evolution kinetics and corrosion resistance [46], potentially 

by altering local Ti valence states [47], highlighting the importance of cation miscibility even at small 

concentrations. Furthermore, the concentration of oxygen vacancies has been tied to the presence, 

concentration, and/or valence of Ti in the passive film [48-51]. Given the frequent role of oxygen vacancies 

as charge carriers through the passive film, increasing vacancy concentration can affect passivation and 

dissolution kinetics [52].  Ti can also improve corrosion resistance as a major constituent in the passive 

film. For example, when added at a concentration of 30 at. % to equimolar CoCrFeNi, the corrosion 
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resistance was suggested to improve, most notably in terms of a broader passive range leading to 

improved pitting resistance in chloride solutions despite the initiation of a Ti-enriched second phase [53].  

 In some cases, the formation of a new phase outweighs the benefits of Ti additions on corrosion 

resistance relative to a Ti-free single-phase solid solution CCA. Notably, the addition of Ti promotes phase 

segregation and decreases overall corrosion resistance . For instance, when Ti is added to the AlCoCuFeNi 

BCC/B2 crystal structure forms additional FCC and Laves phases with the addition of 16.7 at. % Ti [54]. 

Similarly, Al0.3CrFe1.5MnNi0.5 is a solid solution with a BCC crystal structure but additional FCC, Cr9Al17, and 

CrNiFe phases form with the addition of 18.5 at. % Ti [55]. Ti has been further suggested to promote the 

formation of additional phases of BCC and/or Laves structure across the Al2CrFeNiCoCuTix [56] and 

AlCoCrFeNiTix [57] systems that are locally depleted passivating elements, although an overview of the 

effects on corrosion resistance was not provided.   

 While multi-phase alloys frequently have decreased corrosion resistance relative to their single-

phase counterparts, the structure and composition of the second phase can influence the magnitude of 

such effects. Dual-phase CCAs with an FCC matrix containing Ti, Al, and Ni can form an ordered phase such 

as Huesler (L21) [58, 59], whereas Ti-free dual-phase CCAs with Al often have comparatively less ordered 

Al-Ni enriched B2 or BCC phases [60-65].  Joseph et al. observed increasing volume fractions of the ordered 

L12 phase in an FCC matrix with increasing Ti/Al ratios in the Ni51Co18Fe5Cr10Al16-XTiX system [66]. Despite 

frequent adverse corrosion resistance of dual-phase microstructure CCAs [18], corrosion resistance 

comparable to 316L stainless steel has been observed in FCC CCAs with a Ti-enriched L21 second phase 

[35]. Local characterization of passive film chemistry has shown that the passive film contains multiple 

phases with the composition and size scale informed by the bulk microstructure. The corrosion behavior 

of multi-phase CCAs is informed by the passivity and corrosion behavior of each individual constituent 

phase [67]. Thus, it is necessary to ensure both phases contain adequate concentrations of at least at least 

one stable passivating element (i.e., Cr remains enriched in the FCC matrix and Ti is enriched in the L21 
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second phase). In summary, the likelihood of second-phases limitations adds further complexity to the 

effects of Ti on corrosion behavior.  

Xiao et al. [54] compared AlCoCuFeNi and AlCrCoCuFeNi CCAs with and without equimolar Ti 

additions. For both alloy systems, the only second phase present in the Ti-free CCAs was disordered BCC. 

Ti additions to both alloys introduced a Laves phase as well as stabilized an ordered B2 phase. The Ti-

containing alloys were suggested to have inferior corrosion resistance in chloride solution on the basis of 

corrosion potential, corrosion current density, and polarization resistance relative to the Ti-free alloys of 

otherwise equal composition. However, the effect of Ti on passivity and film breakdown in each phase 

were not explored, and thus possible passivity benefits of Ti were not addressed. Qi et al. [9] observed 

improved passive and corrosion current densities with the addition of Al and Ti to CoCrFeNi, but the pitting 

potential decreased due to the stabilization of the B2 phase and L12 nanoprecipitates within the FCC 

matrix. Significant Al, Cr, and Ti presence was shown in the passive film, suggesting Ti plays an active role 

in improving passivity and is likely enriched relative to bulk composition.  However, precise surface cation 

fractions were not provided. Although the microstructural refinement affected corrosion behavior, it is 

unclear to what degree Ti is responsible for the changes given the parallel addition of Al. 

Ti clearly can have a key role in the passivity and corrosion resistance of CCAs. However, the 

prominent effects on microstructure, most frequently through the stabilization of often undesirable 

phases, in many of the examples above have  undesirable effects on overall corrosion resistance. Despite 

the ability of Ti to form a stable passive film over a single phase, it could possibly decrease corrosion 

resistance relative to a single-phase solid solution with lower concentrations of or no Ti, particularly if a 

phase depleted in passivating elements is formed. While such effects of Ti are well-studied, studies 

evaluating the behavior of alloys with a systematic range of Ti concentrations across both single-phase 

and multi-phase regions are comparatively less frequent, and often evaluated on coatings as opposed to 

bulk samples [56, 59]. This highlights a need to further evaluate the effect of minor Ti additions in across 
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a wide range of compositions, particularly the possibility of forming a TiO2-containing passive film while 

avoiding the formation of detrimental phases depleted in passivating elements. Moreover, it is of interest 

to learn whether low Ti content can form a protective passive film aided by a second alloying element.   

Such findings would provide a basis to optimize Ti concentration for a given CCA system.  

This study explores the effects of Ti concentration on a series of Al0.3Cr0.5Fe2Mn0.25Mo0.15Ni1.5Tix 

CCAs with Ti concentrations between 0.0 and 13.0 at. % Ti with the goal of providing insight on Ti 

optimization for corrosion resistance. The phases present, second phase morphology, and composition of 

each phase were characterized with combinations of X-ray diffraction (XRD), scanning electron 

microscopy (SEM), and energy dispersive spectroscopy (EDS). Special attention was dedicated into 

checking  whether any phases were depleted in passivating elements. The corrosion behavior was then 

evaluated with combinations of potentiodynamic polarization and electrochemical impedance 

spectroscopy (EIS), while trends in the presence and composition of Ti in the passive film were evaluated 

with X-ray photoelectron spectroscopy (XPS). The findings were used to uncover the molecular identity of 

the passive degree of enrichment of Ti(IV) in the passive films, the nature of multi-cation oxide formation, 

and to inform compositional optimization of Ti in the Al0.3Cr0.5Fe2Mn0.25Mo0.15Ni1.5Tix alloy family.   

2.0 Experimental Methods 

2.1 Alloy Synthesis and Microstructural Characterization 

 Five CCAs in the Al0.3Cr0.5Fe2Mn0.25Mo0.15Ni1.5Tix (x = 0, 0.15, 0.3, 0.5, 0.7) system with compositions 

listed in Table I were synthesized from high-purity elements (Cr > 99.2%, all other metals > 99.9%) and arc 

melted into button samples 1 cm in diameter. Samples were flipped and remelted five times to ensure 

homogeneity before encapsulation in quartz tubing under Ar. A 6-hour homogenization heat treatment 

at 1070 ˚C was applied, followed by quenching in water. Proposed compositions were first modeled with 

an isopleth diagram developed with CALPHAD techniques using ThermoCalc software operating with the 
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TCHEA3 database. Compositions and heat treatments were selected with the goal of reducing cost and 

density, ensuring an adequate concentration of passivating elements, and targeting a second-phase 

reinforced FCC microstructure using methods described elsewhere [68]. The compositions of Mn [69] and 

Mo [70] were guided by previous work in alloying systems varying the concentrations of each respective 

elements. Accuracy of targeted compositions within 0.5 at. % for each element were verified by EDS 

mapping of selected alloys following homogenization described further below.  

