Understanding Microstructural Phase Evolution,
Compositional Partitioning, Passivation, and Corrosion
Resistance of Multi-Phase Complex Concentrated Alloys

A
Dissertation

Presented to
the faculty of the School of Engineering and Applied Science
University of Virginia

in partial fulfillment
of the requirements for the degree

Doctor of Philosophy

by

Samuel Boyd Inman

May 2024



APPROVAL SHEET

This
Dissertation

is submitted in partial fulfillment of the requirements
for the degree of

Doctor of Philosophy

Author: Samuel Boyd Inman
This Dissertation has been read and approved by the examing committee:
Advisor: John R. Scully
Advisor:
Committee Member: Elizabeth J. Opila
Committee Member: Stephen J. McDonnell
Committee Member: Sean R. Agnew
Committee Member: S, Joseph Poon
Committee Member:

Committee Member:

Accepted for the School of Engineering and Applied Science:

Q\wt\\ 2. Lt

Jennifer L. West, School of Engineering and Applied Science

May 2024



Dissertation Abstract

Complex Concentrated Alloys (CCAs), alloys which contain four or more elements at
concentrations above 5 at. % are evaluated for their possible contributions to corrosion-resistant alloy
design. Possible benefits of the alloy class including unique distributions of passivating elements in
protective oxides as well as exploiting elemental synergies in protective passivating oxides not
necessarily available in conventional alloys. Such oxides regulate corrosion processes. However, the
formation of additional phases in CCAs may cause passivating elements to partition within the
microstructure changing their impact on passivation, and create interfaces limiting their benefit on
corrosion resistance. In this work, the passivity and overall corrosion resistance of CCAs within the multi-
phase Al-Cr-Fe-Mn-Mo-Ni-Ti system were evaluated. Compositions were targeted to reduce density to
the range of 7-7.75 g.cm, below those of conventional stainless steels, while also ensuring mechanical
ductility due to the presence of an FCC matrix. Phases were synthesized and/or dual and three phase
structures were interrogated with high resolution methods to evaluate the contributions of individual
phases to corrosion behavior. Corrosion resistance was evaluated with combinations of AC and DC
methods which determined attributes and marker of oxide protectiveness in dilute chloride solution at
neutral or slight acidic pH. Additionally, corrosion behavior was evaluated across a range of pH, chloride
concentrations, and in sulfate environments. Combinations of X-ray photoelectron spectroscopy and
atomic emission spectroelectrochemistry were used to determine the roles or fates (e.g. passivation in
an oxide film, dissolution into the electrolyte) of individual elements during the passivation process. The
findings are used in an iterative design process to inform new optimal compositions. Optimal CCA
compositions showed corrosion resistance comparable to, and in the case of best-performing
compositions such as Alg3CrosFe;Mng.25sM00.15Ni1 5Tio.3, superior to conventional corrosion resistant alloys

such as 316L.

Increasing both Al and Ti content in CCA series promoted the formation of an L2; secondary
phase enriched in Al, Ni, and Ti along with a third phase enriched in Cr, Fe, and Mo. All the evaluated
CCAs demonstrated passivity, with Al, Cr, and Ti generally all suggested to promote passive film
formation and stability in a variety of relative compositions. Increasing Al concentrations has minimal
effect on parameters representative of passive film strength (e.g., passive current density, polarization
resistance) while increasing Ti concentrations are shown to improve such parameters. However, high
concentrations of both Al and Ti harm resistance to localized corrosion as evidenced by decreasing

pitting and repassivation potentials. The effects of Mn and Mo on the microstructure and corrosion



behavior are also considered. Mn decreases the degree of microstructural partitioning for Al and Ti,
allowing for improved corrosion resistance when added at low concentration despite the instability of
Mn passive species itself. Decreasing Mo concentrations were similarly shown to decrease the degree of
microstructural partitioning and potentially improve passivity, but also significantly decreased the

resistance to localized corrosion.

Finally, to elucidate the relationships between the microstructure, passivity, and corrosion
resistance for each individual phase, the passive film composition of a dual-phase FCC+L2; CCA was
characterized with high-resolution techniques capable of differentiating the composition over individual
phases in the bulk microstructure. Two distinct phases within the passive film were observed, with the
interface acting as a preferential pitting site. The passive film formed over the FCC phase had
comparatively higher concentrations of Fe, Cr, and Mo while the film formed over the L2; phase had
higher concentrations of Al, Ni, and Ti, mirroring concentrations in the bulk microstructure. Thus, the
passive film, and therefore the corrosion behavior, of the dual-phase was suggested to be
representative of a mixture of each constituent phase. The application of composite theory to corrosion
was evaluated by synthesizing single-phase CCAs representative of the constituent phase compositions.
Passivity of the dual-phase CCA was attributed to the ability of both constituent phases to passivate. The
dual-phase CCA showed similar corrosion resistance to each constituent phase, but the resistance to
localized breakdown was suggested to be lower for both the dual-phase and single-phase L2; CCA than
for the isolated FCC CCA phase. The findings indicate the importance of ensuring the ability of all
individual phases within a multi-phase CCA microstructure to passivate for overall corrosion resistance.
Furthermore, strategies to utilize CCA composition to affect phase structure, composition, and ability to

passivate are addressed within the context of corrosion resistant alloy design.
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relative to passive film and microstructural morphology. HAADF-STEM micrograph and
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potentiostatic oxide grown (-0.25 Vscg, 40 ks, 0.01 M NaCl). Quantitative line integrations
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Chapter 1: Introduction

1.0 Background

High entropy alloys (HEAs), an alloy class utilizing multiple elements at equimolar or near-
equimolar concentrations, have recently grown in popularity since their theorization and inception by
Cantoretal.[1] and Yeh et al. [2]. Early reports indicated single-phase HEAs might be capable of possessing
strong corrosion resistance due in part to their entropy-promoted homogenous distribution of passivating
elements at concentrated levels [3, 4]. Additional strategies have since emerged such as targeting
beneficial clustering of certain elements following heat treatment. Additionally, selection of combinations
of elements that work together to enable multiple elemental functions including synergies which promote

improve corrosion resistance, including some not seen in conventional alloys [5].

The complex concentrated alloy (CCA) design space, a broader field of which HEAs may be
considered a subset, utilizes non-equimolar single-phase solid solution or multi-phase alloys. CCA
compositions often contain four or more elements at concentrations between 5 and 35 at. % [6]. Given
the vast compositional design space in comparison to the equimolar HEAs, high-throughput design
methodologies or targeted approaches proven to identify key attributes traceable to key elements and
their functions are necessary to filter and sort proposed compositions. Computational methods, in
particular machine learning, exhibit viability in filtering CCA compositions for cost, density, and
microstructure [7-9]. Many initial strategies to ensure corrosion resistance of CCAs rely on simply ensuring
presence of popular passivator elements at adequate concentrations based on intuition and existing
knowledge of critical concentrations required for passivation taken from binary alloys [5, 10]. Additionally
well-known synergies such as the Al-Cr third element effect or the Cr-Mo synergy assumed to operate in

CCAs may be incorporated [11, 12].

Moreover, although limited computational modeling [13, 14] and high-throughput experimental
studies [11, 15, 16] have been introduced that could uncover second and third element effects (e.g.
microstructural refinement [17, 18], multi-cation passivation [19, 20], inhibitor-assisted passivation [21]),
the integration of predictive metrics for more complex passivation and corrosion phenomena in CCA
design generally remains uncommon. Thus, comparatively unguided high-fidelity, low-throughput
experimentation is often necessary, limiting the range of compositions that may be evaluated.

Incorporation of synergistic behavior between elements, either through coexistence in the passive film or
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other second element effects (e.g. clustering assisted passivation [22], pit inhibition [23], etc.), provides

opportunity to improve the corrosion resistance beyond the contribution of either element alone.

Materials with reinforcing phases operating as composites (i.e., dual phases strengthening) offer
great benefits towards mechanical properties [24]. However, adverse consequences are often
encountered with respect to corrosion resistance [5, 10]. Second phase, intermetallic compound or
inclusion formation in the microstructure may deplete key passivating elements at interphase interfaces
or may cause partitioning of beneficial alloys or passivating elements towards one phase, leading to
depletion from the other. Such changes may create preferential sites for localized corrosion at the
interface. Adverse effects of second phase formation have been observed in CCAs with FCC structures in
combination with BCC [18, 25, 26], B2 [27-29], sigma [23, 30-32], and Laves [33] phases. Furthermore, two
dissimilar phases may form microgalvanic couples, further enhancing localized corrosion if the galvanic
couple potential is, for instance, is above the pitting potential [27, 28, 34, 35]. As corrosion resistance is
affected by combinations of overall alloy composition, microstructural morphology, and element
partitioning, all influences must then also be evaluated to ascertain their effect on corrosion, particularly
in cases where corrosion must balance with other design goals. Challenges still exist with regards to
isolating microstructural effects between structure, phase volume fractions (i.e., comparing multi-phase
CCAs with different volume fractions of phases of similar compositions) or phase compositions (i.e.,
comparing multi-phase CCAs with similar volume fractions of phases with differing compositions). This
work evaluates the design of corrosion-resistant CCAs in the of the newly reported Al-Cr-Fe-Mn-Mo-Ni-Ti
system [12, 17, 19, 24].The effects of individual elements and multi-element interactions including passive

film co-existence and microstructural partitioning are studied.
2.0 Motivation and Evaluation of Design Goals

This work summarizes the overarching conclusions for the corrosion resistance of multi-phase
CCAs obtained from a broad project targeting multiple interdisciplinary design goals. While the primary
findings summarized address the effects of CCA composition and microstructure on aqueous corrosion
resistance, the conclusions must be addressed within the context of additional design goals. A brief

summary of the motivation for each individual design goal targeted in this work is listed below.
2.1 Density

First, CCA compositions are targeted to reduce density relative to traditionally-established

corrosion resistant alloys such as 316L (8.0 g/cm3 [36]) as well as transition metal based CCAs such as
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CoCrFeMnNi (8.0 g/cm?® [37]). Decreased alloy density has long been established as a design strategy to
reduce fuel consumption and overall cost for marine applications [38], with comparatively newer interest

acquired in efforts to minimize adverse environmental effects of fuel emissions [39].

Experimental evaluation of CCA density is often time-consuming and limits high-throughput
assessment of the broad alloys spaces that are characteristic of the CCA design space [6]. Thus, crude
predictions of alloy density that may be efficiently predicted computationally often provide significant
value. In this work, CCA densities (p) are predicted as an average of the densities of room temperature

allotropes for each constituent element (p;) [40] weighed by the alloy composition (x).

p= Zpixi (1)

The method has been validated by comparison of weighted average predictions to experimentally
observed densities for selected alloys from Chapter 2. Good agreement with the predictive values
validates the technique. The strictly composition-based methodology suggests that the density may be
decreased by increasing the concentration of lightweight elements. This strategy informs efforts to
maximize concentrations of Al and Ti that are discussed further in Chapters 2 and 3 without adversely
affecting other design criteria.

Table I: Predicted densities of selected CCAs utilized in Chapter 2 compared to densities obtained of

alloys arc-melted and homogenized (6 hours, 1070 °C) using the Archimedes method [41]. Experimental
densities were averaged across at least three measurements

Alloy Name Alloy Composition (at. %) Predicted Experimental
Density (g.cm3) | Density (g.cm3)
Al-0 Cro_sFF_'zM n0_25M00_15Ni1_5Tio_3 7.95 7.98
Al-6.0 A|0_3CFO_5FE‘2M n0_25M00_15Ni1_5Ti0_3 7.64 7.78
Al-13.0 A|0_7CFO_5F€2M n0_25M00_15Ni1_5Ti0_3 7.28 7.16

2.2 Cost

Second, the alloy cost is evaluated. As in the case of density, the cost (C) is predicted as a weighted
average of pure element costs (Cj) [42]. In the case of Mn, the pure element cost of Mn is replaced by that
of a ferromanganese compound given the high production costs of pure Mn that would not be relevant
to industrial alloy synthesis [42]. The Fe composition in such alloys is adjusted accordingly. While the cost
of producing pure metals from natural states are incorporated into this method are neglected, any
processing costs beyond pure metal production that may differ between alloy compositions. However, as
in the case of density, the simplified nature of the metric allows for improved efficiency in the high-

throughput evaluation of multiple CCA compositions. Cost calculations may inform the selected elements
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included in an evaluated compositional space. For example, despite use in the initial high entropy alloys
[1], Co is eschewed from the compositional space due to the high costs and marginal contribution to

passivity [24, 43].

C= Z Cix; (1)

In addition to the direct alloy costs, indirect (e.g. volatility of individual elements, geopolitical
concentration) costs may affect the viability of individual compositions for industrial applications [44].
While such effects provide opportunities to improve cost analysis of selected CCA compositions and are
recommended prior to industrial application of selected alloys, they are not expected to significantly

affect comparative costs between individual alloys and are thus not considered in this work.
2.3 Corrosion Resistance

Third, CCAs are targeted to have good aqueous corrosions resistance. Corrosion limits the overall
lifespan of components in marine conditions. Therefore, improved corrosion resistance may reduce both
direct and indirect costs (e.g. maintenance, decreased production) of upkeep. CCAs provide opportunities
to integrate multiple passivating elements into protection strategies. Namely, microstructural
homogeneity, passive film stability, the viability of forming multi-cation or complex oxides, and control of
local ion solubility affecting localized corrosion provide opportunities for the development of CCAs with

improved corrosion resistance relative to conventual alloys [45].

This work mainly targets CCAs resistant to corrosion in marine conditions. Thus, in addition to the
formation of a stable protective oxide film, the resistance of such films to localized corrosion such as
pitting remains paramount given the tendency of Cl- ions present in ocean water to initiate such localized
corrosion. While ocean conditions may be replicated with concentrated sodium chloride solution among
other constituent species [46], such aggressive conditions often limit the ability to evaluate the ability of
CCAs to form stable passive films prior to breakdown using techniques such as potentiodynamic
polarization. Thus, a dilute NaCl electrolyte is often utilized to establish initial comparisons between the
passivity and corrosion resistance of CCAs. Additionally, to evaluate the ability of the alloys to passivate
in the absence of Cl*-induced localized corrosion, electrochemical experiments are often evaluated in
sulfate solutions. Well-performing alloys are then evaluated in more aggressive solutions and/or solutions
varying in pH that more closely replicate marine conditions and provide a wider scope of alloy viability.

Precise techniques used to evaluate the corrosion resistance of CCA series are provided for each chapter.
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2.4 Mechanical Strength and Ductility

Finally, the CCAs are targeted for combinations of mechanical strength and ductility. While HEAs
were originally proposed to have mechanical strength arising from high degrees of lattice strain [6].
However, more recent work has challenged the degree to which strictly solid-solution effects may
strengthen CCAs [47, 48]. For this reasons, second phase regions in multi-phase CCAs are targeted to
further improve mechanical strength. In this work, CCAs with an FCC matrix were selected to improve
mechanical ductility to avoid the characteristic brittle behavior of BCC-like matrix phases, particularly
below the ductile to brittle transition temperature [6]. Second phases targeted for mechanical
strengthening are generally of the L2; structure and Ni,AlTi stoichiometry, owing to the combinations of
Al and Ti utilized to decrease alloy density along with high concentrations of Ni targeted to stabilize the

FCC phase.

The volume fraction of strengthening phase may be utilized to predict both the strength and
ductility of the overall alloy utilizing crystal plasticity modeling developed by Bhattacharyya et al. [24].
Generally, the yield strength and hardness values are suggested to increase with increasing L2; volume
fraction, with hardness increasing in a nearly proportional manner to L2; volume fraction following
composite theory as shown in Figure 1. Alternatively, ductility is expected to decrease with L2; volume
fraction. Efforts have been made to optimize the microstructure for mechanical toughness [24]. However,
such methods have not incorporated other factors such as cost, density, and corrosion resistance. Thus,
a more comprehensive overview of the effects of microstructures on corrosion resistance is necessary to
evaluate the tradeoffs between mechanical and corrosion effects on specific microstructures that may be
targeted during the alloy design process. While this work does not go into detail into the mechanical
properties of this alloy class, the effects of second phase structure and volume fraction on mechanical
properties may be integrated with corrosion conclusions to optimize alloy compositions for a combination

of all of the aforementioned design goals.
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Figure 1: Vickers microhardness values (0.5 kg, 15 s) obtained from by Bhattacharyya et al. [24] for a
series of selected CCAs in the Al-Cr-Fe-Mn-Mo-Ni-Ti system relative to L2; area fractions identified via
Imagel threshold analysis of back scattered electron scanning electron microscopy micrographs.

2.5 High-throughput Design and Integration of Alloy Design Goals

For a given CCA system, there is a wide compositional range over which any constituent element
may be tuned, leading to many possible compositions for a given alloy system. Thus, the CCA alloy space
has been historically characterized as broad and often has more possible compositions than may be
practically evaluated with traditional experimental techniques. High-throughput experimental methods
have shown great promise for evaluation of environmental degradation of CCAs [49, 50]. However, even
with high-throughput methods, the vast alloy space cannot be surveyed in its entirety. Thus,
computational work is often integrated into the development of CCAs prior to synthesis and
characterization. The two methods informing compositions selected for this work are elaborated on

further below.