 Following homogenization, sample surfaces were mechanically ground through 1200 grit paper, 

and further polished through 1 μm diamond suspension in the case of microstructural and surface 

analysis.  Microstructures were identified via XRD with an PANalytical Empyrean DiffractometerTM 

operating with Cu Kα X-rays (1468.7 eV) and a scan rate of 0.15 ˚/s. Additionally, microstructures were 

imaged with a FEI Quanta 650TM scanning electron microscope operating in back scattered electron (BSE) 

mode at an accelerating voltage of 15 keV, a probe size of approximately 5 nm, and a working distance of 

approximately 10 mm. Partitioning of elements across phases was characterized with EDS point scans and 

analyzed with Oxford Instruments AztecTM software. 

2.2 Electrochemical Characterization 

 A conventional three-electrode cell regulated by a Gamry Instrument Reference 600+™ 

potentiostat was used for electrochemical characterization of the corrosion behavior. The CCA samples 

deployed as the working electrode had an exposure area1 of 0.784 cm2 defined by a rubber O-ring. A  

platinum mesh counter electrode and a saturated calomel reference electrode (SCE, 0.241 V vs. SHE) were 

utilized. 0.01 M NaCl with a natural pH of approximately 5.75 was used as the electrolyte for all 

experiments to examine the passive region. Select experiments were performed in 0.001, 0.1, and 1 M 

                                                            
1 For tests requiring ex-situ characterization that prohibited the use of epoxy mounting (polarization with 
subsequent pit imaging, potentiostatic oxide growth with subsequent XPS characterization), a smaller exposure 
area of 0.1 cm2 was used. The change is accounted for with area-normalized current and impedance parameters.  
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NaCl with a natural pH ranging between 5.5 and 6. N2(g) was continually bubbled during the experiments 

to minimize the effects of dissolved oxygen. All electrochemical experiments were repeated in triplicte. 

Each synthesized CCA was compared to commercially produced (North American Steel) 316L to ensure 

reproducibility.  

First, potentiodynamic polarization was used to characterize the formation and breakdown 

behavior of the passive film. To minimize the effects of the air-formed oxide, a cathodic potential of -1.3 

VSCE was applied for 600 s. The potential was then swept from -1.3 to 0.8 VSCE at a rate of 0.5 mV/s before 

a reverse scan from 0.8 to -1.3 VSCE. Additionally, the impedance of the film, specifically the imaginary 

component, was monitored in-situ during the polarization by applying three AC cycles at every 5 mV 

increase in applied potential. These were conducted at a frequency of 1 Hz and an amplitude of 20 mVRMS. 

While trends in passive film thickness were tracked using previously described relationships [71-73], The 

absolute thickness was not calculated due to uncertainty over oxide identity and dielectric constant. The 

potential range was selected to ensure a sufficient driving force for the reduction of Cr-dominated air-

formed oxide2 (predicted to reduce at potentials more negative than -1.30 VSCE in pH ~5.75 by E-pH 

diagrams [28]) as well as to ensure sufficient driving force for the subsequent  formation of Al2O3, TiO2, 

and Cr2O3 (which are suggested by E-pH diagrams to form at potentials more positive than -2.14, -1.87, 

and -1.30 VSCE, respectively, on their respective pure metals in pH ~5.75 conditions [28]). An additional 

trial was repeated and terminated upon the anodic current density exceeding 10-5 A/cm2 and then imaged 

via SEM to identify pit initiation sites and morphology.  

                                                            
2 While more negative potentials are necessary to reduce Al2O3 or TiO2 on pure Al or Ti, respectively, previous work 
in the alloy system has shown a -1.3 VSCE potential to be sufficient to reduce the air-formed oxide [35]. More 
negative potentials are not used to avoid excessive cathodic reaction rates beyond those necessary to reduce the 
air-formed oxide. The lack of an air-formed oxide is verified for the evaluated alloy series via in-situ impedance 
measurements described above.  
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For potentiodynamic polarization of the Ti-6.0 alloy, elemental dissolution rates were tracked in-

situ via Inductively Coupled Plasma Atomic Emission Spectroelectrochemistry (AESEC). A Horiba Jobin 

Yvon Ultima system described elsewhere [74] was utilized with a 0.5 m polychromator. Mo signal was 

obtained with a monochromator with a focal length of 1.0 m to improve resolution. To increase dissolution 

rates above the elemental detection limits, a more aggressive 0.1 M NaCl solution adjusted to a pH of 4 

with concentrated HCl was used. Additionally, the N2(g) bubbling and cathodic pre-treatments were 

bypassed. Elemental intensities at characteristic wavelengths (IM) were converted dissolution rates (νM) 

with f and A referring to the flow rate and area, respectively. Equivalent dissolution rates were then 

converted to equivalent current densities (jM) via Faraday’s law with zM, F, and MM referring to the 

elemental charge, Faraday’s constant, and the molar mass, respectively. To differentiate elemental 

dissolution rates without the effects of the composition of each element (XM), equivalent current densities 

were normalized (j’M) relative to Fe, the primary constituent element of Ti-6.0. A more thorough 

discussion of the calculation methodology is provided elsewhere [74].   

𝜈𝑀 =
𝑓𝐼𝑀
𝐴

 (1) 

𝑗𝑀 =
𝑧𝑀𝐹𝜈𝑀
𝑀𝑀

 (2) 

𝑗′𝑀 =
𝑗𝑀𝑧𝐹𝑒𝑋𝐹𝑒
𝑧𝑀𝑋𝑀

 (3) 

The corrosion behavior of the CCAs with air-formed oxides was also evaluated. First, open circuit 

potential (OCP) of the air-formed oxide was monitored for 1800 s. The impedance was then characterized 

with EIS at a frequency range from 100 kHz to 1 mHz with 5 points measured per decade and an AC 

sinusoidal amplitude of 20 mVRMS. Following EIS, the alloy was polarized from -0.1 V relative to the 

established OCP to 0.8 VSCE at a 0.5 mV/s scan rate in the upward direction and then polarized from 0.8 to 

-1.3 VSCE with the reverse scan described above.  
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Finally, to characterize the composition and corrosion behavior of a stable passive film formed 

electrochemically, a third procedure was utilized. The CCA was first exposed to the -1.3 VSCE cathodic 

treatment described above for 600 s to reduce the effects of the air-formed oxide. A -0.25 VSCE 

potentiostaic hold, a potential determined to be within the passive range of all evaluated CCAs evaluated 

during initial polarization testing, was then applied for 40 ks, during which the current density and in-situ 

impedance (1 Hz, 20 mVRMS) were monitored. The oxide was then characterized with EIS at -0.25 VSCE, 

otherwise with the same parameters described above (100 kHz to 1 mHz, 20 mVRMS, 5 points/decade). 

Finally, OCP of the alloy was monitored for 30 minutes.3 

2.3 Chemical Analysis of Passive Film 

 Three CCAs with Ti concentrations of 0, 6.0, and 9.6 at. % and FCC, FCC + L21, and FCC + L21 + Laves 

microstructures, respectively, were selected to evaluate the effect of Ti content on passive film 

composition and chemistry. A passive film was grown at -0.25 VSCE for 40 ks and characterized with EIS 

using the procedure described above before transfer under N2(g) to a PHI VersaProbe IIITM XPS system. 