Machine learning (ML) techniques have become valuable tools in identifying CCAs with targeted
properties from broad compositional spaces [51-53]. In particular, ML techniques are often utilized to
predict phase stability, either through targeting single phase alloys or specific desired multi-phase
microstructures [7, 51, 52, 54]. This work utilized a methodology developed by Qi et al. [7] that uses binary
phase diagrams of constituent element pairs to predict phase stability for given CCA compositions. An
alloy space defined by selected elements and acceptable composition ranges may then be filtered to
selected alloys which may be capable of desired microstructure following homogenization. However, the

model is limited in identifying ideal temperatures for heat treatment, necessitating other methods.
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Computational thermodynamic techniques such as CALPHAD integrate thermodynamic data to
predict the phase stability for a given CCA composition and homogenization temperature. While high-
throughput techniques dependent on CALPHAD techniques have been incorporated for the screening of
candidate CCA compositions [55, 56], they often are comparatively lower throughput than ML methods
nor do they account for experimentally observed metastable phases. Thus, this work utilized CALPHAD
based techniques for a given CCA system varying only in the composition of one element for each series.
In addition to identifying the effect of composition, CALPHAD techniques are beneficial in selection of
processing temperatures. While processing techniques in this work are generally limited to high-
temperature homogenization treatments intended to remove undesirable phases from the
microstructure, evaluation of additional processing techniques on corrosion behavior and overall CCA

properties remains an opportunity for future work.

Computational techniques are integrated into the cyclic design process illustrated in Figure 2. The
ML model is incorporated over a range of proposed compositions to identify which may have a desirable
microstructure. Additionally, the high-throughput computational loop may easily incorporate calculations
for CCA cost and density using the equations above. Although there are no defined thresholds for CCAs
cost and density as in the case of targeted microstructures, CCA compositions with low costs and/or
densities are generally targeted for experimental synthesis. Additionally, low-throughput CALPHAD is also
integrated to confirm the presence of a targeted microstructure as well as evaluate the composition and
volume fraction of each phase. Mechanical modeling described elsewhere [24] may be used to predict
yield strength as a function of second phase structure and volume fraction. Additionally, the compositions
of each phase suggested by CALPHAD may be vetted prior to synthesis to ensure each phase has an
adequate concentration of passivating elements [43]. Following synthesis, CCA series are experimentally
characterized. The effects of both the presence and concentration of constituent elements are used to

inform the selected elements and evaluated composition range for future sweeps of the design process.
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Figure 2: Schematic representation of design process utilized in this work
2.6 Properties of Evaluated CCAs

The density and cost of the CCAs evaluated in this work is summarized in Figure 3 below. The
evaluated CCAs generally range in cost between 4.8 and 6.0 $/kg, with densities between 7.0 and 8.0
g/cm3. The CCAs offer marginal density decreases relative to 316L, but have significantly higher costs.
Generally, the single-phase CCAs are suggested to be more dense than the two- or three-phase CCAs. This
generally results from changes in the concentrations of Al and Ti, two lightweight elements which are
shown to increase the likelihood of second and third phase formation. The low cost of Al relative to the
targeted alloy space indicates that increasing Al concentrations will decrease the alloy cost, whereas the
high cost of Ti relative to the alloy space indicates increasing Ti concentration generally increases the
overall alloy cost when the ratios between other elements are held constant. The effects of Al and Ti on
CCA microstructure and corrosion behavior are discussed further in Chapters 2 and 3, respectively. Mn
has a similar density as the evaluated CCAs. Therefore, while increasing Mn concentrations can decrease
alloy cost, it does not significantly affect density. Mo, while having a significantly higher cost and density
than the alloy class, is only evaluated at concentrations up to 3 at. %, and thus, does not affect density to
the same degree of other elements which were added at higher concentrations. Studies probing the effect

of Mn and Mo concentration on corrosion behavior are described in Chapters 4 and 5, respectively.
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Figure 3: Cost and density calculations for the alloy series evaluated in this work a) compared to pure
constituent elements and common corrosion resistant alloys and b) shown relative to alloy
microstructures.

3.0 Summary

This work evaluates four series of CCAs selected to isolate the effects of individual elements on
microstructure and corrosion behavior of CCAs. Al and Ti have been identified as two elements capable
of both decreasing CCA density and improving passivity due to the presence of thermodynamically stable
oxides. However, at high concentrations, each element can promote the formation of additional phases
in the microstructure which may limit corrosion resistance. Thus, for each element, a tradeoff between
beneficial and adverse contributions to both corrosion resistance and overall fulfillment of design goals.
Therefore, individual alloy series are developed and synthesized to evaluate such effects as described

below.

Chapter 2 probes the effect of Al concentration on the microstructure and corrosion resistance of
a synthesized CCA series. Increasing Al concentrations are shown to decrease CCA density and cost for the
system. The thermodynamic stability of Al passive species suggests Al will be a significant constituent
element in the passive film when added at high concentration, and could possibly improve overall alloy
passivity. Passivity is evaluated with combinations of electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization with the chemical species in the protective oxide film identified with X-ray
photoelectron spectroscopy (XPS). In addition to its contributions to passivity, Al is also expected to
promote the formation of additional phases in the microstructure, which could increase susceptibility to
localized corrosion. Localized corrosion is evaluated with breakdown characterization during and

following potentiodynamic polarization. Thus, this chapter seeks to both confirm the existence of a
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microstructure-passivity tradeoff with increasing Al concentration as well as optimize such a trade-off to

identify an optimal Al concentration for the evaluated alloy series.

As in the case of Al, the microstructure-passivity tradeoff is explored for the effect of Ti
concentration in a CCA series described in Chapter 3. Like Al, Ti has a thermodynamically stable passive
film in neutral environments that is expected to contribute to, and likely improve, corrosion resistance
[57]. However, like the case of Al, Ti is also expected to stabilize additional phases in the microstructure
which could act initiation sites for localized corrosion. Thus, similar to the case of Chapter 2, Chapter 3
seeks to use combinations of microstructural analysis, potentiodynamic polarization, EIS, and XPS to verify
the existence of a microstructure-passivity tradeoff with increasing Ti concentration for overall corrosion
resistance as well as to provide guidelines for optimization of Ti content for corrosion resistance in CCA

systems.

Both Chapters 2 and 3 explore possible microstructural consequences of the addition of
lightweight elements. However, such microstructural effects are dependent on the entirety of the alloy
system. Given the benefits of increasing Al and Ti concentrations on lightweighting and possibly corrosion
resistance, it is of interest to evaluate the effects of other elements on the microstructure as well as
overall corrosion resistance. Thus, Chapters 4 and 5 probe the effect of other elements which are not
expected to significantly alter alloy density, but may still affect the corrosion resistance and/or
composition of individual phases. In both cases, CCA series with all alloys having two phases are developed
to isolate effects strictly to those of individual elements and not to adverse effects of second and/or third

phase formation.

In Chapter 4, the microstructure and corrosion resistance of a series of CCAs with varying Mn
concentrations is evaluated based on observations of decreased partitioning of passivating species,
specifically Al and Ti, relative to Mn-free CCAs. It is proposed that a trade-off exists between possible
decreases in microstructural partitioning, which would allow all passivating elements to locally coexist and
possibly have beneficial effects from their coexistence, with the well-established adverse effects of Mn
on corrosion resistance. Traditional microstructural analysis techniques are paired with potentiodynamic
polarization and EIS to evaluate the effects of Mn on microstructure and overall corrosion resistance.
Additionally, to evaluate the elemental fates, XPS is used to characterize the passive film and individual
elemental dissolution rates are tracked with atomic emission spectroelectrochemisry (AESEC) in efforts to

identify evaluate the possibility of improvement in corrosion resistance with the addition of Mn.
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Unlike the case of Mn, Mo has well established effects on corrosion resistance, mainly through
improving resistance to localized corrosion. However, many third-phase regions formed in the evaluated
alloy series are enriched in Mo. Therefore, decreasing Mo concentration may be of interest in order to
allow for increased Al and/or Ti concentrations without adverse third-phase formation. However, to
decrease Mo concentration, the effects on corrosion behavior must first be evaluated. Chapter 5 describes
a series of CCAs with varying Mo concentration that is evaluated for corrosion resistance using
combinations of potentiodynamic polarization, EIS, and AESEC. Additionally, the morphology of localized
corrosion is addressed with regards to microstructural features to evaluate the degree to which removing

or decreasing the concentration of Mo harms resistance to localized corrosion.

The initial four body chapters explore tradeoffs between alloy microstructure and corrosion
behavior. However, evaluated microstructural features include second phase regions that vary in both
volume fraction and composition, rendering it difficult to identify which of the two factors is responsible
for the change in corrosion behavior. Thus, in Chapter 6, two single-phase CCAs with compositions
selected to represent the compositions of each individual phase in a selected dual-phase CCA are
synthesized. Corrosion behavior is evaluated using combinations of potentiodynamic polarization and EIS
before comparison to the dual-phase CCA. Additionally, the morphology of the passive film is
characterized with combinations of XPS, Auger electron microscopy, and transmission electron
microscopy. The selected CCAs are utilized to determine to what degree may composite theory be applied
to the corrosion behavior of multi-phase CCAs to predict both passivity and resistance to localized
breakdown. These findings, in combination with those made in Chapters 2-5, are utilized to improve to

inform the overall design of multi-phase corrosion-resistant CCAs.
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Chapter 2: Effect of Al on the corrosion resistance of CCAs: Evaluation of corrosion resistance,

passive film properties, and microstructure

Abstract

A series of AlCrosFe;Mng2sMo0g.15Ni1sTio.s complex concentrated alloys with Al concentrations
between 0 and 14.3 at. % were synthesized, homogenized, and characterized for microstructure and
corrosion behavior. Low-Al alloys had an FCC microstructure whereas at high Al concentrations, L2
second phase regions enriched in Al, Ni, Ti are present at Al concentrations beyond 6 at. % with a third
BCC-like phase enriched in Cr and Mo enriched at Al concentrations beyond 9.6 at. %. Corrosion
resistance was characterized with combinations of potentiodynamic polarization, passive film growth
during potentiostatic exposure, and electrochemical impedance spectroscopy in dilute NaCl at a natural
pH. The highest pitting potential was found at 6 at. % with decreasing resistance to localized corrosion
at higher Al concentrations primarily attributed to the presence and composition of second or third
phase and their resultant interfaces which function as pit initiation sites. However, trends between Al
concentration and polarization resistance or other metrics traditionally used to evaluate passivity and
protectiveness were often insignificant. Protectiveness was compared to the attributes of the passive
film. Al(lll) was observed within the passive film at levels enriched relative to the bulk composition
alongside Cr(lIll) and Ti(IV) species. The interplay between Al concentration, bulk microstructure phase

stability, passivity, and corrosion behavior are discussed.
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1.0 Introduction

Complex concentrated alloys (CCAs), a subset of the high entropy alloy (HEA) class, consist of four
or more elements at concentrations ranging between 5 and 35 at. %. The characteristic multi-principal
element nature of the alloys often allows for the benefits of each element to contribute to global alloy
properties. Furthermore, combinations of elements often not seen in conventional alloys allows for
“cocktail effect” type properties arising from elemental combinations or synergies not observed in the
case of either pure element [1]. Specific design criteria to may therefore addressed by the addition of
individual elements, however, it is necessary to address both adverse effects of an element and its
combinations during the design process. The low density of Al and excellent air oxidation resistance of Al
has made it a frequent addition to CCAs targeting low density as both a constituent of refractory-metal
dominated CCAs [2, 3] and as an addition to transition-metal dominated CCAs [4-6]. Al has been shown to
be effective in reducing densities in transition-metal based CCAs through both Vegard’s law based
predictive modeling and experimental verification [4]. Additionally, the comparatively low cost, both in
terms of direct and indirect (e.g. volatility, geopolitical concentration) cost, of Al compared to other

frequent alloying additions can lead to cost reduction with increasing Al composition [7].

Increasing additions of Al to CCAs often promotes the formation of new phases, particularly in the
case of transition-metal based FCC CCAs [1, 4, 5, 8-10]. Phase partitioning is aided by the limited solubility
of Al with Ni [11] and y-Fe [12], two elements commonly found at high concentrations in such alloys.
Furthermore, the high atomic radius and low melting temperature of Al, along with favorable enthalpies
of formation for intermetallic compounds containing Al, all decrease thermodynamic indicator terms that
can be used to predict single-phase stability for CCAs [1, 4, 13, 14]. Thus Al, particularly when added at
high concentrations, may be reasonably expected to decrease the likelihood of single-phase

microstructures when added to FCC transition-metal CCAs [4].

Al-containing CCAs with an FCC matrix have been observed with second phases including BCC [4,
5, 15-21], B2 [9, 19, 21-25], L2, (Heusler) [26-28], and L1, [24, 29]. The phase volume fraction, and by
extension, the mechanical properties, have been shown to be tunable through alterations of the Al
concentration. Bhattacharyya et al. [30] evaluated a series of Al-Cr-Fe-Mn-Mo-Ni-Ti CCAs with an FCC
matrix. With increasing Al concentration, the alloy density decreased. Additionally, a L2; second phase
formed and increased in area fraction with Al concentration, with a BCC third phase formed at high Al
concentrations. The increasing L2; volume fraction was shown to significantly improve yield strength at

the expense of ductility. Similar results of mechanical strengthening with Al-induced second phase
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formation have been obtained across a variety of systems [1, 21, 24, 29]. Despite the strong benefits of
second phase formation on mechanical strengthening, such formation can have adverse consequences

on CCA corrosion behavior.

Al may affect CCA corrosion behavior through both passivity and microstructural effects.
Therefore, it is difficult to simplify the effect of Al addition and concentration into a singular effect on
corrosion behavior. Nevertheless, several studies have evaluated the effect of Al both in transition metal
CCAs and in simplified systems. Peng et al. [31] polarized a series of Fe-Al binary alloys in sulfuric acid,
finding that the passivity is improved at higher Al concentrations with the improvements most notable
upon reaching an approximately 15 at. % Al threshold (similar to the well-established 12 at. % Cr threshold
in Fe-Cr binary alloys [32]). Springer et al. [33] surveyed a range of Fe-Cr-Al alloys via salt spray testing,
finding that although Al is a less effective passivator than Cr, Al concentrations of 8-10 % can reduce the
necessary Cr threshold for stable passivation, suggesting coexistence of Al and Cr in the passivation
process. Rebak et al. [34] also evaluated the corrosion resistance of Fe-Cr-Al nuclear cladding, finding
some compositions to be equivalent to or superior to Fe-Cr based stainless steels but did not provide
guidelines for compositional optimization. Despite the potential benefits of Al addition to Fe-Cr, a clear
mechanism or ‘third element effect’ has not been shown as in the case of high-temperature oxidation [35,
36]. One proposed mechanism involves the introduction of short-range order enhancing Cr-Cr clustering.
The effects of Cr-percolation on passivity kinetics have been long-established [37], but have since been

extended to Al-containing CCAs [38].

Alternative possible mechanisms involve the presence of Al within the passive film, often while
coexisting with other elements. Multi-cation oxides, formed by either solid solution solubility or
stochiometric line compounds, may improve the corrosion resistance of CCAs by broadening the stability
range for constituent metals whose passive species may otherwise be unstable [39, 40]. Al has been
shown to improve the corrosion resistance present in the passive film of Fe-Mn-Al alloys [41], an effect
suggested to be more prominent when Cr is present [42]. In addition to Cr, Al has been suggested to enrich
in the passive film at similar depths as Ti(IV) in Fe-Cr-Al-Ti alloys [43] along with the Al sTiVCr [44] and
Alo3CrosFe;Mng2sMog.1sNivsTios [45] CCAs, further suggesting possible coexistence and demonstrating
viability for the implementation of Al in CCAs depending on multiple passivating species. However, further
work is necessary to evaluate the structural nature of the passive film and the nearest neighbor

arrangement of Al to confirm the nature of the multi-cation interactions.
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Al has been suggested to dissolve at the highest rates during open circuit corrosion of the AICrTiV
CCA [46], suggesting it may play a less prominent role in the passivity of the alloy. Furthermore, Al,O;
formed on pure Al is only thermodynamically stable at near-neutral pH ranges [47], which could lead to
significantly reduced corrosion resistance of Al-dependent CCAs in acidic or basic environments, and has

also been suggested to limit protectiveness in CCAs due to its porosity [15, 16, 48].

The benefits of Al as both a low-density element and stable passivator have often been applied in
corrosion resistant CCA design, however, microstructural effects often considerably complicate the
optimization of composition. Thus, in CCAs where Al leads to the formation or growth in volume fraction
of additional phases, it often is regarded as having adverse effects on the corrosion resistance [8-10, 16,
18, 20, 21, 25, 48-52]. Shi et al. [9, 48, 49] developed a series of studies evaluating the corrosion behavior
of a series of AlyCoCrFeNi CCAs in chloride. The lowest Al concentration (7.0 at. % Al) had a single-phase
FCC microstructure that corroded via random pitting and had the best overall corrosion resistance in
terms of both pitting and current densities in the passive range. At higher concentrations, BCC phases
were present with random pitting at the phase interface observed at 11.1 at. % Al, and preferential
dissolution of the BCC phase with the worst overall corrosion resistance at 14.9 at. % Al. The studies
illustrate that Al can affect second phase formation in the microstructure, leading to inferior corrosion
resistance. Lee et al. [16] evaluated the microstructure and corrosion resistance of the Al,CrFe;sMnNigs
series in sulfate and chloride solutions. The Al-free alloy had an FCC matrix. Increasing BCC volume
fractions formed with Al concentration that eventually formed a single-phase BCC matrix at 11.1 at. % Al.
Increasing Al concentration both increased the passive current density and decreased the Cl-induced
pitting potential, a phenomenon that was attributed to either stabilization of the BCC matrix or possible

inhibition of Cr passivation.

The passive films of CCAs with multi-phase microstructures has been shown to vary in
composition following the local bulk microstructure composition [53, 54]. An Al-Cr-Fe-Mn-Mo-Ni-Ti CCA
with an FCC (Fe, Cr, Mo enriched) matrix and L2; (Al, Ni, Ti enriched) second phase regions showed two
distinct phases in the passive film that were suggested to mainly be protected by Cr in the regions over
the FCC phase and by Al and Ti in the regions over the L2; phase. The corrosion resistance of the dual-
phase alloy was attributed to the simultaneous ability of both phases to passivate [54]. Therefore, it
becomes necessary to ensure all phases have an adequate concentration of passivating elements when

evaluating proposed CCA compositions and microstructures.
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While Al can be beneficial to alloy design by reducing densities, cost, and possibly passivity,
adverse effects on corrosion behavior necessitates a more thorough analysis of its effects when added in
low concentrations to a multi-phase CCA system. CCAs with varying Al compositions with the ratios
between all other elements held constant as balance were synthesized, analyzed for microstructure, and
evaluated for corrosion resistance. Additionally, the passive film composition was characterized to
determine both the enrichment of Al as well as its effects on overall passive film composition. Passive film
attributes were correlated with corrosion resistance evaluated using electrochemical methods. Significant
enrichment both of Al and other stable passivators could promote improved corrosion resistance. The
chapter provides a comprehensive evaluation of the effect of Al concentration on the corrosion behavior
of an L2;-strengthened FCC CCA series at low Al levels while also developing mechanistic understanding
to the well-established effects of Al on lightweight CCA corrosion resistance. The findings are discussed
relative to work on systems that alter bulk microstructure phase stability and that change Al concentration
while preserving a single-phase microstructure to better determine whether the effects of Al on corrosion

behavior is strictly microstructural or also a function of contributions to passivity.

2.0 Experimental Methods

2.1 CCA Synthesis and Microstructural Characterization

Eight CCAs with composition listed in Table | were prepared by arc-melting pure metals (Cr > 99.2
% purity, all other metals > 99.9 % purity). Compositions had varying Al concentrations with the ratio
between all other elements held constant, leading to the majority of increasing Al concentrations being
compensated by decreased Fe and Ni with the concentration of most other element changing by less than
1 at. %. Phase stability was first predicted with a CALPHAD isopleth diagram developed on ThermoCalc
software the TCHEA3 database. Each sample was melted and flipped five times to ensure homogeneity
in a Cu hearth before suction casting into a 1 cm water-cooled Cu button mold. Samples were
encapsulated under Ar and homogenized for 5 hours at 1070 °C before water quenching, a treatment
informed by the isopleth diagram shown in Figure 1 produced with Thermocalc TCHEA3 database. A wide
range of phases are predicted including single-phase FCC, alongside additions of L2;, BCC, and/or B2.
Compositions were confirmed to within 0.5 at. % for each element by energy dispersive spectroscopy

(EDS) measurements described further below.
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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.

Alloy Al Cr Fe Mn Mo Ni Ti

Al-0 0.0 10.6 | 42.6 5.3 3.2 31.9 6.4

Al-3.1 3.1 10.3 | 41.2 5.2 3.1 30.9 6.2

Al-6.0 6.0 10.0 | 40.0 5.0 3.0 30.0 6.0

Al-8.2 8.2 9.8 39.1 4.8 2.9 29.3 5.9

Al-9.6 9.6 9.6 38.5 4.8 2.9 28.8 5.8

Al-11.4 11.4 9.4 37.7 4.7 2.8 28.3 5.7

Al-13.0 13.0 9.3 37.0 4.6 2.8 27.8 5.6

Al-14.3! 14.3 9.1 36.6 4.6 1.7 27.4 6.5
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Figure 1: Isopleth diagram for the Al«CrosFe2Mno25sMoog.15Ni1sTio s system produced with Thermocalc
TCHEA3 database. Black circles indicate the synthesized compositions with the heat treatment indicated
by the dashed line.

All samples were mechanically ground through 1200 grit and, in the case of microstructural and
surface sensitive analysis, polished through 1-um diamond suspension. Crystal structure of the present
phases was evaluated with X-ray diffraction (XRD) with phase morphology characterized with scanning
electron microscopy (SEM). A PANalytical Empyrean Diffractometer™ was used for XRD with Cu Ka X-rays
(1468.7 eV) and a scan rate of 0.15 °/s. The microstructure was imaged with SEM on an FEI Quanta 650™
equipped with EDS in backscattered electron (BSE) and secondary electron (SE) imaging modes at an
accelerating voltage of 15 keV, a spot size of 4, and a working distance of approximately 10 mm. The
partitioning of elements to different phases was evaluated with EDS point scans, mapping, and a line scan
with a 100 nm separation analyzed with Oxford Instruments Aztec™ software. Phase area fractions were

approximated with Imagel threshold analysis.

1 The Ti concentration of Al-14.3 was increased and the Mo concentration was decreased to limit undesirable
fourth phase formation. The compositions are changed by less than 1 at. % from the ideal compositions for
preserved elemental ratios, and thus are not expected to significantly alter trends in corrosion behavior.
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2.2 Electrochemical Characterization

Corrosion behavior and passivity was evaluated with a series of electrochemical experiments. In
all cases, a conventional three-electrode cell was used with the degreased CCA sample used as a working
electrode, a platinum mesh counter electrode, and a saturated calomel reference electrode (SCE) relative
to which all potentials (0.241 V vs. SHE) are reported. All procedures were regulated by a Gamry
Instrument Reference 600+™ potentiostat and were evaluated in 0.01 M NaCl (pH ~5.75) continually
bubbled with Ny throughout the duration of the test. All electrochemical tests were repeated threefold
to ensure reproducibility. To evaluate the formation and corrosion resistance of the passive film, the air-
formed oxide was first exposed to a cathodic reduction treatment by applying a -1.3 Vsce potential for 600
s. The alloy was then potentiodynamically polarized in a cyclic manner from -1.3 to 0.8 Vsce at a 0.5 mV/s
scan rate. The -1.3 Vsce potential for cathodic reduction was selected to expose the of any air-formed oxide
to a potential below the standard reduction potential of Cr,0s in a pH~5.75 environment?. The potential
range for potentiodynamic polarization establishes considerable driving force for the formation of Al,Os,
TiO,, and Cr,03, which are suggested to form at potentials more positive than -2.14, -1.87, and -1.30 Vs,
respectively, on their respective pure metals in pH ~5.75 conditions by E-pH diagrams [47]. In-situ
impedance measurements, which have been previously shown to track qualitative trends in passive film
thickness [55, 56], were measured with AC monitoring at 1 Hz and an amplitude of 20 mVgwms for every
0.005 V step. To evaluate the nature of pit initiation, BSE micrographs were obtained on separate runs

where the polarization was terminated following the anodic current density reaching 10° A.cm™.

To evaluate the corrosion resistance of the air-formed passive film, a second procedure was used.
The passive film was exposed to open circuit corrosion for 30 minutes directly following mechanical
grinding to establish a stable open circuit potential (OCP). The dielectric behavior of the film was
characterized with electrochemical impedance spectroscopy (EIS) at the stable OCP from an initial
frequency of 100 kHz to a final frequency of 1 mHz at an AC amplitude of 20 mVgwms. Following EIS, the film
was polarized from -0.1 V relative to the OCP to 0.8 Vscc before downward polarization from 0.8 to -1.3

Vsce using the same in-situ impedance measurement techniques described above.

2While the standard reduction potentials of Al203 or TiO2 on their pure constituent elements a -1.3 Vsce potential
has been suggested to be capable of reducing the air-formed oxide on similar alloys by in-situ impedance
measurements [46]. The reduction is verified for the evaluated CCA series using similar impedance methods.
Therefore, potentials below -1.3 Vsce are not applied to avoid excess cathodic reaction rates.
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Finally, a third sequence was used to evaluate the passive film formation trends with time. The
air-formed oxide was first treated using the 600 s cathodic treatment at -1.3 Vsce described above. The
sample was then immediately exposed to a -0.25 Vsce potential, which was indicated to be in the passive
region by both initial polarization testing and previous studies, for 40 ks. Impedance was monitored in-

situ every 6 s at a frequency of 1 Hz and a 20 mVgms AC amplitude.

Dissolution rates of individual elements during passive film growth with atomic emission
spectroelectrochemistry (AESEC). A modified potentiostaic oxide growth procedure was repeated with
the Al-6.0 CCA in a flow cell connected to a Horiba Jobin Yvon Ultima inductively coupled plasma system
described elsewhere [57]. 0.1 M NaCl electrolytes with adjusted to a pH of 4 and 10 with concentrated
HCl and NaOH, respectively, and were used to evaluate the effects of pH on elemental dissolution and
increase dissolution rates to observable levels. A -1.3 Vsce potential was first applied for 600 s to minimize
the effect of the air-formed oxide. A -0.2 Vsce potential, previously established to be within the Al-6.0
passive range, was then applied for 4000 s. Intensities at characteristic wavelengths (I;) for each metal, i,
were converted to dissolution rates (vi) by normalizing to the flow rate (f) and exposure area (A). To
compare elemental dissolution rates with electrochemical corrosion measurments, viwas then converted
to an equivalent current density for each element using Faraday’s law, where z;, F, and M; refer to the
charge of the most stable valence of a dissolved species for a given pH and potential [47], Faraday’s

constant, and the molar mass.

fl;
=g ©)
. ziFv;
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Dissolution rates may be integrated to calculate the total mass loss rate (Q;) with respect to time
(t). Total mass loss relative to the original bulk composition (x;) may then be calculated and compared to
Fe, the metal with the highest bulk concentration, to determine the mass of remaining metal enriched at
the surface (Oiy). A further discussion of the methodology informing AESEC calculations may be found

elsewhere [57].
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2.3 Analysis of Passive Film Composition

For three alloys, Al-0, Al-6.0, and a third CCA with an Al concentration of 13.0 at. %, the
composition and valence of the passive film was determined via X-ray photoelectron spectroscopy (XPS)
following the passive film growth procedure in 0.01 M NaCl described above?. Directly following the film
growth procedure described above, samples were transported under N2 to a PHI VersaProbe [II™ XPS
system operating with Al Ka X-rays (1486.6 eV) over a 100 um spot size. High resolution spectra were
collected at a 26 eV pass energy with a 0.05 eV step size over the Cls, O1s, Al 2p (when present), Cr 2ps/2,
Fe 2p1/2, Mn 2p1/2, Mo 3d, Ni 2ps/2, and Ti 2p core spectra, with the Fe and Mn spectra selected to avoid
overlap with Ni Auger peaks. Background noise was subtracted with a Shirly background substitution
before fitting data to features based off matching peak binding energy, width, and multiplet splitting to
reference spectra previously obtained elsewhere [58-61]. Metallic (valance state of 0) features were fit
with Doniach-Sunjic peaks to account for asymmetry while non-zero valence features were fit with Voigt
peaks. Cumulative peak intensities for the non-metallic features attributable to a given element were
normalized with system-specific relative sensitivity factors and then used to determine the surface cation
fractions attributable to each element. The intensity of the Cr 3s peak, which overlaps the Al 2p region,
was determined using the intensity of the Cr 2ps;; spectrum normalized with system-specific relative
sensitivity factors (RSF). In addition to high-resolution surface scans, low-resolution scans over each of the
spectra listed above were obtained intermittent to 15 second periods of Ar sputtering over a 3 mm by 3
mm area for a total of 300 s of sputtering time. The intensities for each spectra were summed to obtain

the depth profile of cation fractions for each element.

3.0 Results

3.1 CCA Phase Stability and Microstructure

XRD patterns for the CCA series following homogenization are shown in Figure 2. The FCC phase
is indicated to be present for all evaluated CCAs. Additional peaks are present with increasing Al content,
suggesting the formation of new phase that were indexed to L2; at Al concentrations of 6 at. % and beyond
and BCC at Al concentrations of 9.6 at. % and beyond in addition to the FCC matrix. Regions of contrast in
the BSE micrographs shown in Figure 3 confirm the formation of new phases. Al-0 and Al-3.1 are suggested
by both XRD and BSE imaging to be a single-phase FCC matrix, whereas Al-6.0 and Al-8.2 have both an FCC

matrix and L2, second phase regions generally of size scales between 1 and 10 um. Alloys with Al contents

3 A Mn-free CCA with an Al concentration of 13.6 at. % was used as a representative high-Al alloy for XPS analysis
due to sample availability.
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above 9 at. % all have a three-phase microstructure that was indexed by XRD to be a combination of FCC,
L2;, and BCC or BCC-like phases®. Notably, the micrographs suggest a more interspersed microstructure,
as opposed to isolated phases typical of second-phase strengthened FCC matrix. The volume fraction of
the L2; phase increases with Al concentration in both the two and three phase CCAs (not shown, available
elsewhere [30]). The present phases are summarized and compared to CALPHAD predictions in Table II.
The CALPHAD techniques correctly identified the presence of L2; and BCC-like phases at increasing Al
concentrations, although the Al concentrations at which such phases form were not experimentally

observed at the same values as predicted.
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Figure 2: XRD patterns for CCA series following 6-hour homogenization at 1070 °C.
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Figure 3: BSE micrographs of CCA series following 6-hour homogenization at 1070° C.

4 The volume fraction of the BCC-like phase was too low to identify consistent superlattice peaks. The isopleth
diagram in Figure 1 predicts possible stability of both the disordered BCC and ordered B2 phases. Thus, while it is
indexed BCC structure, ordering characteristic of the B2 phase may also be present.
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Table II: Phases present in CCAs following 6-hour homogenization at 1070 °C compared to
computational predictions shown in Figure 1.

Alloy Predicted Phases | Observed Phases
from Isopleth

Al-0 FCC FCC

Al-3.1 FCC FCC

Al-6.0 FCC FCC+ L2,

Al-8.2 FCC FCC+ L2

Al-9.6 FCC+ L2, FCC + L2, + BCC

Al-11.4 FCC+ L2 FCC + L2, + BCC

Al-13.0 | FCC+ L2, +BCC+ FCC+ L2, + BCC
BCC2

Al-14.3 | FCC+L2;+BCC+ FCC+ L2, + BCC
BCC2

EDS maps for the six multi-phase materials are shown in Figure 4 with quantitative point scans
shown in Table Ill. Overall compositions for each CCA confirm the accuracy of target compositions for
sample synthesis. Generally, the L2; second phase is enriched Al, Ni, and Ti relative to the bulk
composition. Al enrichment in the second phase likely signifies that increasing Al concentrations are
compensated by increased L2; volume fraction. In the two-phase CCAs, the FCC matrix is enriched in Cr,
Fe, and Mo, while Mn is observed at similar concentrations in each phase. For the three-phase alloys, the
FCC phase was enriched in Fe and Cr while the BCC-like phase was enriched in Mo. The distribution of
passivating elements, mainly Cr and Ti, ensures each phase has a strong passivating elements at
concentrations of at least 10 at. %. Additionally, Ti nitride impurities are suggested to be present, although
at significantly lower volume fractions, and thus, they may be considered negligible. Although the Al
continued to partition to the L2; phase, the increasing global alloy composition of Al led to increasing Al
concentrations in the FCC phase of the high-Al CCAs. Thus, it may be possible that the high Al
concentrations promoted the formation of the third-phase, particularly given the unfavorable enthalpy of
mixing of Al and Mo [62]. The linescan across the phase interface does not show any localized depletion
near the interfaces in Al, Ni, or Ti in the matrix phase near the interface that is not observed throughout
the rest of the microstructure that could possibly arise from non-equilibrium phase transitions, although

it is possible that some occurs within the separation size of 100 nm.
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Figure 4: EDS mapping of a) Al-6.0 (FCC + L2,) and b) Al-13.0 CCA (FCC + L2, + BCC) microstructures
along with a c) quantitative line scan across multiple phases in the Al-6.0 microstructure. To minimize

noise, a five point moving average is presented.

46



Table Ill: Quantitative EDS point scans across selected CCAs. Indicated values represent the average of
at least two point scans over each phase.