High-resolution spectra were collected over the C1s, O1s, Al 2p, Cr 2p3/2, Fe 2p1/2
4, Mn 2p1/2, Mo 3d, Ni 

2p3/2, and Ti 2p3/2 (when present) core series with Al Kα X-rays (1486.3eV), a 100 μm spot size, a 26 eV 

pass energy and a 0.05 eV step size. A Shirly background substitution was first used to remove background 

noise before fitting of features to asymmetric Doniach-Sunjic peaks for metallic or zero-valance solute 

trapped feature or symmetric Voight peaks for oxidized cations. Peaks were fit to reference spectra 

obtained elsewhere from combinations of binding energy, width, amplitude, and multiplet splitting [75-

78]. Following fitting of the high-resolution spectra, the intensities (IX) of all features attributable to 

oxidized features (non-zero valance) were summed. The intensities were then normalized to the relative 

                                                            
3 For XPS surface characterization, the final OCP step was bypassed to minimize exposure prior to surface 
characterization.  
4 Due to overlap with Ni auger peaks, traditionally utilized Fe 2p3/2 and Mn 2p3/2 core series were eschewed in 
favor of the 2p1/2 series. 
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sensitivity factors (RSF) obtained from PHI MulitipakTM software for each series and divided over the 

cumulative intensity for each element to obtain the surface cation fraction (XS) as shown below.  

𝑋𝐴
𝑆 =

𝐼𝐴
𝑅𝑆𝐹𝐴

Σ
IX

𝑅𝑆𝐹𝑋

 (4) 

3.0 Results 

3.1 CCA Microstructure 

 XRD patterns shown in Figure 1 indicate the presence of single phase over low Ti concentrations 

with second and third phase formation at higher Ti concentrations. All CCAs are suggested to contain the 

FCC phase. Beyond 6.0 at. % Ti, a second BCC-like phase that has been identified elsewhere as L21 is 

indexable [68]. Finally, at concentrations at 9.6 at. % Ti and above, a third phase is present. Although the 

exact structure cannot be indexed due to low intensity, the many peaks present suggest likely ordering 

and/or the presence of a non-cubic lattice. The isopleth diagram for the Al0.3Cr0.5Fe2Mn0.25Mo0.15Ni1.5Tix 

system shown in Figure 2 suggests the presence of a single-phase FCC microstructure while indicating the 

stability of C14 Laves beyond 8 at. % Ti, suggesting a likely Laves structure for the third phase found in Ti-

9.6 and Ti-13.0. The diagram further suggests increasing volume fractions of the L21 and Laves phases with 

increasing Ti concentrations. Table II highlights that while CALPHAD correctly predicts that single-phase 

microstructures do not occur at higher Ti concentrations, the Ti concentrations necessary to form 

additional phases are not predicted correctly. Notably, L21 presence is not predicted by the isopleth 

diagram at Ti concentrations below 12 at. % Ti, indicating possible metastable presence in Ti-6.0 and Ti-

9.6. Predictions for the presence of multi-phase microstructures are using previously established [13, 79, 

80] thermodynamics-based indicators are further evaluated in the supplementary information section. 

The presence of new phases with increasing Ti concentration is additionally confirmed by the BSE 

micrographs shown in Figure 3. For the 6.0 at. % Ti CCA, the alloy L21 second phase regions on the order 
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of single-μm with a low volume fraction. In the two high-Ti CCAs, larger regions of approximately 10 μm 

that alternate between single-μm L21 and Laves phase regions are present. 

 EDS mapping and point scans of selected CCAs shown in Figure 4 and Table III, respectively, reveal 

which elements are enriched in each phase. In Ti-6.0, the FCC matrix is enriched in Fe, Mn, Mo, and Cr 

relative to the bulk composition shown in Table I. The L21 phase is enriched in Al, Ni, and Ti. Furthermore, 

the area fractions obtained via ImageJ threshold analysis indicate the phase fraction of the FCC matrix is 

significantly higher than that of the L21 phase.  

Ti-13.0 has a three-phase microstructure with an additional Laves phase that is enriched in Cr, Fe, 

and Mo relative to the bulk composition. The FCC matrix is enriched in Fe, Cr, and Mn relative to bulk alloy 

composition, but unlike Ti-6.0, is not enriched in Mo. The L21 phase was enriched in Al, Ni, and Ti. Both 

the L21 second phase and Laves third phase have similar phase fractions, and are both present at higher 

fractions than the L21 phase of the lower Ti-concentration CCAs such as Ti-6.0. For both Ti-6.0 and Ti-13.0, 

every phase is enriched in at least one stable passivating element, either Cr or Ti, relative to the bulk alloy 

composition (Table I). Point scans of Ti-0 and global alloy compositions obtained from the mapping of Ti-

6.0 and Ti-9.6 suggest the true composition is within 0.5 at. % of the initial targeted compositions, 

suggesting that there was no significant material loss during arc-melting.  

3.2 Polarization of CCAs Following Cathodic Pre-treatment 

 Potentiodynamic polarization was used to characterize the electrochemical behavior and 

corrosion resistance of the CCAs. An E-log(i) plot obtained during polarization of the series of CCAs that 

were first cathodically pre-treated to evaluate film formation on a reduced or minimized oxide metal 

surface is shown in Figure 5. Additionally, in-situ single frequency impedance (-Z”) measurements in the 

oxide capacitance frequency range are also shown along with key parameters tabulated in Table IV and 

shown in Figure 6. Spontaneous passivity is shown for all evaluated CCAs in the dilute chloride solution, 
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which is expected given the ability of both Al and Ti to form spontaneous passive films below the reversible 

hydrogen electrode potential under neutral conditions as indicated by the horizontal lines at each metal’s 

oxidation/reduction potential [28]. For all alloys, -Z” immediately begins to rise with potential, suggesting 

the passive film increases in thickness directly  proportionality to -Z”. No clear critical current densities 

are discernible. which, along with the continually increasing -Z” magnitudes, suggest that no active to 

passive transitions were observed. 

No clear trends between Ecorr and Ti concentration were suggested. Ti-13.0 shows a significantly 

higher Ecorr, but the deviations are not suggested to be statistically significant and could arise from 

variations in oxygen reduction caused by incomplete dissolved oxygen purging during N2(g) bubbling. High 

Ecorr values could additionally be influenced by incomplete reduction of air-formed oxide, particularly 

given the standard reduction potential of Ti being below the -1.3 VSCE potential used for cathodic 

reduction. However, the low -Z” values for all alloys at -1.3 VSCE suggest complete or near-complete oxide 

reduction or minimization, as opposed to the comparatively much higher values of the air-formed oxides 

characterized in section 3.3 (Figure 10). Alternatively, it is possible that limited oxide growth occurred 

between the beginning of the polarization process and Ecorr given the stability of Al, Ti, and Cr passive 

species over the potential range. Between 0 and 9.6 at. % Ti, ipass decreases with Ti concentration, 

signifying the formation of a thicker and/or more protective passive film. Between 9.6 and 13 at. % Ti, ipass 

rises, although not at a significant level. Pitting was the dominant breakdown mechanism for all CCAs with 

some crevice corrosion also observed. Intermittent increases in current density along with corresponding 

decreases in -Z” suggest metastable pitting that repassivated prior to complete film breakdown. Epit was 

highest for Ti-6.0 while Ti-0 has the lowest Epit. The lack of a well-defined vertical passive range for Ti-0 

suggests a weak or non-protective passive film, leading to both a low Epit and a high ipass that continues to 

rise as potential is scanned upwards.  Notably, Epit for Ti-6.0 exceeds the potential for which Cr2O3 is stable 

on pure Cr before transpassivity. The extension of the passive range to such potentials indicates a partially 
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protective oxide remains despite the possibility of Cr(VI) dissolution, likely due the stability of Al- and Ti-

containing passive species [35]. While no trends were present between Ti concentration and -Z” at -0.25 

VSCE, the potential at which ipass was defined, Ti-6.0 reached the highest -Z” magnitude of all tested CCAs, 

suggesting the formation of a thicker passive film during polarization. The increase is attributable to the 

higher Epit allowing for increased time and/or driving force for film formation at increased potentials 

where the films of other CCAs had already broken down. Finally, Erep follows similar trends as Epit, with the 

Ti-0 having the minimum value and Ti-6.0 having the maximum value5.   