Phase ‘ Al ‘ Cr ‘ Fe \Mn ‘ Mo ‘ Ni ‘ Ti \Area Fraction
Al Cr Fe.Mn Mo _Ni Ti _(Al-3.0)
015 05 2 0 015 15 03
Matrix (FCC- Overall) | 3.6 | 12.0[22.8] 4.8 | 15.6 | 240] 87 | 100%
Al Cr FeMn Mo Ni Ti (Al-6.0)
03 05 2 0.25 015 1.5 03
Matrix (FCC) 3.7 |11.0 42552 | 3.1 |288 | 56 95.7 %
2nd Phase (L2, ) 143 | 35 171 | 42 | 09 | 441|158 43 %

Overall Composition | 6.4 | 10.2 |39.7 | 5.2 | 2.6 | 29.7 | 6.1 -

Alo.7cro.5FezMno.25 Moo.15N|1.5Tio.3 (Al-13.0)
Matrix 6.9 | 13.450.8 | 0.0 | 3.4 | 223 3.2 53.5%
2nd Phase (L2,) 249 | 43 | 227|100 | 1.0 | 380 9.2 38.8%
3rd Phase (BCC-like) | 3.8 | 19.1|47.8| 0.0 |12.9|11.1| 5.4 7.6%

Overall Composition | 13.8 | 9.8 | 38.2 | 0.0 | 2.8 | 293 | 6.1 -

3.2 Corrosion Resistance Following Cathodic Pre-treatment

The formation and protectiveness of the passive film was evaluated with potentiodynamic
polarization curves. E-log(i) plots are shown in Figure 5 with quantitative results summarized in Figure 6
and Table IV. All CCAs showed discernible passive ranges, indicating the formation of a protective oxide
film. For all CCAs, the imaginary component of impedance (-Z”) increases with applied potential, indicating
the formation and growth of a stable protective oxide film [63, 64], before decreasing at or near the pitting
potential (Epit). No critical current density is observed, possibly due to the formation of Al and/or Ti passive
species below the corrosion potential (Ecorr), Which is verified by increasing -Z” magnitudes indicative to
film thickening. The strong variability in the E.r between alloys may be attributable to varying
concentrations of dissolved oxygen in the aqueous solution, which could contribute via the oxygen
reduction reaction (ORR), and should not be considered indicative of trends in the half-cell potential of
the reduced metal surface®. Such variability also obscures any trends that may be present with Al
concentration. The passive current density (ipass) of CCAs containing higher Al concentrations is generally
lower than that of CCAs with low Al concentrations, although a linear trend with Al concentration was not
present. Decreased ipass Values may indicate the formation of more protective passive films, and possibly

thicker passive films. However, no trends between the maximum -Z” magnitude and ipass are present. The

5 The selected runs shown in Figure 5 were chosen on the basis of representative pitting and repassivation
potentials along with passive current density values, leading to more variability in the corrosion potential trends.
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CCAs are able to form spontaneous passive films for all Al concentrations. While little trends were present
with Al concentration and corrosion resistance in the passive film, the resistance of the films to localized

breakdown decreases with increasing Al concentration.

-Z” generally begins to decrease at less positive potentials for alloys with higher Al concentrations,
indicating film breakdown. E,i decreases with Al concentration. Sharp spikes in the current density (i)
and/or Z” plots suggest metastable pitting that occurred prior to Eyit, however no trends in the degree of
metastable pitting were observed with Al content. Notably, pitting was often not observed for the Al-0
sample, with the passive film stable beyond the evaluated range (0.8 Vsce). Epit magnitudes are generally
higher for CCAs with lower Al concentration. For instance, the lowest Epi: was observed for Al-9.6, the
lowest Al concentration to have a three-phase microstructure, and other three-phase CCAs with higher Al
concentrations had higher Eyir. For two selected alloys, the procedure was repeated in three electrolyte
solutions with different (0.001 M, 0.1 M, and 1.0 M) NaCl concentrations to ensure findings were valid
across a range of CI" concentrations, including those encompassing 3.56 wt. % NaCl solutions (~0.6 M) that
are generally accepted as representative of marine conditions [65]. Additionally, 0.01 M NaCl solutions
with the pH adjusted with either 1.0 M HCl or 1.0 M NaOH were used to evaluate the corrosion behavior
at high and low pH. Pitting potentials for each electrolyte are shown in Figure 7. Eyit for Al-6.0 is within the
range of statistical scatter of Eyi: for 316L at all CI' concentrations. Al-6.0 is also suggested to have a higher
Eqit than the 13.0% Al alloy for both evaluated CI" concentrations, although not always at a high level of
statistical significance. Epit has a slightly upward trend with pH for most alloys. While E,i: of Al-6.0 is within
the range of statistical scatter to that of 316L in most neutral pH ranges, Eyi: of both Al-containing CCAs is
well below that of 316L in both strong acids and strong bases. Ei: of the Al-containing CCAs is also below
that of CoCrFeMnMo in strong bases, despite the significantly higher Mn concentrations that is found
detrimental corrosion resistance [66-68]. Thus, the passivity of the CCA series is validated for a wide
range of Cl" concentrations and pH, with increasing Al concentration harming the resistance to localized

breakdown across a range of environments.
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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 Vscg, 600 s). Dashed lines indicate stability ranges for the oxides
of passive species formed on their pure constituent elements at a pH of 5.75 predicted by Hydra Medusa
software.

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 Vscg, 600 s). Each term indicates the mean value
with a one standard deviation bound.

Alloy Corrosion Pitting Potential | Repassivation Passive Current
Potential (Vsce) (Vsce) Potential (Vsce) Density (MA.cm™?)
Al-0 -0.842 +/- 0.107 0.580 +/- 0.187° 0.030 +/- 0.110 10.12 +/-17.94
Al-3.1 -0.741 +/- 0.206 0.327 +/- 0.066 -0.016 +/- 0.084 2.75+/-1.43
Al-6.0 | -0.736+/-0.023 0.633 +/- 0.066 0.146 +/- 0.035 3.85 +/-0.53
Al-8.2 -0.865 +/- 0.075 0.341 +/- 0.081 -0.127 +/- 0.057 3.67 +/-2.99
Al-9.6 | -0.680+/-0.227 0.153 +/-0.219 -0.189 +/- 0.118 2.92 +/-1.22
Al-11.4 | -0.893 +/-0.011 0.371 +/- 0.068 -0.156 +/- 0.158 1.47 +/-1.42
Al-13.0 | -0.729 +/-0.186 0.353 +/- 0.080 -0.166 +/- 0.064 3.67 +/-2.92
Al-14.3 | -0.431+/-0.129 0.400 +/-0.111 -0.160 +/- 0.053 1.65 +/- 0.38
316L -0.447 +/- 0.003 0.596 +/- 0.045 0.014 +/- 0.019 1.36 +/-0.31

5 For some Al-0 trials, pitting was not observed within the evaluated range. The pitting potential for such trials was
reported as 0.8 Vsce, but the true mean pitting potential is likely higher.
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Figure 7: Pitting potentials obtained for selected CCAs in a) unadjusted NaCl solutions ranging from
0.001 to 1.0 M and b) in 0.01 M NaCl solutions adjusted to pH values ranging between 2 and 10. Error
bars are indicated for one standard deviation range.

Following polarization, sample surfaces were imaged with SEM to identify the frequency and
morphology of the pits. Figure 8 shows that pits selectively occurred at or near phase interfaces. No clear
trends in preferential dissolution or pit propagation into any of the phases were visible. Pits generally
initiate at random locations in the two single-phase CCAs and were not suggested to preferentially attack

grain boundaries such as those shown in the Al-0 micrograph.
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Figure 8: BSE micrographs following CCA polarization terminated upon reaching current densities of 10
A.cm™ to evaluate pit initiation sites without significant degradation of the surface. Pit locations
illustrating transition from random to interface pitting are circled.

3.3 Characterization and Corrosion Behavior of CCAs with Air-formed Oxide Films

The corrosion behavior of the passive films spontaneously formed during exposure to air was also
characterized with EIS and potentiodynamic polarization starting slightly below the OCP to minimize any
reduction of the oxide layer. E-log(i) and Z” plots obtained during potentiodynamic polarization are shown
in Figure 9 with key parameters tabulated in Table V. As in the case of the passive films formed on the
reduced surfaces, the highest pitting potential was observed for Al-6.0. However, no clear trends in Ep
were present with Al concentration. For example, despite having a similar Al content, the worst passivity
was suggested for Al-8.2 and Al-9.6, where a broad passive range was not observed and active dissolution
is suggested in the anodic region. In addition to increased current densities, inferior corrosion resistance
of the air-formed oxides of many mid-Al CCAs is suggested by low Z” magnitudes prior to and following

breakdown.
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Figure 9: a) E-log(i) and b) Z” plots obtained during polarization of CCAs in 0.01 M NaCl (pH ~5.75)
following 30 minute solution exposure of the air-formed oxide. Dashed lines indicate stability ranges for
the oxides of passive species formed on their pure constituent elements at a pH of 5.75 predicted by
Hydra Medusa software.

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 term indicates the mean
value with a one standard deviation bound. Repassivation potentials marked N/A indicate consistent
repassivation at potentials above Ecorr Was not observed.

Alloy Corrosion Pitting Potential Repassivation
Potential (Vsce) (Vsce) Potential (Vsce)
Al-0 -0.284 +/- 0.092 0.402 +/-0.215 -0.051 +/- 0.055

Al-3.1 -0.263 +/- 0.083 0.099 +/- 0.023 -0.027 +/- 0.012

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

Al-8.2 -0.311 +/- 0.024 0.074 +/- 0.028 -0.076 +/- 0.069

Al-9.6 -0.271 +/- 0.097 0.023 +/-0.336 N/A
Al-11.4 | -0.223 +/-0.117 0.188 +/- 0.250 N/A
Al-13.0 | -0.307 +/-0.104 0.11 +/-0.074 N/A

Al-14.3 | -0.268 +/- 0.068 0.125 +/-0.013 -0.197 +/- 0.075

316L -0.182 +/- 0.016 0.437 +/- 0.025 0.004 +/- 0.058
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The Bode plot shown in Figure 10 also shows trends in the polarization resistance with regards to
Al concentration. Spectra were fit a modified Randles circuit modified to include a constant phase element
(CPE) selected to shows effective comparative trends in passive film attributes in a simplified manner. The
Rpr term encompasses resistance attributable to both the passive film and charge transport via both oxygen
anions and metal cations governing the reaction rates at the film/electrolyte interface. The simplified fit
assumes the presence of a single time constant defined by the R term. The CPE, which contains both an
admittance constant (Yo) and CPE coefficient (a) describes the dielectric and physical attributes of the
charge buildup across the oxide layer(s). The impedance (Z) at a given frequency (f) may be fit to circuit

parameters using the equation below.

R, + Y, (i2mf)%
R, Y, (i21f)®

Z(f) = Ry + (10)
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Figure 10: 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.

Table VI: Randles circuit fit parameters for the EIS spectra solution-exposed air-formed oxides at each
CCAs OCP.

Al-0 Al-3.0 | Al-6.0 | Al-8.2 | Al-9.6 | Al-11.4 | Al-13.0 | Al-14.3 | 316L
Rp (kohm.cm?) | 352.2 331.5 158.5 |92.3 62.8 102.3 173.9 107.6 | 222.7
Rs (ohm.cm?) | 11650.2 | 639.8 | 81.3 519.9 103.3 | 376.4 |382.0 |227.7 | 791.7
Yo (uS*s®.cm?) | 65.7 81.6 66.9 226.8 | 3225.8 | 43.7 47.7 43.8 122.1

a 0.770 0.783 | 0.802 |0.785 |0.874 |0.870 |0.859 |0.846 |0.781
Z(1mHz) 377 +/-| 250 +/- | 449 +/- | 178 +/- | 20 +/- | 222 +/- | 241 +/- | 120 +/- | 648 +/-
(kohm.cm?) 83 79 558 103 6 299 72 67 366
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High Rr magnitudes indicate that each CCA possesses the ability to passivate. The highest Rp
magnitudes occurred for Al-0 and Al-3.1, the two single-phase CCAs. Unlike the two CCAs with lowest Al
concentrations, none of the multi-phase CCAs has an R magnitude above that of 316L. While decreasing
passivity may be influenced by the formation of new phases, the still effects may be offset by
combinations of Al, Cr, and Ti passive species, particularly given the enrichment of either Al, Cr, and Ti for
every phase across the CCA series. Individual comparisons of the Rp magnitudes beyond 5 at. % are less
prominent, often not following linear trends. Furthermore, the wide standard deviations of Z(1 mHz), a
representative value for Ry, indicates that while trends in R, are often consistent across multiple runs,
comparisons between individual alloys are often not statistically significant. Additionally, all a values are
above 0.8, indicating that the charge barrier created by the protective passive film more resembles the

characteristic nature of an ideal capacitor (for which a=1).
3.4 Electrochemical Characterization of Passive Films Formed During Potentiostatic Exposure

To evaluate the growth of and subsequent dielectric properties of the stable passive films, the
cathodically pre-treated species were exposed to a -0.25 Vsce potential, a value determined to be within
the passive range of the CCAs during the potentiodynamic polarization shown in Figure 11. For all CCAs,
the current density (i) decreases and -Z” increases with time, indicating the formation of both a thicker
and more protective passive film. For most CCAs, a sharp spike in the i vs. t plot indicates a change in sign
of i from negative to positive between 10% and 10* seconds of exposure. At times past approximately 103
seconds, Z” often begins to level out, possibly suggesting a quasi-stable film thickness has been reached’.
At the conclusion of the film growth, the highest Z” magnitudes are seen with the three highest Al
concentrations suggesting that the oxide may be thicker. Notably, an order of magnitude increases in i

was observed for Al-14.3 at times beyond 20 ks, potentially indicating instability of the passive film.

7 The quasi-steady state film thickness indicated by level -2” values may still experience limited passive film
dissolution, as evidenced by the non-zero current densities, which may alter film composition. Additionally,
extended aging under quasi-steady state may alter the presence long-range order or structural nature of the
passive film.
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Figure 11: 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) following cathodic pre-treatment (-1.3 Vsce, 600 s).

Figure 12 shows equivalent electron current densities representing elemental dissolution rates
obtained during similar passive film growth for the Al-6.0 alloy. At low times Fe and Ni dissolve at the
highest rates in the pH 4 electrolyte, whereas, in pH 10, Ni and Al dissolve at the highest rates. The
dissolution current densities decrease with time, following trends in the electron current density that are
attributable to the formation of a protective oxide film. The mass of each metal enriched at the surface
beyond the expected amount predicted from stochiometric dissolution during and following the oxide
growth calculated from dissolution rates is also shown. Cr, Mn, and Ti are suggested to have the highest
levels of accumulation on the surface in the pH 4 environment, likely due to dissolution rates below the
detection limits, while Ni and Al are suggested to have the highest levels of accumulation in the pH 10
environments. Al dissolves at significantly higher rates in the pH 10 electrolyte, (the Al dissolution rates in
the pH 4 environment are below the detection limit), and, as a result, has comparatively lower levels of

surface enrichment in the pH 10 environment.
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Figure 12: Equivalent current densities of in-situ elemental dissolution rates monitored via AESEC during
exposure of Al-6.0 to a -0.2 Vsce potential in 0.1 M NaCl adjusted to a) pH 4 and b) pH 10 at following
cathodic reduction pre-treatment and enrichment calculations. Equivalent current densities are
determined from the elemental intensities with equations 6 and 7 while excess accumulated mass in 0.1
M NaCl c) pH 4 and d) pH 10 was determined using equations 8 and 9. Al dissolution rates are below the
detection rates in the pH 4 environment and are not shown. Excess accumulated Al was calculated
assuming dissolution rates of zero.

The Bode plot obtained following the potentiostatic oxide growth at -0.25 Vsce described above
are shown in Figure 13 with fits tabulated in Table VII. . As in the case of the air-formed oxide, all CCAs
demonstrate Rp values characteristic of spontaneous passivity. Rp values are of similar magnitudes to
those of the solution-exposed air-formed passive films. No consistent linear trends are present between
Re and Al concentration, however Al-0 and Al-6.0 have the highest Rp values, consistent with trends in Egi
(Tables 1V, V). With the exception of Al-3.1 and Al-9.6, all a values are above 0.8. Deviation from ideal

capacitive behavior for the alloys may further mask trends in Rp with Al concentration.
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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 VII.

Table VII: Randles circuit fit parameters for the EIS spectra obtained following potentiostatic oxide
growth (40 ks, -0.25 Vsce).

Al-0 Al-3.0 | Al-6.0 | Al-8.2 | Al-9.6 | Al-11.4 | AI-13.0 | Al-14.3 | 316L
Rp (kohm.cm?) | 332.4 | 194.7 |533.0 |146.6 | 185 1464.5 | 343.8 | 44.7 113.3
Rs (ohm.cm?) | 965.6 | 610.6 |275.1 |3454 |550.3 |297.8 |859.0 |64.1 506.9
Y (uS*s®.cm™) | 52.2 99.9 122.6 | 61.7 134.6 | 45.1 41.5 35.1 764.5

a 0.808 |0.741 |0.838 |0.861 |0.661 |0.857 |0.852 |0.914 |0.779
Z(1mHz) 491 +/- | 180 +/- | 452 +/- | 162 +/- | 13 +/- | 394 +/- | 318 +/- | 48 +/- | 252 +/-
(kohm.cm?) | 247 68 558 72 4 5298 |71 9 202

3.5 Composition of Passive Film Formed During Potentiostatic Exposure

The passive film chemistry was evaluated for an FCC Al-free CCA, an FCC + L2, low-Al CCA (6.0 at.
%), and an FCC + L21 + BCC-like high-Al CCA (13.6 at. %)° following the film growth described above.
Spectra fitting shown in Figure 14 provides insight into the present chemical species. All three alloys are
suggested to have significant quantities of Cr(lll), Ti(IV) and, when present, Al(lll) in the passive film. For
the Al-containing CCAs, Al was suggested to be present in the passive film as Al(lll) oxide, with signal
attributable to the Cr3s core spectrum also present. Cr(lll) and Ti(lV) oxides were also suggested by fitting

of each the respective spectra for each elements. The Cr 2ps/; spectra also suggested the presence of

8 For two runs, the impedance at a 2.51 mHz frequency was used due to premature test termination. Thus, Rp is
likely higher than the indicated impedance, as reflected in the selected circuit fit.