 Potentiodynamic polarization was also evaluated for both the best-performing and worst 

performing CCAs (Ti-6.0 and Ti-0) across a broad range of NaCl concentrations. Representative E-log(i) 

curves alongside trends in Epit as a function of Cl- concentration are shown in Figure 7. Increasing Epit 

values from Ti-0 to Ti-6.0, indicating Ti addition improves the local corrosion resistance across all 

evaluated NaCl concentrations. The pitting potentials decreases at similar NaCl concentrations for both 

CCAs. Current densities for Ti-0 generally increase with NaCl concentration, while such trends were less 

prominent for Ti-6.0. 

Elemental dissolution equivalent current densities obtained during potentiodynamic polarization 

of Ti-6.0 in 0.1 M NaCl adjusted to pH 4 are shown in Figure 8. Elemental current densities are first 

normalized (jM’) from the Eq. 3. The equivalent Al dissolution current density is not presented due to high 

noise level.  All elemental dissolution rates are below the detection limit until the potential sweep reaches 

a transpassive domain near 0.23 VSCE. Thus, although significant Ti dissolution is not observed, trends in 

dissolution rates with regards to potentials within the passive range and quantitative comparisons made 

to dissolution rates of other elements cannot be accurately assessed due to the detection limit. Notably, 

                                                            
5 Downward scans are not shown in Figure 5 to ensure data visibility. The tabulated Erep values were obtained at 
the crossover point, or the potential at which the downward scan current density is less than that of the upward 
anodic scan at the same potential. 
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significant Cr dissolution, presumably due to the formation of Cr(VI), is observed in the transpassive 

domain. Additionally, it may be concluded that equivalent current densities at the potentials for which 

active dissolution occurs are not suggested to be proportional to the composition of either phase. Thus, 

preferential congruent dissolution of either phase, which would lead to increased dissolution of certain 

elements enriched in the phase, likely at rates beyond the detection limits, is not suggested to be present. 

Therefore, each phase may be considered protected. In the transpassive domain, the normalized Mo 

dissolution current density is below the congruent level, indicating Mo retention [81] in this potential 

domain. Mn also showed a slightly low dissolution rate than the congruent dissolution level, similar to 

other multi-principal element alloys in the same electrolyte [82].   

 Micrographs of the CCA surfaces following polarization of the cathodically pre-treated surfaces in 

0.01 M NaCl are shown in Figure 9. The significantly greater density of features relative to the non-

polarized surfaces (Figure 3) indicates that while limited porosity may be present, the majority of feature 

may be attributable to pit formation. For the single-phase CCAs (Ti-0 and Ti-3.1), pitting appears to initiate 

at random locations, whereas for the multi-phase CCAs (Ti-6.0, Ti-9.6, and Ti-13.0), pitting preferentially 

occurs at or near phase interfaces. None of the phases is suggested to be preferentially dissolved, 

however, the polarization was terminated prior to significant pit propagation.  

3.3 Characterization of CCAs with Air-Formed Oxides 

 Polarization and in-situ -Z” measurements were also evaluated for a CCA series initiating slightly 

below the OCP to characterize the corrosion behavior of the CCAs without reduction of the air-formed 

oxide films. These are shown in Figure 10 and summarized in Table V. Similar to the case of the oxide 

formed on the reduced metal surface, polarization of the air-formed solution-exposed oxides shows the 

lowest values of both Epit and Erep for Ti-0, suggesting inferior corrosion resistance. Additionally, Ti-6.0 has 

the highest Ecorr value while Ti-0 has the lowest, although other CCAs have Ecorr values within the statistical 
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scatter of Ti-0. All three parameters are suggested to increase with Ti concentration between 0 and 6 at. 

% Ti. However, such trends do not extend to Ti-9.6, the first CCA to have three phases. Despite increasing 

Ecorr, Epit, and Erep values from Ti-9.6 to Ti-13.0, Ti-6.0 remains the only tested CCAs to exceed 316L in any 

of the evaluated parameters, suggesting all the other CCAs have inferior corrosion resistance to 316L. 

CCAs with air-formed oxides were also characterized with EIS to characterize the passive film prior 

to polarization. A representative Bode plot along with tabulated fit parameters for a Randles circuit 

modified to include a constant phase element (CPE) are shown in Figure 11 and Table VI, respectively. 

Impedance (Z) at a given frequency (f) may be calculated from equivalent circuit parameters including the 

polarization resistance (Rp), solution resistance (Rs), CPE coefficient (α), and admittance constant (Y0). The 

RP term describes transport O2- anion and metal cations as the charged species and compensating defects 

to preserve electroneutrality (e.g., electrons, holes) affect interfacial electrochemical reaction rates. The 

CPE contains information on the dielectric and physical attributes of oxide in stratified layers [83]. The 

simplified circuit fits the behavior to a single time constant dominated for which resistance is dominated 

by the Rp term, allowing for an overall sense of oxide protectiveness.  

High α values for all CCAs indicate that the fits are representative of near-capacitive behavior 

usually associated with behavior approximately by planar conformal oxides [72]. Generally, it is found that 

Rp increases with Ti concentration for air formed oxides exposed to solution, with trends in the fit spectra 

validated by similar trends in the low-frequency impedance modulus of supplemental runs. Increasing Rp 

magnitudes suggest the formation of a more protective passive films with increasing Ti concentration. It 

is notable that the presence of a multi-phase microstructures does not lower RP as OCP is well below Epit, 

and thus, RP at OCP is not reflective of local corrosion. None of the phase angle plots suggests the presence 

of multiple CPEs, however, the change in shape of the Nyquist plots (not shown) at low-frequencies 

indicate several time constants with possible mass transfer-controlled kinetic processes, particularly in 

the case of Ti-3.1. When passivity is studied, such mass transport kinetics are usually attributable to 
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transport by migration and diffusion through the through the passive film [83]. Given the variance in low-

frequency impedance magnitude values between runs, uncertainty remains in quantitative Rp 

comparisons such as the observed for decrease for Ti-3.1 relative to Ti-0.  

3.4 Growth and Electrochemical Properties of Passive Film Formed in Electrolyte Solution 

 The formation of the passive film from a reduced metal surface was also evaluated. Figure 12 

shows current density and -Z” measurements obtained during exposure of cathodically pre-treated 

surfaces to an applied potential of -0.25 VSCE. In addition to being above the oxide formation potentials of 

Al, Cr, Ti, and Mo in pH ~5.75 conditions [28],  the potential is within the passive range of all evaluated 

CCAs previously determined with potentiodynamic polarization (Figure 5). For all CCAs, the current density 

initially decays for the first 103 seconds, suggesting the formation of a stable passive film. Between 103 

and 104 seconds, the sign of the current density changes to cathodic for all CCAs and the magnitude 

decreases below the levels characteristic of residual O2 reduction. -Z” generally increases for at least 104 

seconds, indicating the formation of a thicker passive film, before leveling out. No clear trends are present 

regarding the film growth kinetics with Ti concentration, with deviations between CCAs potentially 

obscured within statistical scatter. Nonetheless thickening protective passive films are suggested for all 

alloys under the conditions testing, indicating the alloys remained passive. 