% The high-Al CCA was a Mn-free CCA of composition Alo.7CrosFe2Moo.15Ni1sTio.s due to sample and equipment
availability. Both the structure and approximate composition of each phase are similar to those of the high-Al CCAs
evaluated via EIS and polarization. Thus, the surface cation fractions may be considered representative of trends
for the high-Al CCAs and is not expected to be significantly altered by the discrepancy of Mn concentration.
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Cr(lll) hydroxide and, in conjunction with the and Fe2pi/; (not shown) spectra, FeCr,04 which indicates
likely nearest-neighbor interaction and possibly the formation of a long-range ordered oxide. Ni was
suggested to be present in the passive film in the form of Ni(ll) hydroxide, but was not suggested to be
present in the Al-free CCA. While Al concentration affects passive film cation fractions, no significant

trends in the cation valance or chemical species were observed.

The total intensity of each feature assigned to passivated features by spectra fitting was
normalized to obtain the cation fractions shown in Figure 15. The high-Al CCA has a higher Al surface
cation fraction in the passive film, although the increase was not proportional to the increase in the bulk
alloy concentration, suggesting less enrichment. The passive film of the Al-free CCA has significant Cr and
Mo presence, with both element surface cation fractions enriched over four times the bulk alloy
concentrations of the respective element. In addition to Al, the two multi-phase alloys both had higher
concentrations of Ni and Ti in the passive film. The increasing Al, Ni and Ti cation fractions correspond
with the increasing volume fraction of the L21 phase, within which they are enriched. For the high-Al CCA,
where a Cr-Mo enriched third phase is present, the surface cation fractions for Cr and Mo are higher than
those of the two-phase mid-Al CCA, but not higher than the Al-free single-phase FCC CCA. Thus, all phases
for both the medium- and high-Al CCAs contain enriched concentrations of Al, Cr, and/or Ti, the three

elements for which surface cation fractions are enriched relative to overall composition.
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Figure 15: Surface cation fractions 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.
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Variation in the passive film composition with depth is shown by sputter depth profiling in Figure
16. In the Al-0 CCA, Cr and Ti are suggested to be enriched at similar depths, with both elements having
their maximum intensity between 1 and 1.5 minutes of sputtering. In the Al-6.0 CCA, the maximum
intensity of Ti occurs at higher sputtering times. Therefore, the passive film may be considered more
enriched in Ti closer to the metal-oxide interface. Notably, Al enrichment occurs at similar depths as Ti
concentration, suggesting possible coexistence or that the Al may be protected by its proximity to the Ti-

enriched layers.
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Figure 16: Sputter depth profiles scans of the oxidized species within the passive film formed following
potentiostatic oxide growth (40 ks, -0.25 Vsce) in 0.01 M NaCl for a) Al-0 and b) Al-6.0. Relative intensities
were obtained by taking the cumulative intensity of each species attributable to oxidized features and
normalizing with system-specific relative sensitivity factors.

4.0 Discussion

The microstructure, passivity, and corrosion behavior of CCAs series with increasing Al
concentration was evaluated. Increasing Al concentration stabilized microstructures with more phases
(Table 11). The passive film chemistry was also dependent on Al concentration, with CCAs with increased
Al concentrations having increased surface cation fractions of Al(lll), Ni(ll), and, to a less significant trend,
Ti(IV) (Figure 15). Notably, no trends or critical thresholds were observed with regards to Al concentration
in either the bulk alloy composition or passive film surface cation fractions, possibly due to contributions
of other passivating species such as Ti(IV) and Al(lll). Passivity was suggested for each CCA from ipass, and
Rp, and Epit values; however strong trends were not present with Al concentrations (Figure 6, Tables IV, V,

VII). Increase in interface area and other microstructural features may be offset by the enrichment Ti(VI),
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Al(l1), and Cr(lll) in passive film (Figure 15), although uncertainty remains with regards to the distribution

of each species across multiple phases. Each factor will be discussed in further detail below.

4.1 Thermodynamic Factors Influencing Passive Film Stability

Cr, Al, and Ti are all capable of independently passivating in pure element form at the potentials

indicated. The thermodynamic stability of passive species under neutral conditions that is predicted by E-

pH diagrams [47] like those shown in Figure 17 is reflected in broad passive ranges for each of the

elements shown in Figure 18. In each case, the metals were polarized under the same conditions with in-

situ Z” also measured to track trends in passive film thickness. E-pH diagrams predict the dominant passive

species to be Al,0s, Cr,03, and TiO; for Al, Cr, and Ti, respectively [47].
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Figure 17: E-pH diagram of pure Al constructed with Hydra Medusa. Regions associated with dissolved

ions indicate an equilibrium concentration of at least 10 M.
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Figure 18: a) E-log(i) and b)-Z” measurements obtained during potentodynamic polarization of pure Al,
Cr, and Ti compared to Al-6.0 (referred to as LC-CCA) in 0.01 M NaCl (pH ~5.75) following cathodic pre-

treatment (-1.3 Vsce, 600 s) reproduced from [45].
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Initial estimates of passive species stability may also be predicted on the basis of free energy.
Figure 19 shows the formation energies calculated via density functional theory on a per-atom basis,
suggesting that Al(lll) and Cr(lll) oxides have the lowest formation energy, that Ti(IV) oxide is more
favorable. The formation energies follow trends with the free energies of formation on a per molecule
basis (-1691 kJ/mol for Al,O3 [69], -1050 klJ/mol for Cr,03 [70], and -959 kJ/mol for TiO, [69]), where the
species with the most favorable formation energies are those proposed to spontaneously form in passive
films. The formation energies of passive species may also be utilized to compare the likelihood of each
metal to enrich in the passive film. Elements with more negative formation energies (e.g., Al, Cr, Ti) are
generally enriched in the passive films relative to their microstructural compositions (Figure 15), whereas
those with less negative formation energies (e.g. Fe, Ni) are generally not and furthermore depleted by

chemical dissolution in CI" containing solutions, as shown by higher dissolution rates observed via AESEC

(Figure 12).
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Figure 19: Formation energies at 0 K for a range of oxide, hydroxide, and oxyhydroxide species possible
for each constituent element obtained from Open Quantum Materials Database [71, 72].

No clear trends in the pure element oxide breakdown behavior were observed with formation
free energy. Despite Al,Os being theoretically more stable than TiO, on a per molecule basis and Cr,03 on
both a per molecule and per cation basis, it is the only passive species indicated by Figure 18 to breakdown
at potentials below Al-6.0 in the dilute chloride environment. Furthermore, the E-pH diagram for Al (Figure

17) shows stability of the Al oxide is not limited by high applied potentials in neutral environments, further
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highlighting that Al oxide stability is limited beyond thermodynamic effects. For the case of Al, Cr, and Ti,
the potentials applied during both potentiodynamic polarization (Figure 5) and oxide growth during
exposure to a constant potential (Figure 11) are well above the formation potentials for Al, Cr, and Ti
passive species, indicating there is sufficient driving force for oxide formation. Notably, Al passive species
are not stable in strongly basic solutions, unlike the case of Cr, Fe, and Ni species that form the passive
film of 316L [73]. The instability of Al passive species may contribute to the decreased corrosion resistance
of Al-6.0 relative to 316L despite comparable resistance in neutral solutions (Figure 9). Increased
dissolution rates of Al species in basic environments are confirmed by AESEC, leading to decreased levels
of enrichment at the surface (Figure 12). Decreased concentrations of Al passive species in oxide film
formed in basic environments relative to those formed in acidic environments have also been confirmed

in similar alloy series [74].

Figure 18 shows that the passive film of Al-6.0 breaks down at higher potentials than pure Al and
has a comparable ipass to Al, even though the Al concentration is well below both pure Al and the critical
Al concentration suggested by Peng et al. for stable passivation in Fe-Al alloys [31] (Figure 15). Therefore,
it is suggested that the effect of Al is aided by the simultaneous presence of Cr and/or Ti, evidenced by
surface cation fractions obtained via XPS that show all three evaluated alloys contain enriched quantities
of Cr, Ti, and (with the exception of the Al-free alloy) Al. Simultaneous presence of the three passivating
species in the passive film follows trends with the Fe-Cr-Al-Ti alloy series developed to probe the interplay
of the passivating elements [43]. All evaluated CCAs had similar concentrations of Cr and Ti, however, it is
of note that the trends in corrosion behavior with Al content are may only be valid for CCAs that also

contain sufficient quantities of Cr and/or Ti.

Cation enrichment must also be considered on the basis of individual phases. Previous work has
indicated that the passive film of Ti-6.0 has two distinct phases with local enrichment determined by the
bulk microstructure composition [54]. Thus, the increasing area fractions of the Al-, Ni-, and Ti-enriched
L2; phase in the high AlI-CCAs (Table Ill) likely also contribute to the higher Al and Ni cation fractions in the
passive film (Figure 15). Notably, the Ti(IV) surface cation fraction is not suggested to increase, possibly
due to the decreasing fraction of Ti in the bulk L2; phase of the high Al CCAs. The demonstrated ability of
all the evaluated CCAs to form a stable passive film is likely made possible when enriched in Cr or Tirelative

to bulk composition.

The presence of multiple passive species may also be evaluated thermodynamically by the mixing

enthalpies between multiple passivating species [75]. The film breakdown resistance that is observed
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even for some of the high-Al CCAs (Tables IV, V) may be indicative that the high Al concentration in the
passive films (Figure 15) is aided by solubility in stable Cr or Ti-based oxides. Notably, Al,O3 exhibits
complete solid solution solubility with Cr,03 [76]. While Al,O3 and TiO, do not exhibit solid solution
solubility, possibility indicating a decreased thermodynamic driving force for mixture, thermodynamic
stability of complex oxides such as TiAl,Os and Ti;Al,Oss indicates possible formation despite a lack of

experimental validation [45].

The presence of Al in the passive film formed in chloride electrolyte of the AlCoCrFeNi CCA was
suggested to increase the concentration of n-type point defects relative to the case of CoCrFeNi [77]. A
decrease in corrosion resistance was observed with the addition of Al to the (Al)-Co-Cr-Fe-Ni system was
attributed to the increased oxygen vacancy concentration acting as charge carriers via the point defect
model [78]. The increasing Al concentration in the passive films of the high-Al CCAs (Figure 15) could

contribute to the increase point defect mobility in the passive film (Figures 5, 9, Tables IV, V).
4.2 Kinetic Factors Influencing Passive Film Formation

The presence of Al as a metastable oxide must also be considered, particularly under either local
or global conditions where the solution pH would not promote stable oxide presence. XPS sputter depth
profiling reveals Al enrichment near the metal-oxide interface, below both protective Cr and Ti oxides, in
both the evaluated CCAs (Figure 16) and Fe-Cr-Al-Ti alloys synthesized to evaluate the passive film
interplay of the three elements [43]. Notably, such Al presence in the passive film is less prominent in
passive films formed on Ti-free passive films formed in similar environments. Thus, Al oxide presence
suggested by XPS depth profiling may be indicative of metastable Al oxide formation that is protected by
the Ti oxides that form above it. Metastable Al oxide formation has been observed in similar alloys in
conditions as acidic as pH 1 [79]. It is possible that similar metastable oxides form on all the Al-containing
CCAs, but are only characterized by XPS when protected by stable Ti oxides. Notably, possible metastable
oxides would compromise the thermodynamic conclusions regarding Al stability in the passive film.
However, whether the presence of Al in the passive film in environments where Al oxides are not
predicted as stable on pure of Al is metastable or thermodynamically stable based off interactions with

other passive film constituent elements cannot be practically determined without further study.

Al s still suggested to be enriched at the surface at both pH values, dissolution rates did not clearly
decrease with time as in the case of Fe and Ni, indicating possible continual dissolution of metastable

oxides (Figure 12). However, determination of the effects of aging are difficult to confirm due to high

64



amounts of noise at extended times. Extended aging times, such as those used in the 40 ks oxide film
growth procedure prior to surface characterization, have been suggested to improve surface cation
fractions attributable to more thermodynamically stable passive species, either through enriching cations
with more stable passive species (e.g. Al, Cr, Ti), or by promoting the formation of suggested by XPS fitting
(Figure 14) [80, 81]. Such aging may decrease the enrichment of the possibly metastable Al species in the
film. Additionally, interpretation of surface enrichment calculations from AESEC remains difficult as the
chemical state may not be observed. For example, despite Ni being predicted to be enriched at the surface
in both environments, there is very little Ni in the passive film (Figure 15), with Ni instead often becoming

enriched in an “altered zone” in the metal near the metal-oxide interface [39, 45].

The current densities observed in potentiodynamic polarization across different potentials also
provide insight into the kinetics of passive film formation. The rate at which a stable passive film is able
to form from a cathodically pre-treated surface may be indicated by the critical current density (icit), the
maximum current density observed prior to the passive region. Decreasing i.it values indicate less total
charge transfer necessary prior to the formation of a stable passive film, indicating a thinner film (less
monolayers) is sufficient to ensure passivity. Peng et al. showed Al generally decreases i.it when added to
Fe-Al alloys up to 25 at. % owing to its nature as a rapid passivator [31]. Al has also been shown to
decrease iqit in similar CCAs by Blades [38] et al. However, it remains unclear whether the improved
passivity was attributable to the presence of Al in the passive film, or whether Al induced Cr-Cr chemical

short range ordered, which improves passivity through well-established percolation models [37].

While trends in passive film formation kinetics could not be determined with iy, the
protectiveness of a stable film may be evaluated via ixass. Potentiodynamic polarization of the oxide films
formed from cathodically pre-treated surfaces (Figure 5, Table 1V) indicated generally decreasing ipass
values with Al content. Decreasing ipass Values suggest a more protective oxide layer. This indicates that
despite the passive films of the Al-enriched CCAs often breaking down at or near phase boundaries that
are not present in the low-Al alloys (Figure 8), such microstructural features do enhance passive current
densities at potentials for which the film is stable. Furthermore, the formation of a stronger passive film
suggests possible beneficial effects of Al, either through its own presence in the passive film and passivity

contributions or through beneficial interactions with other passivators such as Cr or Ti.
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4.3 Microstructural Effects on Corrosion Behavior

Passive film stability and formation rates are affected by both the global and local Al
concentration. Thus, the distribution of Al and other passivating elements across the microstructure plays
a prominent role in corrosion behavior. Therefore, the effects of Al on the presence and composition of

additional phases must be considered in addition to its effects on passivity.

Al is shown to increase both the number of phases in microstructure as well as volume fraction of
non-matrix phases, confirming trends computational predictions despite inaccurate quantitative
predictions (Figures 1, 3, Tables Il, lll). As in the case of the Al,CoCrFeNi system evaluated by Shi et al [9,
49], random pitting was observed in the low-Al FCC CCAs, while the second phase interface was suggested
to be a preferential site for pitting when present in the CCAs with higher Al concentration (Figure 8). The
preferential dissolution of the second phase observed by Shi et al. [49] was not observed, possibly due to
the enrichment of Ti in the L2; phase (Figure 4, Table Ill) that was not present in the Al-Ni enriched BCC
phase of the Al-Co-Cr-Fe-Ni system. Therefore, the corrosion behavior of a CCA is affected by the structure

and composition of second phases beyond simply whether or not a single-phase matrix is present.

The effects of Al concentration, microstructure and corrosion behavior is prominent in the
observed trends with Eir. Figure 20 shows a previously observed general downward trend in Epi: with Al
concentration in the same CCA system [82]. However, increasing Al concentration does not always
correspond to decreased pitting resistance for each individual CCA pair. For instance, Epi: increases with
increases in Al concentration from Al-3.1 to Al-6.0 despite the presence of a L2; second phase that was
not present for Al-3.1 (Figures 3, 4). A significant decrease in E,i is observed at Al concentrations above
8.2 at. %, where the volume fraction of the L2; second phase begins to rise. Despite rising volume
fractions, regions of L2; phase are typically less than 10 um in size. At Al concentrations of 9.6 at. % and
higher, a BCC-like third phase enriched in Cr and Mo was also observed (Figure 4), which also may
contribute to adverse corrosion resistance [83, 84]. Thus, it is possible that a limited amount of L2; phase
may be present without significantly harming corrosion resistance. Such a critical value will be dependent

on the composition, and possibly environment.
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Figure 20: CCA series L2, area fractions from [30] and average pitting potential in 0.01 M NaCl (pH ~5.75)
following cathodic pre-treatment (-1.3 Vscg, 600 s) compared to Al content, reproduced from [82].

In addition to the volume fraction of the L2;, the composition of the L2; phase has may also
contribute to the sharp decrease in corrosion resistance beyond 8-10 at. %. While the L2; phase has a
similar Al and Ti concentration in the 6.0 at. % Al CCA (where Al and Ti have the same bulk concentration),
The concentration of Ti in the L2, phase of CCAs with higher Al concentration generally decreases (Table
1) at levels well beyond the decrease in bulk Ti concentration (Table 1) as the increasing volume fraction
over which the near equivalent Ti concentration is divided. CALPHAD modeling shows the decreasing Ti
concentrations are often compensated by Al sitting on the Ti sites in the L2, lattice (not shown). Given the
suggested role of Ti in stabilizing Al presence in the passive film, decreasing Ti concentration in the L2;

phase may limit the passivity over the L2, regions regardless of Al concentration.