 Following film growth, the CCAs were characterized by a full EIS spectrum at the growth potential. 

Selected spectra fit to the Randles circuit described above are shown in Figure 13. Tabulated fit 

parameters are shown in Table VII. All fits indicate an α value above 0.75, suggesting capacitive behavior 

indicative of passive film formation. All of the CCAs have Rp values higher than that of 316L. No abrupt 

drops for multi-phase CCAs were observed relative to the single-phase CCAs and differences between the 

individual CCAs are not statistically significant.  Thus, unlike the case of the air-formed oxides, Rp is not 

suggested to increase with Ti concentrations.  
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3.5 Composition and Chemical Properties of Passive Film Formed in Electrolyte Solution  

The composition of the passive film was analyzed with XPS for a low- (Ti-0), medium- (Ti-6.0), and 

high-Ti (Ti-9.6) CCA with FCC, FCC+L21, and FCC+L21+Laves microstructures, respectively, with fit spectra 

for passivating elements Al, Cr, and Ti are shown in Figure 14. The presence of passive species for Al and 

Ti, elements enriched in the L21 phase, alongside Cr, which is enriched in the FCC and Laves phases, 

suggest passivity is present over both phases. Ti spectra contain features attributable to Ti(IV) oxide for 

both Ti-9.6 but not for Ti-6.0, with Ti0 (unoxidized metallic signal) is observed for Ti-9.66. Signal attributable 

to Al0, Al(III), and the Cr 3s core series is observed for all three CCAs. All Cr spectra showed features 

attributable to high concentrations of Cr(III) hydroxide with Cr(III) oxide and unoxidized Cr0 also present. 

Additionally possible FeCr2O4 spinel presence is indicated for the Ti-0 and Ti-6.0 passive films by the Cr 

and Fe (not shown) spectra, but not for that of Ti-9.6. Frequently observed peaks attributable to 

unoxidized metallic features substantiate that the oxide film is thin in all alloys. 

Surface cation fractions are shown in Figure 15 and tabulated in Table VIII. Cr(III) is enriched, 

mainly in the form of Cr(III) hydroxide, relative to its bulk composition in all three alloys, and is the largest 

constituent cation at the surface in two of the three CCAs. For the two Ti-containing CCAs, Ti(IV) oxide is 

also enriched relative to its bulk composition. Despite the increase in overall Ti composition from Ti-6.0 

to Ti-9.6, the Ti(IV) concentration at the surface is suggested to decrease. Al(III) is sparingly present in all 

three films, but is only enriched relative to bulk composition in the Ti-6.0 passive film. The distribution of 

Al in the passive film may likewise be affected by its preferential partitioning to the L21 phase and away 

from both the FCC and Laves phases where it is depleted. Significant Mo(VI) presence is also suggested as 

                                                            
6 The evaluated binding energy range for the high-resolution Ti2p3/2 scan of Ti-6.0, which does not characteristic 
binding energies of Ti0, was defined by initial high-intensity survey scans (not-shown), where no signal was 
observed in the characteristic Ti0 binding energy range.  
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well as low concentrations of Fe(II)/Fe(III), Mn(II), and Ni(II). However, no clear trends are present with Ti 

concentration.  

Discussion 

4.1 Thermodynamics of Passive Film Formation 

 All evaluated CCAs are suggested to form protective passive films as evidenced by combinations 

of broad passive ranges and increasing -Z” values observed during potentiodynamic polarization (Figures 

5, 10), high RP magnitudes determined by EIS (Figures 11, 13, Tables V, VI), and increasing -Z” values 

accompanied by decreasing current densities during potentiostatic oxide growth (Figure 12). Such 

behavior is observed for both single-phase CCAs as well as those containing additional L21 and/or Laves 

phases. The maintenance of passivity, despite second phase formation, distinguishes this CCA class from 

many multi-phase CCAs. It is enabled by ensuring both phases have at least one passivating element 

enriched in each phase (e.g. Cr in the FCC matrix and Laves, Ti in the L21) presumably up to some critical 

concentration or boosted in some way like a third element effect.  Local enrichment of passivating 

elements is necessary given the expectation a passive film with a unique composition is formed over each 

phase [67].  

All of the protective oxide species discussed herein are predicted to be thermodynamically stable 

when considering exposure of pure Al, Cr, Fe, and Ti to -0.25 VSCE in pH ~5.75 chloride solution, the 

environment used for potentiostatic oxide growth [28]. The potentials for localized breakdown prior to 

increases in current density as well as non-zero -Z” values indicate the presence of a stable passive film 

beyond the range of Cr(III) stability in the form of Cr2O3 (Figures 5, 10). This suggests that oxide stability is 

substantial due to Al and Ti alloying and due to subsequent  Al(III) and/or Ti(IV) participation in passivation 

despite their low concentrations in the bulk alloy. Equivalent dissolution current densities obtained for all 

elements within the transpassive range of potentiodynamic polarization were below the detection limit 
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(Figure 8), despite the predicted dissolution for Al, Fe, Mn, Mo, and Ni in pH 4 environments [28]. Thus, 

the passive films of the CCAs are defined by the contributions of multiple cations located within the 

passive film. 

While convex hull and E-pH diagrams are effective in predicting whether the formation of an oxide 

film will be thermodynamically favorable, they are insufficient in predicting which oxides will be 

comparatively more prevalent based on kinetic considerations or in specifying the critical concentration 

of the element, the effects of the electrolyte, and the impact of pH. The free energy of formation (ΔG˚) 

may also be used to compare the driving force for passivation among multiple species. For example, ΔG˚ 

of Al2O3, Cr2O3, and TiO2, (-1690 kJ/mol [84], -1050 kJ/mol [85], and -970 kJ/mol [84], respectively) are all 

more negative on a per molecule basis than that of Fe2O3 (-742 kJ/mol [84]). Furthermore, ΔG˚ of TiO2 is 

more negative than Cr2O3 and comparable to Al2O3 when considered on a per atom basis. More negative 

ΔG˚ values indicate a higher driving force for passivation, leading to Al(III), Ti(IV) and Cr(III) enrichment 

that is often observed relative to bulk concentration while Fe(II)/Fe(III) is depleted for all CCAs (Figure 15). 

Therefore, while E-pH behavior for a given electrolyte may indicate possible passive species stability, 

additional information such as ΔG˚ and other kinetic considerations are needed to predict enrichment 

relative to bulk concentration. For example, possible FeCr2O4 formation suggested by XPS fitting (Figure 

14) may be driven by the more negative ΔG˚ (-1340 kJ/mol [85]) as well as the extended 40 ks exposure, 

which has been suggested to lead to the transition to comparatively more thermodynamically stable 

species in Ni-Cr-Mo alloys [86].  

Figure 16 surveys a range of passive species collected using density functional theory calculations 

with methodologies developed elsewhere [87, 88], illustrating the generally lower free energies of the 

species containing Al, Cr, or Ti relative to other less-enriched cations. Such ΔG˚ values shown also indicate 

the most thermodynamically stable oxide species for a given element. For Ti, the most energetically stable 

oxide is suggested to be TiO2 whereas the Cr species with the lowest formation energy on a per atom basis 
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is Cr2O3. Both Cr(III) and Ti(IV) are suggested to be the most stable valences in the passive film by XPS 

fitting (Figure 14), although Cr(OH)3 is suggested to be considerably more present due to the local 

availability of hydroxide anions.  