Likewise, the role of the third phase must be considered. The high concentrations of Cr and Mo
suggest the phase is not prone to preferential corrosion. However, the local enrichment of Cr enrichment
in the BCC phase may further decrease Cr concentration in both the FCC and L2, phases, although this was
not visible in the EDS point scans (Table ll), possibly due to combinations of the increasing L2; volume
fractions likely contributing to Cr and Mo enrichment in the FCC phase. Decreasing Cr concentrations in
the L2; phase may limit the beneficial Al-Cr-Ti coexistence in the passive film, which has been suggested
to improve passivity in the evaluated alloy class [45]. However, the low Cr concentration in the L2, phase
and semi-quantitative nature of EDS point scans limits confirmation of such effects at a statistically

significant level. The local composition of the passive film is discussed further in Chapter 6.
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5.0 Conclusions

A series of homogenized Al,CrosFesMng.2sMog.15Nios CCAs were synthesized and characterized to
evaluate the effect of Al concentration on the interplay between microstructure, passivity and corrosion

behavior. The following conclusions were observed:

e Increasing Al concentration transitioned single phase FCC microstructures to those containing Al,
Ni, and Ti enriched L2; second phases with increasing volume fractions. At the highest Al
concentrations, additional phases including a Mo-enriched BCC-like third phase were present.
Interfaces between phases often acted as corrosion initiation sites.

e Simultaneous enrichment of Al with stable passivators Cr and Ti in the passive films. Enrichment
at similar depths of Ti as well as higher Ti concentrations in the passive films of Al-containing CCAs
may suggest coexistence within the passive film and possible Ti-aided stability of Al oxides.

e Metrics traditionally used to define passivity (e.g., ipass, Rp, critical current density) often showed
inconsistent or inconclusive trends with Al concentration. However, CCAs with lower Al
concentrations with zero or low L2; volume fractions were suggested to have higher E,i values,

indicating superior resistance to breakdown.
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Chapter 3: Effect of Ti on the Corrosion Resistance of an Al-Cr-Fe-Mn-Mo-Ni Dual Phase CCA

Series
Abstract

Five Alp3CrosFeaMng2sMog.1sNipsTix (x =0, 0.15, 0.3, 0.5, 0.7) compositionally concentrated alloys
were synthesized and annealed at 1070 °C forming alloys with a single-phase FCC matrix for alloys with Ti
concentrations up to 3 at. %. At Ti concentrations of 6 at. % and above, an L2; 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 + L2; + Laves phases was formed, with the Laves third phases enriched in
Crand Mo. Global corrosion resistance was evaluated in dilute chloride solutions at neutral pH. Increasing
Ti concentrations were suggested to improve alloy passivity, evidenced by generally lower current
densities and higher impedance magnitudes for both single and multi-phase microstructures. Pitting and
repassivation potentials as a function of Ti content were the greatest at Ti concentrations of 6.0 at. %.
Resistance to localized corrosion was suggested to improve with Ti concentration before reaching an
optimal concentration and beginning to decrease, potentially due to the formation of new phases such as
Laves whose interfaces are prone to localized corrosion. Passive film composition was characterized
indicating Ti(1V) is a prominent constituent in the passive films of this Ti-containing alloy despite only being
enriched relative to bulk composition in the L2; phase. Moreover, surface Ti(lV) cation fractions for a
three-phase CCA with 9.6 at. % Ti were not higher than that of a two-phase CCA with 6.0 at. % Ti. Ti may
affect overall corrosion behavior through its presence in the passive film as well as by triggering
microstructural changes that may compromise the ability of an alloy to protect multiple phases

simultaneously. These factors are discussed with regard to compositionally concentrated alloy design.
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1.0 Introduction

Ti is a frequent addition to both refractory [1-6] and transition-metal [3, 5, 7-9] based complex
concentrated alloys (CCAs) providing a wide range of properties including mechanical strength [6, 7, 10,
11], low densities [3, 4, 8, 12-15], high-temperature oxidation resistance [9, 16, 17], and aqueous

corrosion resistance [1, 4, 6, 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 TiO, 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 [28, 33]. Limited presence of hydrogen
or hydroxide ions have also been suggested within TiO; films, potentially promoting layering behavior

[28], but there is little experimental characterization of passive films with multiple sub-oxide species.

Similar to the case of Ti-dominated alloys, TiO, presence may improve the passivity of alloys for
which Ti is a constituent element. For example, the addition of Ti to Fe-Ti binary alloys at concentrations
as low as 38 at. % has been shown to allow for the formation of a stable TiO, passive film in hydrochloric
acid, enabling passivity and improving corrosion resistance [34]. Thus, co-constituent alloying elements
must be considered for their ability to allow for Ti passivity, particularly for alloys designed with low Ti

concentrations.

Additionally, 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 TiO, stability being
considerably larger than those of the oxides for Fe, Al, or even Cr [27]. However, unlike the case of the
Cr,03-Al,03 system, complete solid solution miscibility is not present between TiO; and Cr,0; or Al,O; [38,
39], possibly due to insolubility driven by differences in crystal structure. In addition to solid solution
oxides, stochiometric line compounds such as TiAl,0s [39], TiCr,0s, and several other Ti-Cr-O compounds
[38] may form on the basis of formation energy [40]; however, there is little evidence for experimental
observation of Ti-containing complex oxides. The presence of stochiometric line compounds has been
theorized as potentially improving passive film stability by improving the potentials and/or pH ranges at

which an otherwise unstable constituent species may be stable [40, 41]. However, there is little definitive
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evidence as to whether stochiometric line compounds improve corrosion resistance relative to solid
solution oxides. Significant overlap in the depth profiles of 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 coexist with Al and Cr; however, further work is
necessary to evaluate the precise structural nature of the passive film, notably the structure and nearest
neighbor arrangement of elements. 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, 44].

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 [10, 18, 45, 46]. Doping of Ti oxide films has
been shown to play a strong effect on oxygen evolution kinetics and corrosion resistance [47], potentially
by altering local Ti valence states [48], 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 [49-52]. Given oxygen vacancies’ frequent role as
charge carriers through the passive film, increasing vacancy concentration can affect passivation and
dissolution kinetics [53]. 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
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 [54].

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 when added to the AlCoCuFeNi [55] (BCC/B2 prior
to the formation of FCC and Laves phases with the addition of 16.7 at. % Ti) and Alo3CrFe1sMnNigs [56]
(BCC prior to the formation of FCC, CrsAl17, and CrNiFe phases with the addition of 18.5 at. % Ti) systems.
Ti has been further suggested to promote the formation of new phases across the Al,CrFeNiCoCuTix [57],
AlCoCrFeNiTix [58] systems. Furthermore, the passivating elements in the aforementioned systems are
often locally depleted in one or more phases as a result of increasing Ti concentrations, 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 (L2,) [59, 60], whereas Ti-free dual-phase CCAs with Al often have comparatively less ordered
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Al-Ni enriched B2 or BCC phases [61-66]. Joseph et al. observed increasing volume fractions of the ordered
L1, phase in an FCC matrix with increasing Ti/Al ratios in the Nis;CoigFesCrioAlisxTix system [67]. 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 L2; 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
multi-phase CCAs is informed by the passivity and corrosion behavior of each individual constituent phase
(Chapter 6). 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
L2; second phase). In summary, the likelihood of second-phases limitations adds further complexity to the

effects of Ti on corrosion behavior.

Xiao et al. [55] compared AlCoCuFeNi and AICrCoCuFeNi 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 were not
explored, and thus possible passivity benefits of Ti were not addressed. Qi et al. [7] 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 L1, 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 due to the mutual addition with Al.

Ti clearly has 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, may also
have undesirable effects on overall corrosion resistance. Despite the ability of Ti to form a stable passive
film, 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 range of Ti concentrations

are comparatively less frequent, and often evaluated on coatings as opposed to bulk samples [57, 60].

77



This highlights a need to further evaluate the effect of minor Ti additions in across a wide range of
compositions, providing a basis to optimize Ti concentration for a given CCA system. Compositions
allowing for significant Ti enrichment in the passive film could allow for the formation of a continuous
TiOz-containing passive film which could improve corrosion resistance while maintaining bulk
compositions low enough to avoid the formation of detrimental phases depleted in passivating elements.
Optimization may be further affected by the tendency of Ti to decrease density and increase the cost of
transition metal based CCAs while also often improving the mechanical strength and/or decreasing
ductility when stabilizing second phases [11, 55, 58], similar to the effects of Al as described in Chapter 2.

This study explores the effects of Ti concentration on a series of Al 3CrosFesMng25sMo0g.15Ni1sTix
CCAs with Ti concentrations between 0.0 and 13.0 at. % Ti. The phases present, second phase morphology,
and composition of each phase are characterized with combinations of X-ray diffraction (XRD), scanning
electron microscopy (SEM), and energy dispersive spectroscopy (EDS). Significant microstructural focus is
allocated to ensuring whether any phases are depleted in passivating elements. The corrosion behavior is
then evaluated with combinations of potentiodynamic polarization and electrochemical impedance
spectroscopy (EIS), while trends in the presence of Ti in the passive film are evaluated with X-ray
photoelectron spectroscopy (XPS). The findings are used to uncover the degree of enrichment of Ti(IV) in
the passive films, the nature of multi-cation oxide formation, and to inform compositional optimization in
the Alo3CrosFezMno 25sMoo.15Ni1sTix system and used to establish governing factors that may be extended

across the Ti-containing CCA design space.

2.0 Experimental Methods

2.1 Alloy Synthesis and Microstructural Characterization

Five CCAs in the Al 3CrosFe;Mng2sMo0o.1sNiysTix (x =0, 0.15, 0.3, 0.5, 0.7) system with compositions
listed in Table | 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, and quenching in water. Proposed compositions were first modeled with an isopleth diagram
developed with CALPHAD techniques using ThermoCalc software operating with the 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

informed by previous work in alloying systems varying the concentrations of each respective elements.
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Accuracy of targeted compositions within 0.5 at. % for each element were verified by EDS point scans of

selected alloys following homogenization described further below.

Table I: CCA compositions in atomic percent. Pure elements were massed to compositions below within
1% error prior to arc melting.

Alloy Al Cr Fe | Mn | Mo | Ni Ti

Ti-0 6.4 | 10.6 | 42,6 | 53 | 3.2 | 319 | 0.0
Ti-3.1 6.2 1103412 | 5.2 | 3.1 {309 | 31
Ti-6.0 | 6.0 | 10.0 | 40.0 | 5.0 | 3.0 | 30.0| 6.0
Ti-9.6 | 58 | 9.6 [ 385 | 48 | 29 | 288 | 9.6
Ti-13.0| 5.6 | 9.3 |37.0| 46 | 2.8 | 27.8 | 13.0

Following homogenization, samples were mechanically ground through 1200 grit paper, and
further polished through 1 um diamond suspension in the case of microstructural and surface analysis.
Present phases were identified via XRD with an PANalytical Empyrean Diffractometer™ operating with Cu
Ka X-rays (1468.7 eV) and a scan rate of 0.15 °/s. Additionally, microstructures were imaged with a FEI
Quanta 650™ scanning electron microscope operating in back scattered electron (BSE) mode at an
accelerating voltage of 15 keV, a spot size of 4, and a working distance of approximately 10 mm.
Partitioning of elements across phases was characterized with EDS point scans and mapping and analyzed

with Oxford Instruments Aztec™ 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
with an exposure area'® of 0.784 cm? defined by a rubber O-ring acted as the working electrode with a
platinum mesh counter electrode and a saturated calomel reference electrode (SCE, 0.241 V vs. SHE)
relative to which all potentials are reported. 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 NaCl with a natural pH ranging between 5.5 and 6. Ny was continually
bubbled during the experiments to minimize the effects of dissolved oxygen. All electrochemical
experiments were repeated threefold for each synthesized CCA as well as commercially produced (North

American Steel) 316L to ensure reproducibility.

10 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 cm? was used. The change is accounted for with area-normalized current and impedance parameters.
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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 first 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 was monitored in-situ
during the polarization by applying three AC cycles at every 5 mV applied at a frequency of 1 Hz and an
amplitude of 20 mVeus to provide qualitative trends in passive film thickness using previously described
relationships [71-73]. The potential range was selected to ensure a sufficient driving force for the
reduction of Cr-dominated air-formed oxide!! (predicted to reduce at potentials more negative than -1.30
Vsce in pH ~5.75 by E-pH diagrams [27]) as well as to ensure sufficient driving force for the subsequent
formation of Al,Os, TiO,, and Cr,03 (which are suggested by E-pH diagrams to form at potentials more
positive than -2.14, -1.87, and -1.30 Vs, respectively, on their respective pure metals in pH ~5.75
conditions [27]). An additional trial was repeated and terminated upon the anodic current density

exceeding 10° A/cm? and then imaged via SEM to identify pit initiation sites and morphology.

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 Ny bubbling and cathodic pre-treatments were
bypassed. Elemental intensities at characteristic wavelengths (Im) were converted dissolution rates (vu)
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 zy, F, and My referring to the
elemental charge, Faraday’s constant, and the molar mass, respectively. A more thorough discussion of

the calculation methodology is provided elsewhere [74].

flu
= — 1
Vi =~ (1)
. zZyFvy
= — 2
Im My, (2)

11 While more negative potentials are necessary to reduce Al>Os 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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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 mVgrus. Following EIS, the alloy was polarized from -0.1 V relative to the
established OCP to 0.8 Vsct 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.

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 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 Vscg, otherwise with the same
parameters described above (100 kHz to 1 mHz, 20 mVrws, 5 points/decade). Finally, OCP of the alloy was

monitored for 30 minutes.?
2.3 Chemical Analysis of Passive Film

Three CCAs with Ti concentrations of 0, 6.0, and 9.6 at. % were selected to evaluate the effect of
Ti content on passive film composition and chemistry. A passive film was grown for 40 ks and characterized
with EIS at -0.25 Vsce using the procedure described above before transfer under Ny to a PHI VersaProbe
1™ XPS system. High-resolution spectra were collected over the Cls, O1s, Al 2p, Cr 2ps, Fe 2p12*3, Mn
2p1/2, Mo 3d, Ni 2pss, and Ti 2pss (When present) core spectra with Al Ka X-rays (1486.6 eV), a 100 um
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 (1) of all features
attributable to oxidized features (non-zero valance) were summed. The intensities were then normalized

to the relative sensitivity factors (RSF) obtained from PHI Mulitipak™ software for each spectrum and

12 For XPS surface characterization, the final OCP step was bypassed to minimize exposure prior to surface
characterization.

13 Due to overlap with Ni auger peaks, traditionally utilized Fe 2ps/2 and Mn 2ps/2 core series were eschewed in
favor of the 2pa/2 series.
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divided over the cumulative intensity for each element to obtain the surface cation fraction (X°) as shown

below.
Iy
¥S = RSF, 3)
51X
RSFy
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 L2; 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 Alg3CrosFesMng2sMo0o.15Ni1sTix
system shown in Figure 2 indicates 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 L2 and Laves phases with increasing Ti concentrations.

The experimentally observed present phases for the synthesized alloy series are compared to those
predicted by ThemoCalc for each composition in Table Il. Notably, L2; 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.
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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, and suggested Laves phases.
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Figure 2: Isopleth diagram of Aly3CrosFe;Mng2sMog.1sNi1sTix 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.

Table II: Phases present in CCAs following 6-hour homogenization at 1070 °C compared to
computational predictions shown in Figure 2.

Alloy Predicted Phases | Observed Phases
from Isopleth

Ti-0 FCC FCC

Ti-3.1 FCC FCC

Ti-6.0 FCC FCC + L2,
Ti-9.6 FCC + Laves FCC + L2, + Laves

Ti-13.0 FCC + L2; + Laves FCC + L2, + Laves

The presence of additional phases with increasing Ti concentration is confirmed by the BSE
micrographs shown in Figure 3. For the 6.0 at. % Ti CCA, the alloy L2, second phase regions on the order
of that are less than 10 um. In the two high-Ti CCAs, larger regions of approximately 10 um that alternate

between L2; and Laves phase regions are present.
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Figure 3: BSE micrographs of CCAs following 6-hour homogenization at 1070°C.

EDS mapping and point scans of selected CCAs shown in Figure 4 and Table Ill, 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 L2; phase is enriched in Al, Ni, and Ti. Furthermore,
the area fractions obtained via Imagel threshold analysis indicate the phase fraction of the FCC matrix is

significantly higher than that of the L2, 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 L2; phase remains enriched in Al, Ni, and Ti.
Both the L2, second phase and Laves third phase have similar phase fractions, and are both present at
higher fractions than the L2; 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). Linescans across the FCC-L2; interface for Ti-6.0 presented in Chapter 2
do not suggest local depletion of Al, Ni, or Ti in the matrix phase near the interface relative to the
composition far from the interface, however, the absence of localized depletion cannot be confirmed due
to low resolution. 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.
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Figure 4: EDS mapping of a) Ti-6.0 (FCC + L21) and b) Ti-9.6 (FCC + L2, + Laves) microstructures.