In addition to favorable stoichiometric single element oxides and the possibility of  long-range 

ordered oxide formation, the possibility of oxide mixing may further contribute to stability in the passive 

film. For example, Wang et al. suggested the free energy of mixing (ΔGmix) for Fe2O3 and Cr2O3 may further 

promote mixed oxide stability during aqueous passivation of CCAs [89]. However, such effects may be less 

prominent for Ti(IV) given the different structures and valence states suggested for the oxides (Figure 14) 

as well as the large two-phase regions (i.e. phase separation) present in the Cr2O3-TiO2 [90] and  Al2O3-

TiO2 [91] phase diagrams. While many stable complex oxides are present in the phase diagrams at room 

temperature, including Al2TiO5, Ti4Cr2O11, Ti5Cr2O11, Ti6Cr2O11, Ti7Cr2O11, and more, although none has been 

experimentally confirmed to form in aqueous environments.  

4.2 Kinetics of Passive Film Formation 

 While thermodynamic factors help to ensure a sufficient driving force is present for passivation 

of a given element, comparative enrichment levels between elements may also be affected by kinetic 

considerations, particularly given the multiple cations often present within the passive films of CCAs [41]. 

Such factors may limit the enrichment of slow-passivating species in favor of comparatively more rapid 

passivators and/or lead to the formation of multiple layers within the passive film with enriched cations 

influenced both by passivation kinetics in addition to thermodynamic miscibility, leading to possible 

discrepancies in the passive film chemistry from that which may be predicted by G0 values alone.  

Work in the Fe-Cr-Al-Ti system has shown that quaternary alloys with higher Ti concentrations 

may have multiple oxide layers form whereas alloys with less Ti may have the majority of Ti(IV) dissolved 

in an unlayered solid solution oxide [43]. Such layering may be influenced by the limited solubility of Ti(IV) 
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species in Fe(II)/Fe(III) or Cr(III) dominated passive films. In both the Fe-Cr-Al-Ti [43] and Al-Cr-Fe-Mn-Mo-

Ni-Ti [35] systems, Ti is suggested to be more enriched in inner layers closer to the metal-oxide interface 

than other passivators such as Cr(III). Notably, Ti is often enriched at similar depths as Al, possibly allowing 

the stabilization Al(III) either through thermodynamic mixing effects and/or  stable Ti(IV) enriched layers 

protecting metastable Al(III) that may otherwise chemically dissolve in the absence of Ti. While inner-

oxide enriched Ti(IV) may not be observed to the same degree by XPS  it could still contribute to overall 

passivity, leading to the high impedance moduli and low ipass magnitudes (Figures 5, 6, 12, Tables IV, VII) 

of Ti-rich CCAs such as Ti-13.0. Possible inner-layer enrichment of Ti in Ti-9.6, which showed a lower 

surface cation fraction than Ti-6.0 (Figure 15, Table VIII), could be verified with additional depth profiling 

work. 

 In addition to the global composition, the ability to passivate may be considered on a basis of the 

composition of constituent phases. Previous work on Ti-6.0 has shown that the passive film formed over 

the FCC phase has considerably higher Cr surface cation fractions in the passive film, while the film formed 

over the L21 phase has higher concentrations of Al, Ni, and Ti [67]. The local compositions within the 

passive follow trends with enriched elements in individual microstructural phases relative to global alloy 

composition (Table II). Therefore, although not characterized, the Laves phase formed in Ti-9.6 and Ti-

13.0 likely also has Cr and Mo enriched over it.  

4.3 Microstructural Effects on Corrosion Behavior 

 CCAs with higher Ti concentrations generally demonstrate superior passivity. suggesting that the 

L21 and/or Laves phases formed at high Ti-concentrations do not directly impair the ability of the high-Ti 

CCAs to passivate. Additionally, both stochiometric dissolution rates obtained via AESEC (Figure 8) and 

non-preferential growth of pits following initiation (Figure 9) suggest neither phase is suggested to 

preferentially dissolve during polarization in 0.1 M NaCl pH 4, indicating protectiveness of the oxide layer 
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over both phases. One possible explanation relies on the composition of the phases. The strong corrosion 

resistance of Ti-6.0 has been previously tied to ensuring both phases are enriched in at least one 

passivating elements (e.g., Cr in the FCC matrix, Ti in the L21 second phase) [35, 40]. Given the prominence 

of Ti(IV) in the passive films (Figure 15, Table VIII) and that pure Ti is shown to be more resistant to 

localized breakdown than Al under the conditions used in this work [35], it may be reasonably inferred 

that the incremental contributions of increased Ti concentration on the L21 phase are less detrimental 

than those of increasing Al concentrations, leading to the improved corrosion resistance of high-Ti CCAs 

relative to high-Al CCAs. Similarly, the Laves phase introduced in Ti-9.6 and Ti-13.0 is enriched in Cr and 

Mo, two element capable of forming stable passive film. The formation of a Laves phase led to decreasing 

Cr concentration in other phases. For instance, the Cr concentration in the FCC matrix is lower in Ti-13.0 

(10.2 at. %) than both the single-phase Ti-0 (10.9 at. %) and two-phase Ti-6.0 (11.1 at. %) (Table III). 

Regardless, passivity may be achieved by CCAs with Cr concentrations as low as 10 at. % in the presence 

of other passivators such as the  ~7 at. % Ti present in the FCC phase of Ti-13.0 (Table II) [35], however; in 

addition to the ability to passivate, the effect of Ti on the breakdown behavior in Cl- containing solutions 

must also be considered.  

Ti-0 is suggested by both potentiodynamic polarization (Figures 5, 7, 10, Tables IV, V) and EIS of 

the air-formed oxide (Figure 11, Table VI) to have inferior corrosion resistance to the Ti-containing CCAs. 

following trends established for the Fe-Ti system in concentrated HCl by Kim et al. [34]. Such 

improvements indicate Ti addition is beneficial in a single phase microstructure for its contributions to 

passivity, and can even improve corrosion resistance despite the introduction of a new phase [53]. 

However, the introduction of a multi-phase microstructure can promote localized corrosion, as identified 

by the preferential pitting at phase interfaces observed in micrographs obtained following polarization 

(Figure 9). Low levels Ti addition improved the pitting resistance of Ti-0 across a range of Cl concentrations 

(Figure 7) despite the formation of an FCC-L21 interface, but such trends were not present at high Ti 
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concentrations. For instance, Epit of Ti-9.6 and Ti-13.0 is lower than that of Ti-6.0 with passive films both 

during air exposure (Figure 10, Table V) and potentiodynamic polarization of a reduced surface (Figures 

5, 6, Table IV). Similar trends were also observed with regards to repassivation (Figure 6, Tables IV, V). 

Given that pitting was disproportionately observed at or near phase interfaces for the multi-phase CCAs, 

the effect of microstructure and phase interfaces must be considered in future work.  

Thus, trade-offs may be present between global beneficial effects of Ti concentration on passivity 

and adverse consequences of microstructurally influenced localized corrosion. Epit was not suggested to 

decrease until Ti concentrations of 9.6 at. % (Figure 5, 6, 10, Table IV, V), the first CCA that had a three-

phase microstructure (Figures 1, 3, Table II), possibly indicating such adverse microstructural effects are 

more prominent at the point of initiation of the Laves phase. However, the Laves interfaces do not show 

more frequent pitting than other interfaces (Figure 9). Thus, the effects of Laves presence on overall alloy 

must be considered. For instance, while the FCC phase of Ti-13.0 maintains sufficient Cr concentrations to 

form a stable passive film, it could possibly be more susceptible to localized corrosion.  