Table Ill: Phase compositions for selected alloys identified with EDS point scans. Each term 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
Alp 3CrosFeaMngMog.15Niy s (Ti-O)

Matrix (FCC-Overall) | 6.2 | 109 | 425 ] 52 | 35 [ 316 ] 00 [ 100%
Alo3Cro.sFe2Mno.25M00.15Ni1.5Tio.3 (Ti-6.0)

Matrix (FCC) 3.70 | 11.0 | 425 | 5.2 3.1 | 288 | 5.6 95.67 %

2nd Phase (L24) 143 | 35 | 17.1 | 4.2 09 | 441 | 15.8 433 %

Overall Composition 6.4 | 10.2 | 39.7 | 5.2 26 | 29.7 | 6.1 -
Alo3CrosFe;Mng.2sMog.1sNi1sTio.7 (Ti-13.0)

Matrix 3.8 | 10.2 | 42.7 | 5.0 22 | 286 | 7.6 67.14 %

2nd Phase (L24) 18.1 | 1.9 | 124 | 2.9 0.3 | 443 | 20.2 14.34%

3rd Phase (Laves) 2.0 | 153 | 447 | 43 7.8 | 15.6 | 10.3 18.52%

Overall Composition 5.7 98 | 383 | 4.6 2.8 | 29.0 | 9.8 -
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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 impedance (Z”) measurements 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, which is expected given the ability of both Al and Ti to form
spontaneous passive films below the potential for hydrogen evolution under neutral conditions as
indicated by the horizontal lines at each elements reduction potential [27]. For all alloys, Z” immediately
begins to rise with potential, suggesting the passive film grows 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 Ecrr and Ti concentration were suggested. Ti-13.0 shows a significantly
higher E.orr, but the deviations are not suggested to be statistically significant and could arise from oxygen
reduction caused by incomplete dissolved oxygen purging during Ny 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 reduction, as opposed to the
comparatively much higher values of the air-formed oxides characterized in section 3.3. 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,
inass 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. Epi: was highest for Ti-6.0 while Ti-0 has the lowest Egi. The lack of a
well-defined vertical passive range for Ti-0 suggests a weak or non-protective passive film, leading to both
low E,ic and high ixass values. Notably, Ei: for Ti-6.0 exceeds the potential for which Cr,0s is stable on pure
Cr, indicating a partially protective oxide remains, likely due the stability of Al- and Ti-containing passive
species [79]. While no trends were present between Ti concentration and Z” at -0.25 Vsc, the potential at

which izass was defined, Ti-6.0 reached the highest -Z” magnitude of all tested CCAs, suggesting the
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formation of a thicker passive film during polarization. The increase is attributable to the higher E,i

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, Ee, follows similar trends as Ei;, with the Ti-0 having the

minimum value and Ti-6.0 having the maximum value®®.

1<0_ T TTITm T T OO T PO ¢ T OO © PO T T T T _| LI I N I B B B AR N B B | T [ T T T [ T T 1 ]

C gzo e, . gzo ]

= 2 A 2 .

o5k Cr 7 A eeeem—— crt 7

r Cr203 - A 1 Cr203 =

g L 1 [ i

> C. 1 C H> -

= C 1 T \ H*

© C 1 [ ]
)

e L d L 4

@ = - e -

46’ - - - -

o r b Cra03; -

L J L . Cr J

-15F - L—0%Ti -

T 1 [—3a%T ]

L1102 1 op—6eo0%To o T0 -

LT J [= i Ti 4

=20 ALOs 1 [~ 9.6%T Al,O3 ]

FEOA T, - 13.0% T Al -

r a) 1 [—316L b)

B L L I T S Y e S N [ N TS T Y T Y Y N S W

0% 1077 10% 105 107 1073 1072 0 2000 4000 6000 8000 10000 12000

Figure 5: a) E-log(i) and b) -Z” plots obtained during polarization of CCAs in 0.01 M NaCl (pH ~5.75)

Current Density (A.cm™2)

-Imaginary Impedence (Q.cm?)

following cathodic pre-treatment (-1.3 Vscg, 600 s). 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 software.

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 Vscg, 600 s). Each term indicates the mean value

with a one standard deviation bound.

Alloy | Corrosion Pitting Potential | Repassivation Passive Current
Potential (Vsce) (Vsce) Potential (Vsce) Density (MA/cm?)
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 48+/-6.3
316L -0.447 +/- 0.003 0.596 +/- 0.045 0.014 +/- 0.019 1.4+/-0.3

14 Downward scans are not shown in Figure 5 to ensure data visibility. The tabulated Erep values are 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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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.

Potentiodynamic polarization was also evaluated for both the best-performing and worst
performing CCAs (Ti-6.0 and Ti-0) across a range of NaCl concentrations. Representative E-log(i) curves
alongside trends in Epi: as a function of CI- concentration are shown in Figure 7. Increasing E,i: values
from Ti-0 to Ti-6.0, indicating Ti addition improves the corrosion resistance across all evaluated NaCl
concentrations. The pitting potentials decreases with increased NaCl concentration at similar rates for
both CCAs. Current densities for Ti-O generally increase with NaCl concentration, while such trends were

less prominent for Ti-6.0.
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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 Vscg, 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.

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. At high potentials, Fe dissolves at the
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highest rates followed by Ni and Cr, in part due to their high concentrations in the bulk alloy. Equivalent
current densities in the anodic region 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 the enriched elements in the phase, is not suggested to be present. Ti dissolves at low rates both within
the passive range and the anodic range, although quantitative comparisons between elements are
difficult due to high levels of noise within the passive range as well as dissolution rates approaching the

detection limit.
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Figure 8: Equivalent current densities obtained from AESEC during potentiodynamic polarization of Ti-
6.0in 0.1 M NaCl adjusted to pH 4 reproduced from [35]. Al equivalent dissolution current densities are
generally below the detection limit and are not shown due to high levels of noise.

Micrographs of the CCA surfaces following polarization are shown in Figure 9. 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.
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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 A/cm? prior to imaging. Pit locations illustrating transition from random to
interface pitting are circled.

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 Epi: and Eep 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 E.or values within the statistical
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
values from Ti-9.6 to Ti-13.0 for all three values, 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.
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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

software.

Table V: Key corrosion parameters obtained during potentiodynamic polarization of CCAs in 0.01 M NacCl
(pH ~5.75) following 30 minute solution exposure of the air-formed oxide. Each term indicates the mean
value with a one standard deviation bound.

Alloy Corrosion Pitting Potential Repassivation
Potential (Vsce) (Vsce) 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 +4/-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

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 (a), and admittance constant (Yo) as
shown below. The Rp term describes transport O% anion and metal cations as the charged species and
interfacial

electrons, holes) affect

compensating defects to preserve electroneutrality (e.g.,

electrochemical reaction rates. The CPE contains information on the dielectric and physical attributes of

91



oxide in stratified layers [80]. The simplified circuit fits the behavior to a single time constant dominated

for which resistance is dominated by the R, term, allowing for an overall sense of oxide protectiveness.

R, + Y, (i21f)%
R, Y, (i21f)®

Z(f) = Rs + (9)

High a values for all CCAs indicate that the fits are representative of near-capacitive behavior
usually associated with protective oxides [72]. Generally, it is found that R, 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 R, 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. 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
possible mass transfer-controlled kinetics, particularly in the case of Ti-3.1. Such mass transport kinetics
are usually attributable to transport by migration and diffusion through the through the passive film [80].
Given the variance in low-frequency impedance magnitude values between runs, uncertainty remains in

guantitative R, comparisons such as the observed for decrease for Ti-3.1 relative to Ti-0.
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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.
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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
R, (kohm.cm?) 119.6 60.6 158.5 290.2 682.3 222.7
Rs (ohm.cm?) 512.7 571.0 81.3 488.4 620.3 791.7
Yo (uS*s®.cm?) 100.4 91.0 66.9 36.2 74.8 58.7
a 0.765 | 0.795 | 0.802 | 0.845 | 0.736 | 0.781
Z(1mHz) (kohm.cm?) | 83 +/- | 161 +/- | 449 +/- | 663 +/- | 428 +/- | 648 +/-

27 78 558 585 159 366

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 [27], the potential is also shown to be within the passive range
of all evaluated CCAs previously determined with potentiodynamic polarization. For all CCAs, the current
density initially becomes less negative, suggesting the formation of a stable passive film. Between 10% and
10% seconds, the sign of the current density changes to cathodic for all CCAs. Z” generally increases for at
least 10* 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.
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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 Vs,
600 s).
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Following film growth, the CCAs were characterized by EIS. 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 a value above 0.75, suggesting capacitive behavior indicative of passive film formation. All of
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the CCAs have R, 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, R, is not suggested to increase with Ti
concentrations, Ti-6.0 has a lower impedance modulus at 1 Hz, the frequency at which the in-situ
impedance data was collected during film growth than all other CCAs. However, the decreased magnitude
might be a result of differing time constant behavior evidence in the frequency shift indicated by the Ti-

6.0 phase angle plot, and the R, values show that the decreased Z” values during film growth are not

indicative of inferior corrosion resistance.
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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.

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
R, (kohm.cm?) 437.5 517.3 533.0 482.9 407.5 113.3
Rs (ohm.cm?) 467.6 719.6 275.1 420.5 591.4 506.9
Yo (uS*s®.cm?) 485 | 267 | 1226 | 445 | 406 | 469
a 0.825 0.788 0.838 0.832 0.805 0.779
Z(1 mHz) (kohm.cm?) | 48 +/- | 404 +/- | 452 +/- | 491 +/- | 342 +/- | 252 +/-
9 308 558 168 58 202

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+L2;, and FCC+L2;+Laves microstructures, respectively. 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 L2; 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(lV) oxide for both Ti-
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9.6 but not for Ti-6.0, with Ti® (unoxidized metallic signal) is observed for Ti-9.6%. Signal attributable to

Al% Al(lll), and the Cr3s core series is observed for all three CCAs. All Cr spectra showed features

attributable to high concentrations of Cr(Ill) hydroxide with Cr(lll) oxide and unoxidized Cr° also present.

Additionally possible FeCr,04 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. While the decrease in Ti concentration may affect

the local ordering of Fe(Il)/Fe(lll) and Cr(l1l) within the passive film, given that the Cr spectra are dominated

by Cr(OH); and the generally low signal for Fe(ll)/Fe(lll) passive species, confirming the nature of Fe-Cr

interaction as well as the degree of long-range order remains difficult.
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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). Intensities are scaled to maximum counts for each spectra as

quantitative values may vary due to external factors such as surface contamination.

15 The evaluated binding energy range for the high-resolution Ti2ps/2 scan of Ti-6.0, which does not characteristic
binding energies of Ti°, was defined by initial high-intensity survey scans (not shown). The initial survey scans

shown no signal in the characteristic Ti° binding energy range.
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Surface cation fractions are shown in Figure 15 and tabulated in Table VIII. Cr(lll) is enriched,

mainly in the form of Cr(lll) 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(lll) present in all three films,

at concentrations that are enriched relative to the bulk concentration of each CCA. The distribution of Al

in the passive film may be affected by its preferential partitioning to the L2, phase and away from both

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

low concentrations of Fe(ll)/Fe(lll), Mn(ll), and Ni(ll). However, no clear trends are present with Ti

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

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(I11) 9.4% 16.9% | 15.5%
cr(l) | 65.8% | 15.5% | 43.7%

Fe()/0m | 6.3% 9.8% 0.0%

Mn(1l) 0.0% 0.1% 0.0%

Mo(Vl) | 18.6% 1.9% 11.0%
Ni(11) 0.0% 1.0% 0.0%
Ti(IV) 0.0% 54.9% | 29.7%
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4.0 Discussion
4.1 Thermodynamics of Passive Film Formation

All evaluated CCAs are suggested to form thermodynamically stable and 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, Vl), 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 L2; and/or Laves phases. The maintenance of passivity, despite second phase formation,
distinguishes the evaluated 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 L2;) and the expectation that each phase forms a passive film with a unique composition (Chapter 6).
Protective oxide species 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 [27]. The presence of localized breakdown as well as non-zero -Z” values indicate the presence of
a stable passive film beyond the range of Cr,0s; stability. This suggests that oxide stability is substantial
due to Al and Ti alloying and due to subsequent Al(lll) and/or Ti(IV) participation in passivation despite
their low concentrations in the bulk alloy. Low dissolution current densities for all elements during
potentiodynamic polarization (Figure 8), despite the predicted dissolution for Al, Fe, Mn, Mo, and Ni in pH
4 environments [27], provides further evidence that Ti(IV) containing passive films prevail despite
thermodynamically predicted dissolution of other elements. Thus, the passive films of the CCAs are

defined by the contributions of multiple cations 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. The free energy of formation (AG’) may also be used to compare the
driving force for passivation among multiple species. For example, AG" of Al,0s, Cr,03, and TiO,, (-1690
kJ/mol [81], -1050 kJ/mol [82], and -970 kJ/mol [81], respectively) are all more negative on a per molecule
basis than that of Fe,05; (-742 kJ/mol [81]). Furthermore, AG® of TiO, is more negative than Cr,0; and
comparable to Al,03 when considered on a per atom basis. More negative AG” values indicate a higher
driving force for passivation, leading to Al(lll), Ti(IV) and Cr(lll) enrichment that is often observed relative
to bulk concentration while Fe(ll)/Fe(lll) is depleted for all CCAs (Figure 15). Possible FeCr,04 formation

suggested by XPS fitting (Figure 14) may be driven by the more negative AG" (-1340 kJ/mol [82]) as well
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as the extended 40 ks exposure, which has been suggested to lead to the enrichment of comparatively
more thermodynamically stable species in Ni-Cr-Mo alloys [83]. Figure 16 surveys a range of passive
species collected using density functional theory calculations with methodologies developed elsewhere

[84, 85].
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Figure 16: Formation energies at 0 K for a range of oxide, hydroxide, and oxyhydroxide species possible
for each constituent element obtained from Open Quantum Materials Database [84, 85].

Additionally, AG® indicates the most thermodynamically stable oxide species for a given element.
For Ti, the most energetically stable oxide is suggested to be TiO, whereas the Cr species with the lowest
formation energy on a per atom basis is Cr,03. Notably, such calculations do not account for the local
availability of oxide and/or hydroxide anions, which may lead to discrepancies between the most

thermodynamically stable chemical species and those suggested to be present by XPS fitting (Figure 14).

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 (AGmix) for Fe,03 and Cr,03 may further
promote mixed oxide stability during aqueous passivation of CCAs [86]. 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 present in the Cr,03-TiO; [87] and Al,03-TiO; [88] phase diagrams.

While many stable complex oxides are present in the phase diagrams at room temperature, including
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AL TiOs, TiaCry011, TisCr011, TigCr011, Ti;Cr011, and more, although none has been experimentally

confirmed to form in agueous environments.
4.2 Kinetics of Passive Film Formation

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)
species in Fe(ll)/Fe(lll) or Cr(Ill) 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(lll). Notably, Ti is often enriched at similar depths as Al, possibly allowing
the stabilization Al(lll) either through thermodynamic mixing effects and/or stable Ti(IV) enriched layers
protecting metastable Al(lll) that may otherwise 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 ip.ss magnitudes (Figures 5, 6, 12, Tables IV, VII) of Ti-rich CCAs such
as Ti-13.0.

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 L2; phase has higher concentrations of Al, Ni, and Ti (Chapter 6). The local compositions within
the passive follow trends with enriched elements in individual microstructural phases relative to global
alloy composition (Table Il). 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. In addition to bulk microstructure compositions affecting
the local availability of each metal, surface enrichment may be affected by other constituent elements.
For example, in the FCC phase, Cris generally surrounded by Fe and Ni, two metals with relatively unstable
oxides. Thus, there may be a comparatively stronger driving force for Cr oxidation. Alternatively, the L2,
phase has high concentrations of Al and Ti, whose thermodynamic stable passive films may form quicker,
allowing less time for Cr to oxidize and obtain the same surface cation fraction as seen over the FCC phase.
The nature of the passive film highlights the utility of ensuring passivating elements are divided between
phases. While it is possible that passivation over individual phases may occur over different timescales,
distinct regimes were not clearly identifiable during characterization of potentiostatic oxide growth
(Figure 12) nor was either phase suggested to preferentially dissolve at stochiometric ratios by AESEC

(Figure 8).
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Additionally, Ti(IV) presence in the passive film may improve passivity through its effects on other
constituent elements, in particular, Al. In the Fe-Cr-Al-Ti system, the surface cation fraction of Al(lll) is
suggested to increase in the passive films formed in pH 4 Na,SO, solutions with Ti concentration, despite
being unstable in pH 4 environments and having to compete with thermodynamically stable Ti(IV) species
[27]. Additionally, previous depth profiling [35] has shown Al(lll) is often enriched in the inner oxide at
similar locations to Ti(IV), suggesting Ti(IV) may improve Al(lll) stability. Similar Al(11l) and Ti(IV) enrichment
at inner oxide layers has been previously observed for Ti-6.0 [35]. Therefore, it is possible that some
benefits of Ti(IV) on Al(lll) stability may extend into the evaluated CCA series, possibly explaining the
significant increase in Al(lll) surface cation fractions from Ti-0 to Ti-6.0 (Figure 15, Table VIII). Possible
mechanisms include both thermodynamically influenced mixing benefits, complex oxide formation, as
well as the formation of a protective Ti(IV) layer that enables metastable Al(lll) species that dissolve in the
absence of protective Ti-enriched oxides, to be protected [43]. Enrichment of Al(lll) and Ti(IV) may be
predicted from low elemental dissolution rates observed via AESEC during similar film growth treatments
[35]. However, the high detection limit for Al signal makes it difficult to establish the stability of Al species
at early times prior to the formation of a stable, Ti-enriched passive film, making mechanistic identification
difficult. Al(lll) has the lowest surface cation fraction for Ti-9.6. While Al(lll) surface cation fractions could
be artificially lowered due to decreased mean free paths from inner-oxide layering, such effects are
unlikely to be prominent given that significant signal for unoxidized Al° metal was observed at levels well
beyond that which is attributable to unoxidized Al(Ill) (Figure 14). Furthermore, an increased degree of
layering may contribute to the decreasing Ti surface cation fractions in Ti-9.6 relative to Ti-6.0 (Figure 15),

as inner-layer enrichment would contribute to decreased levels of signal observed via XPS.
4.3 Microstructural Effects on Corrosion Behavior

CCAs with higher Ti concentrations generally demonstrate superior passivity. suggesting that the
L2, and/or Laves phases formed at high Ti-concentrations do not directly harm ability of the high-Ti CCAs
to passivate. 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 L2; second phase) [35, 40]. The Ti concentration
in the L2; phase increases with overall Ti concentration in the alloy. This ensures adequate Ti
concentrations within each phase, unlike the case varying Al concentration (Chapter 2), where increasing
Al concentrations are suggested to decrease the Ti concentration in the L2, phase (Chapter 2), leading to

inferior resistance to localized corrosion. Given the prominence of Ti(IV) in the passive films (Figure 15,
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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 L2; 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 Ill). 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 Il) [35], however; in addition to the ability to

passivate, the effect of Ti on the breakdown behavior in Cl" containing solutions must 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 [54].
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). While Ti addition improved the pitting resistance of Ti-0 accords a range of Cl concentrations
(Figure 7) despite the formation of an FCC-L2; interface, such trends were not present at high Ti
concentrations. Epi: of Ti-9.6 and Ti-13.0 is lower than that of Ti-6.0 for the CCAs with passive films both
during air exposure (Figure 10, Table V) and potentiodynamic polarization of a reduced surface (Figures
5, 6, Table 1V). 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 as in the case of the effect of Al

(Chapter 2).