Compositions maximizing Ti concentration while preserving a two-phase microstructure could be 

pursued for corrosion resistance; however, it would be necessary to ensure each phase maintains an 

adequate concentration of passivating elements. Furthermore, targeting such a two-phase microstructure 

might be restricted to specific phase structures such as FCC + L21. The Fe-Cr-Al-Ti system is a notable 

example, where increasing Ti concentration led to the formation of a Laves phase which, as in the case of 

the evaluated CCA system, was suggested to harm the corrosion resistance [43]. increasing Ti 

concentrations may also increase the likelihood of formation of Ti nitride impurities such as those 

observed in Figure 4. In addition to microstructural drawbacks, decreases in corrosion resistance at high 

Ti concentrations could be attributable to the lower Ti(IV) surface cation fractions and/or decreased 

concentrations at the oxide-metal interface (Figure 15, Table VIII). Regardless of mechanism, it is of note 
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that the optimal composition would be significantly dependent on the alloy system as well as on other 

processing parameters that may affect alloy microstructure.  

5.0 Conclusions 

 Five CCAs in the Al-Cr-Fe-Mn-Mo-Ni-Ti system with variable Ti concentrations ranging from 0 to 

13.0 at. % were synthesized, homogenized, and evaluated for corrosion resistance. The effects of Ti 

concentration on microstructure, passivity, localized corrosion, and passive film chemistry were 

evaluated. The following conclusions were observed: 

• The microstructure transitioned from single-phase FCC, to an FCC matrix enriched in Fe, Cr, 

and Mo relative to bulk alloy compositions with L21 second phase regions enriched in Al, Cr, 

and Ti. At Ti concentrations above 9.6 at. %, a third phase of likely C14 Laves structure 

enriched in Fe, Cr, and Mo was present.  

• Electrochemical parameters traditionally associated with passivity (e.g., ipass, Rp) often showed 

improved results with increasing Ti concentrations whereas those associated with localized 

breakdown (e.g., Epit, Erep) were maximized at 6 at. % Ti before decreasing at higher Ti 

concentrations. High-Ti concentration may harm the resistance to localized corrosion by 

initiating second and third-phase formation of a complex morphology where the interfaces 

between these phases served as a preferential pitting site. 

• The passive film is suggested to be dominated by Cr(III) and Ti(IV). Ti(IV) was a major 

passivator in Ti containing alloys. However, Ti(IV) surface cation fractions observed via XPS 

did not increase between the two CCAs evaluated, potentially due to differing passive film 

layering and/or changes in thicknesses. 
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Figure 1: XRD patterns of synthesized CCAs following 6-hour homogenization at 1070˚C with indexed 

peaks for the FCC, L21, phases with additional peaks characteristic of the suggested Laves phase are 

identified.  

Figure 2: Isopleth diagram of Al0.3Cr0.5Fe2Mn0.25Mo0.15Ni1.5Tix system produced in ThermoCalc with 

TCHEA3 database. Regions consisting of the CCA series following homogenization are labeled with 

predicted microstructure. The temperature for heat treatment is identified by the dashed line with 

synthesized compositions indicated by black circles. 

Figure 3: BSE micrographs of CCAs following 6-hour homogenization at 1070˚C. 

Figure 4: EDS mapping of a) Ti-6.0 (FCC + L21) and b) Ti-9.6 (FCC + L21 + Laves) microstructures. 

Figure 5: a) E-log(i) and b) -Z” plots obtained during polarization of CCAs in 0.01 M NaCl (pH ~5.75) 
following cathodic pre-treatment (-1.3 VSCE, 600 s). Dashed lines indicate stability ranges for the pure 
stoicometric oxides of passive species formed on their pure constituent elements and water 
constituents at a pH of 5.75 predicted by Hydra Medusa software. Cyclic polarization scans including the 
downward direction are included in the supplementary information section. 

Figure 6: Summary of potentiodynamic polarization corrosion parameters shown in Table IV as a 

function of Ti concentration and microstructure. Error bars for each parameter indicate a one standard 

deviation range.  

Figure 7: E-log(i) plots obtained during polarization of a) Ti-0 and b) Ti-6.0 in NaCl ranging in 
concentrations from 0.001 to 1.0 M (pH ~5.5-6.0) following cathodic pre-treatment (-1.3 VSCE, 600 s) 
along with c) comparisons of pitting potential for each CCA and 316L as a function of electrolyte 
concentration. Error bars for each parameter indicate a one standard deviation range. Cyclic polarization 
scans including the downward direction are included in the supplementary information section. 

Figure 8: Normalized equivalent current densities obtained from AESEC during potentiodynamic 

polarization of Ti-6.0 in 0.1 M NaCl adjusted to pH 4. Al equivalent dissolution current densities are not 

shown due to high levels of noise, but are below the detection limits in the transpassive region.  

Figure 9: BSE of micrographs showing pit locations and morphology relative to CCA microstructural 
features. Potentiodynamic polarization in 0.01 M NaCl described above was terminated upon reaching a 
current density of 10-5 A/cm2 prior to imaging. Pit locations illustrating transition from random to 
interface pitting are circled. 

Figure 10: a) E-log(i) and b) -Z” plots obtained during polarization of CCAs with air-formed oxide in 0.01 
M NaCl (pH ~5.75). Dashed lines indicate stability ranges for the oxides of passive species formed on 
their pure constituent elements and water constituents at a pH of 5.75 predicted by Hydra Medusa 
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software. Cyclic polarization scans including the downward direction are included in the supplementary 
information section. 

Figure 11: Bode plot obtained during EIS of CCAs with solution-exposed air-formed oxides at each CCAs 

OCP. Lines indicate best fits to a Randles circuit with parameters shown in Table VI. 

Figure 12: a) Current density and b) in-situ -Z” measurements during potentiostatic film growth of CCAs 
at -0.25 VSCE in 0.01 M NaCl (pH ~5.75) with a 6 s period following cathodic pre-treatment (-1.3 VSCE, 600 
s).  

Figure 13: Bode plot obtained during EIS of CCAs with following potentiostatic oxide growth (40 ks, -0.25 

VSCE). Lines indicate best fits to a Randles circuit with parameters shown in Table VI. 

Figure 14: Fit high-resolution spectra for selected CCAs following potentiostatic oxide growth (-0.25 VSCE, 

40 ks) in 0.01 M NaCl (pH ~5.75) 

Figure 15: Surface cation fractions for selected CCAs from Table VII 

Figure 16: Psudo-Convex Hull diagram containing formation energies for a range of oxide (moving from 

oxygen-sparce to oxygen-rich from left to right), hydroxide, and oxyhydroxide species possible for each 

constituent element obtained from Open Quantum Materials Database [88, 89]. Dashed lines indicate 

connections skipping over a chemical species for which thermodynamic data was not available.  
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Table I: CCA compositions in atomic percent. Pure elements were massed to compositions below within 

1% error prior to arc melting. 
 

Al Cr Fe Mn Mo Ni Ti 

Ti-0 6.4 10.6 42.6 5.3 3.2 31.9 0.0 

Ti-3.1 6.2 10.3 41.2 5.2 3.1 30.9 3.1 

Ti-6.0 6.0 10.0 40.0 5.0 3.0 30.0 6.0 

Ti-9.6 5.8 9.6 38.5 4.8 2.9 28.8 9.6 
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Ti-13.0 5.6 9.3 37.0 4.6 2.8 27.8 13.0 

 

Table II: Phases present in CCAs following 6-hour homogenization at 1070 ˚C compared to 

computational predictions from CALPHAD shown in Figure 2.  

Alloy Predicted 

Microstructure 

from Isopleth 

Observed 

Microstructure 

Ti-0 FCC FCC 

Ti-3.1 FCC FCC 

Ti-6.0 FCC FCC + L21 

Ti-9.6 FCC + Laves FCC + L21 + Laves 

Ti-13.0 FCC + L21 + Laves FCC + L21 + Laves 
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Table III: Phase compositions for selected alloys identified with EDS point scans. Each entry represents 

the mean value of at least three scans, while global compositions were obtained from quantitative 

analysis of the mapping area. Area fractions for each phase are identified by ImageJ threshold analysis. 

Phase Al Cr Fe Mn Mo Ni Ti Area Fraction 

Al0.3Cr0.5Fe2Mn0Mo0.15Ni1.5 (Ti-0) 

Matrix (FCC- Overall)  6.2 10.9 42.5 5.2 3.5 31.6 0.0 100 % 

Al0.3Cr0.5Fe2Mn0.25Mo0.15Ni1.5Ti0.3 (Ti-6.0) 

Matrix (FCC) 3.70 11.0 42.5 5.2 3.1 28.8 5.6 95.67 % 

2nd Phase (L21) 14.3 3.5 17.1 4.2 0.9 44.1 15.8 4.33 % 

Overall Composition 6.4 10.2 39.7 5.2 2.6 29.7 6.1 - 

Al0.3Cr0.5Fe2Mn0.25Mo0.15Ni1.5Ti0.7 (Ti-13.0) 

Matrix 3.8 10.2 42.7 5.0 2.2 28.6 7.6 67.14 % 

2nd Phase (L21) 18.1 1.9 12.4 2.9 0.3 44.3 20.2 14.34% 

3rd Phase (Laves) 2.0 15.3 44.7 4.3 7.8 15.6 10.3 18.52% 

Overall Composition 5.7 9.8 38.3 4.6 2.8 29.0 9.8 - 

 

Table IV: Key corrosion parameters obtained during potentiodynamic polarization of CCAs in 0.01 M 

NaCl (pH ~5.75) following cathodic pre-treatment (-1.3 VSCE, 600 s). Each entry indicates the mean value 

with a one standard deviation bound. 

Alloy Corrosion 

Potential (VSCE) 

Pitting Potential 

(VSCE) 

Repassivation 

Potential (VSCE) 

Passive Current 

Density (μA/cm2) 

Ti-0 -0.741 +/- 0.034 0.048 +/- 0.050 -0.220 +/- 0.014 9.1 +/- 2.1 

Ti-3.1 -0.873 +/- 0.017 0.338 +/- 0.048 -0.100 +/- 0.035 5.6 +/- 6.1 

Ti-6.0 -0.736 +/- 0.023 0.633 +/- 0.066 0.146 +/- 0.035 3.9 +/- 0.5 

Ti-9.6 -0.787 +/- 0.262 0.332 +/- 0.173 -0.109 +/- 0.132 1.5 +/- 1.2 

Ti-13.0 -0.469 +/- 0.244 0.397 +/- 0.045 -0.111 +/- 0.097 4.8 +/- 6.3 

316L -0.447 +/- 0.003 0.596 +/- 0.045 0.014 +/- 0.019 1.4 +/- 0.3 
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Table V: Key corrosion parameters obtained during potentiodynamic polarization of CCAs in 0.01 M NaCl 

(pH ~5.75) following 30 minute solution exposure of the air-formed oxide. Each entry indicates the mean 

value with a one standard deviation bound. 

Alloy Corrosion 

Potential (VSCE) 

Pitting Potential 

(VSCE) 

Repassivation 

Potential (VSCE) 

Ti-0 -0.381 +/- 0.287 -0.092 +/- 0.319 -0.306 +/- -0.244 

Ti-3.1 -0.219 +/- 0.062 0.251 +/- 0.103 -0.149 +/- 0.095 

Ti-6.0 -0.173 +/- 0.008 0.631 +/- 0.243 0.185 +/- 0.152 

Ti-9.6 -0.339 +/- 0.118 0.235 +/- 0.021 -0.253 +/- 0.004 

Ti-13.0 -0.252 +/- 0.058 0.405 +/- 0.083 -0.090 +/- 0.064 

316L -0.182 +/- 0.016 0.437 +/- 0.025 0.004 +/- 0.058 

 

Table VI: Randles circuit fit parameters for the EIS spectra of the air formed oxides exposed to solution 

at OCP. 

Alloy Ti-0 Ti-3.1 Ti-6.0 Ti-9.6 Ti-13.0 316L 

Rp (kohm.cm2) 119.6 60.6 158.5 290.2 682.3 222.7 

Rs (ohm.cm2) 512.7 571.0 81.3 488.4 620.3 791.7 

Y0 (μS*sα.cm-2) 100.4 91.0 66.9 36.2 74.8 58.7 

α 0.765 0.795 0.802 0.845 0.736 0.781 

Z(1mHz) (kohm.cm2) 83 +/- 

27 

161 +/- 

78 

449 +/- 

558 

663 +/- 

585 

428 +/- 

159 

648 +/- 

366 

 

Table VII: Randles circuit fit parameters for the EIS spectra shown in Figure 13. 

Alloy Ti-0 Ti-3.1 Ti-6.0 Ti-9.6 Ti-13.0 316L 

Rp (kohm.cm2) 437.5 517.3 533.0 482.9 407.5 113.3 

Rs (ohm.cm2) 467.6 719.6 275.1 420.5 591.4 506.9 

Y0 (μS*sα.cm-2) 48.5 26.7 122.6 44.5 40.6 46.9 

α 0.825 0.788 0.838 0.832 0.805 0.779 

Z(1 mHz) (kohm.cm2) 48 +/- 

9 

404 +/- 

308 

452 +/- 

558 

491 +/- 

168 

342 +/- 

58 

252 +/- 

202 
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Table VIII: Surface cation fractions in atomic percent obtained via high-resolution XPS scans of the 

passive film formed following potentiostatic oxide growth (40 ks, -0.25 VSCE) in 0.01 M NaCl. Surface 

cation fractions include intensities attributable to oxidized (non-zero valance) features normalized with 

relative sensitivity factors. Bolded terms are enriched relative to bulk composition. 

Cation 0% Ti 6% Ti 9.6 % Ti 

Al(III) 4.9% 17.6% 1.8% 

Cr(III) 69.0% 15.2% 50.8% 

Fe(II)/(III) 6.6% 9.7% 0.0% 

Mn(II) 0.0% 0.1% 0.0% 

Mo(VI) 19.5% 2.5% 12.8% 

Ni(II) 0.0% 1.0% 0.0% 

Ti(IV) 0.0% 53.9% 34.5% 
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Highlights  

• The passivation and corrosion behavior of a Ti-containing, multi-phase complex concentrated 

alloy series is characterized. 

• At increased Ti concentrations, an L21 phase enriched in Al, Ni, and Ti forms. At the highest 

evaluated Ti concentrations, a Laves phase enriched in Cr and Mo forms.  

• Pitting and repassivation potentials increase with Ti content up to 6 at. % but decrease at higher 

Ti concentrations. 

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

Spectroelectrochemistry. 
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• Ti(IV) species are prevalent in the passive film despite Ti depletion in the FCC matrix. 
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