Thus, trade-offs may be present between global beneficial effects of Ti concentration on passivity
and adverse consequences of microstructurally influenced localized corrosion. Egi: was not suggested to
decrease until Ti concentrations of 9.6 at. % (Figure 5, 6, 10, Table 1V, 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
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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
targeted 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+L2;. 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 drawbacks of the undesirable presence or composition of additional
phases in the bulk microstructure, decreases in corrosion resistance at high Ti concentrations could be
attributable to the lower Ti(lV) surface cation fractions and/or decreased concentrations at the oxide-
metal interface (Figure 15, Table VIII). Regardless of mechanism, it is of note 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:

e The microstructure transitioned from single-phase FCC, to an FCC matrix enriched in Fe, Cr,
and Mo relative to bulk alloy compositions with L2; 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.

e 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., Eyit, Erep) Were maximized at 6 at. % Ti before decreasing at higher Ti

concentrations. High-Ti concentration may harm the resistance to localized corrosion by
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initiating second and third-phase formation, with interfaces acting as a preferential pitting
site.

e The passive film is suggested to be dominated by Cr(lll) and Ti(IV). 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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Abstract

Alp3CrosFeaMnyMog 1sNi1sTios (x =0, 0.25, 0.5, 1) complex concentrated alloys are synthesized and
annealed at 1070 °C to form two-phase alloys with an FCC matrix and a second phases enriched in Al, Ti
and Ni with slightly reduced density, raw element costs, and passivating elements distributed across both
phases. The global corrosion resistance is evaluated in 0.01 and 0.1 M NacCl at both natural pH and pH 4.
Overall corrosion resistance is suggested to be optimized at Mn concentrations of 5.0 at. %, indicated by
pitting potentials comparable to or exceeding those of 316L stainless steel. Improvements in corrosion
resistance and optimization of Mn concentration are further assessed by polarization, impedance, and
gravimetric analysis after extended aqueous exposure. The fate of individual elements during the
dissolution and passivation processes is evaluated with in-situ atomic emission spectroelectrochemistry
and ex-situ x-ray photoelectron spectroscopy. Passivity was derived from combinations of Ti*, Cr*, and
Al®* oxides in an undetermined solid solution or complex oxide. Enhanced corrosion resistance is
attributed to the improved chemical homogeneity of passivating elements within the two-phase
microstructure while the decreased corrosion resistance of alloys with higher Mn concentrations is
attributed to high Mn dissolution rates and/or destabilization of the passive films. The underlying effects

of Mn in the design of corrosion resistant lightweight complex concentrated alloys are discussed.
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1.0 Introduction

Complex concentrated alloys (CCAs), a broad alloy class which include high entropy alloys (HEAs)
and multi-principal element alloys (MPEAs), involve combinations of four or more elements with
compositions above 5 at. %. Compositions may deviate from the equimolar constraints that typically
define HEAs, greatly increasing the alloy compositional space [1, 2]. These alloys show promise in
producing superior corrosion resistance as well as other desirable properties but the ideal selection of
alloying elements for a specific property has not been mastered. Moreover, low cost materials with
reduced density are possible in light weight high entropy alloys particularly with less expensive alloying
elements such as Al and Fe. The high configurational entropy from multiple elements at significant
concentrations increases the likelihood of overcoming enthalpy driven segregation and preserving single-
phase stability [1, 3]. Composition based thermodynamic parameters indicated below may be used to
predict phase stability. Single-phase stability is increasingly likely with a configurational entropy (ASmix)
above 1.5R (where R is the ideal gas constant and c; corresponds to the concentration of element i), an
enthalpy of mixing (AHmix) calculated by the Miedema model [4, 5] less negative than -16.25 kJ/mol (where
AH;; corresponds to the enthalpy of mixing of elements i and j), and/or an atomic radius (r) mean squared

deviation (8) of less than 4.7%. [1]

ASmic = —R ) (ciIn()) (1)
i=1

n
AH,.. = z MHT e (2)

i=1,i#j

(3)

Moreover, Yang and Zhang [6] and King et al. [4] calculated dimensionless empirical indexes (Q
and @ respectively) from thermodynamic indicators to predict CCA single-phase stability. Accuracy in the
prediction of single-phase stability is improved relative to single parameter criteria by combining multiple
thermodynamic values including ASmix, AHmix, the weighted average melting temperature (Tw), and the
enthalpy of the most stable intermetallic binary phase (AHv) into a single term. Single-phase stability is

considered likely at values of Q above 1.1 and ® above 1.0 where:

0= TmASmix (4)
|AHmix|
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d = AHmix - TmASmix (5)
AH;y

Further prediction of single-phase stability can be obtained via CALPHAD approaches as well as

by combining binary phase diagram analysis with machine learning methods [2, 7].

It has been suggested that CCAs with good mechanical strength [3, 8, 9] and corrosion resistance
benefit from homogenous solid-solution distribution of elements, including key of passivating elements
Cr, Al, and Ti [10-12]. Unique combinations and distributions of passivating elements in CCAs, often
through elemental synergies not observed in conventional alloys, assist in the formation of stable passive

films that prevent further environmental degradation [11-17].

The use of Al and Ti has been under increased investigation to reduce the density and increase
mechanical strength of CCAs. [18, 19] Although both elements spontaneously passivate and Ti has been
shown to increase corrosion resistance in CCAs [11, 20], FCC alloys reliant on Al and Ti to passivate may
have their corrosion resistance decreased by the elements’ propensity to form second phases including
BCC[1, 16, 18, 19, 21-23], B2 [18, 23, 24], and Heusler (L2:) [1, 25, 26] phases. Second phase formation
driven by Al or Ti, often interacting with Ni [18, 19, 23, 27], creates both phase interfaces and areas
depleted in passivating elements, both of which are potential initiation sites for localized corrosion [28].
Increased second phase volume fractions in the AlCoCrFeNi system driven by higher Al concentrations
lead to decreased pitting potentials and increased passive currents or localized attack in the Al-rich BCC

phase [29].

To improve elemental homogeneity in an FCC matrix, elements conventionally established as
austenitic stabilizers may be utilized. Many CCAs, including the first transition metal HEAs developed by
Cantor et al. [30], utilize Co, Mn, and Ni to stabilize the FCC structure. While Co and Ni often increase alloy
cost and density, Mn could potentially function as a cost-effective FCC stabilizer [31, 32]. The equimolar
introduction of Mn to the AICrFeNiTi HEA eliminated the formation of a Laves phase and decreased the
magnitude of Cr segregation [27]. Higher Mn concentrations in the (FeNi);7xCrisMnyAlsTis system were
computationally modeled to increase the volume fraction of the FCC matrix while changing the stable
second phase from the ordered FCC-like L1, to Laves and BCC phases [33]. Equimolar Mn addition to a
mechanically alloyed TiCrFeNi HEA, however, does not remove the Sigma phase that can be eliminated
upon Co alloying, suggesting Mn may not be as effective as other austenitic stabilizers [34]. Additionally,
it has been proposed that Mn could provide improved mechanical ductility by promoting twinning or

transformation induced plasticity to increase CCA ductility [35, 36].
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While Mn has been long established as an austenitic stabilizer in stainless steels [37, 38], it is often
dismissed in alloy design due to its contributions to poor corrosion resistance. Extensive work in the Fe-
Mn-Al system has associated high Mn concentrations with poor corrosion resistance, most prominently
attributed to the formation of MnS inclusions [39]. Mn is also detrimental to corrosion resistance due to
high elemental dissolution rates [40-43]. Higher Mn concentrations lead to increased levels of pitting and
decreased corrosion resistance in the single-phase Fe-Cr-Mn tertiary system, potentially attributable to
Mn decreasing the activity of Cr during the passivation process [44]. Similar trends have been observed in
single-phase CCAs. Most noticeably, corrosion resistance is improved by removing Mn from equimolar
CoCrFeMnNi in sulfate [45] and chloride [46] solutions. The high diffusivity of Mn in CoCrFeMnNi [47], fast
transport rates in Mn oxides, and the instability of Mn-rich passive films [14, 15, 27, 45] may all contribute

to the poor corrosion resistance of Mn containing alloys.

Alternatively, Kukshal et al. [48] evaluated Mn additions in the dual phase AICrisCuFeNi;Mny
system up to 13.3 at. %, finding increased corrosion resistance with Mn additions that was attributed to
improved Cr and Ni distribution in solid solution. Wong et al. [49] found that Mn concentrations up to 6.3
at. % have an insignificant effect on the corrosion resistance of FCC Alp3CoCrFeNiMn,, with higher Mn
concentrations slightly lowering the corrosion potential. Kim and Kim [50] observed an increase in the
open circuit potential during immersion of a Mn-containing steel that was not observed in the otherwise
identical Mn-free composition. Rodriguez et al. [51] developed a series of Co-Cr-Fe-Mn-Ni type CCAs with
varying Mn concentrations. Corrosion resistance was weakened in alloys with greater than 15 at. % Mn,

particularly when coupled with decreasing Cr concentrations.

Elements enriched in the passive films are expected to have a negative free energy of formation
and kinetically lower electrochemical or chemical dissolution rates during incongruent dissolution of the
passivating material, a phenomenon experimentally verified in the BCC Al sTiVCr CCA by Qiu et al. [52].
Han et al. [53] tracked elemental dissolution rates for NizgFe20Cr2;Mni0Co10in a 0.1 M NaCl, pH 4 solution.
Potential dependent Mn dissolution was observed; Mn dissolved incongruently at rates significantly
below those of Ni and Fe at 0.1 Vsce whereas it dissolved congruently at 0.0 Vsce. Surface enrichment of
Mn in the passivating oxides at 0.1 Vsce was verified by X-ray photoelectron spectroscopy (XPS) using 3p
core level analysis. At 0.0 Vsce;, @ more corrosion resistant passive film formation was indicated by the
higher oxide resistance obtained by electrochemical impedance spectroscopy (EIS) than that obtained at
0.1 Vsce. Better protection was attributed to a lower extent of Mn incorporation in the passive film at this

potential. Mn incorporation in oxides could occur by the formation of stable stoichiometric tertiary spinel
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oxides. FeMn,04 [54], MnCr,04 [55], and NiMn,0,4 [56] stability has been thermodynamically simulated
but such ordered spinels have not been experimentally verified to form during aqueous passivation in
CoCrFeMnNi [57] or any other Mn-containing CCAs to the authors’ best knowledge. The aforementioned
findings suggest that corrosion resistance of CCAs is considerably more complex than an inverse
proportionality to Mn content. A well-established connection between the alloy nanostructure,

microstructure, composition, passive film chemistry, and film protectiveness is currently lacking.

While potential drawbacks of Mn for corrosion resistance are well established, two key gaps in
the current understanding introduce potential caveats. First, much of the work on the effect of Mn on
corrosion resistance focuses on CCAs with Mn compositions of at least 15 at. %, where rapid, preferential
dissolution and unprotective Mn oxides can easily harm corrosion resistance in ways that may not occur
at lower concentrations. Second, there has been little work on the effect of Mn in Al and/or Ti containing
multiphase CCAs. The transition metal HEAs CoCrFeMnNi and CoCrFeNi both possess a single-phase FCC
microstructure [58] making it difficult to evaluate the trade-offs between benefits of improved
homogeneity from Mn on corrosion distinct from the potential detrimental effect of Mn on oxide

protectiveness.

The objective of this work was to examine the effect of Mn in a lightweight alloy with three
passivating elements Al, Ti, Cr, one potential oxide dopant element Mo, and a number of Austenitic
stabilizing elements. The alloys were designed to minimize density and cost while maximizing corrosion
resistance and are stipulated to have an FCC matrix. Four CCAs with Mn concentrations ranging from 0 to
17.4 at. % were synthesized and characterized to find the optimal Mn concentration to improve corrosion
resistance. The role of Mn in the design of lightweight CCAs is investigated by elementally resolved in situ

and ex situ techniques.
2.0 Experimental Methods
2.1 CCA Synthesis and Microstructural Characterization

Four CCAs with compositions listed in Table | were synthesized by arc-melting from high purity (Cr
greater 99.2 %, all other metals greater than 99.9%) elements and suction cast in a water-cooled copper
hearth under argon atmosphere. Alloys were flipped five times to ensure chemical homogeneity before
encapsulation into quartz tubes under argon and a five-hour annealing treatment at 1070 °C followed by
a water quench. The compositions and heat treatment were chosen to promote the formation of an FCC

matrix while balancing cost, density, and passivating element concentration with machine learning
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methods discussed elsewhere [2, 59]. The Alo3CrosFesMnyMoo.1sNi1sTios system was also modeled with
CALPHAD utilizing ThermoCalc 2019b software and the TCHEA3 database for Mn concentrations between
0 and 25 at % to predict the thermodynamically stable phases for each synthesized alloy. [60] Relevant
thermodynamic parameters are calculated in Table Il utilizing previously established atomic radius [61]
and enthalpy of mixing [62] values. It was found that the “high” enthalpy criterion, AS/R, Q, and @ where
almost met or met while the 6 criterion was, expectedly, not achieved. Prediction of an FCC matrix along
with a second phases was achieved by machine learning [2]. Samples were cold-mounted in non-
conductive epoxy, ground with SiC paper through 1200 grit, and degreased with isopropyl alcohol before
electrochemical testing. Diamond polishing suspensions through 0.25 microns were used, followed by
0.05-micrometer colloidal silica suspension, to prepare samples for microstructure and surface chemical
analysis. The phases in each alloy were identified via x-ray diffraction (XRD) using Cu Ka X-rays (1468.7 eV)
on a PANalytical Empyrean Diffractometer™ at a scan rate of 0.15 °/s. The samples were characterized
through scanning electron microscopy (SEM) using backscattered electron (BSE) imaging on an FEI Quanta
650™ operating at an accelerating voltage of 15 keV, a spot size of 4, and working distance of
approximately 10 mm. The chemical compositions of the samples were evaluated via point scans and
mapping with energy dispersive spectroscopy (EDS) analyzed using Oxford Instruments AZtec™ software.
Area fractions of second phase regions were calculated with Image) using a brightness threshold to isolate
at least 300 precipitates across multiple micrographs per alloy. The calculated area fraction of second
phase was taken to be equivalent to the volume fraction of second phase in the material.

Table I: Compositions of synthesized CCAs in atomic percent. Compositions given for 316L indicate an
average of the accepted composition range.

Alloy Al Co Cr Fe Mn Mo Ni Ti
Alo3CrosFe2MnoMoo.1sNi1sTio 3 6.3% - 10.5% | 42.1% - 3.2% | 31.6% | 6.3%
Alo3Cro.sFezMng 25sMog.15Ni1sTios 6.0% - 10.0% | 40.0% 5.0% 3.0% | 30.0% | 6.0%
Alo3Cro.sFe2MnosMoo.1sNi1sTios 5.7% - 9.5% 38.1% 9.5% 2.9% | 28.6% | 5.7%
Alp 3Cro sFeaMniMog 1sNizsTio s 5.2% - 8.7% 34.8% | 17.4% | 2.6% | 26.1% | 5.2%
CoCrFeMnNi - 20% | 20% 20% 20% - 20% -
316L - - 18.3% | 66.7% | 2.1% | 1.5% | 11.4% -

114



Table II: Phase stability indicators calculated from the alloy’s compositions. Bolded terms indicate values
associated with single-phase stability in CCAs.

Alloy AH AS/R 6 (%) Q 0]
(kJ/mol)

Al 3Cro.sFe;MnoMog.15Ni1sTio 3 -11.07 1.42 8.61 1.94 0.929
Al 3Cro.sFe2Mng 25M00.15Ni1.5Tio3 -10.74 1.55 8.42 2.16 0.968
Al 3Cro.sFezMng sMoo.15Ni1sTig s -10.39 1.60 8.25 2.29 0.976
Al 3Cro.sFe;Mn1Mog.15Ni1sTio 3 -9.77 1.64 7.90 2.45 0.963
CoCrFeMnNi -4.16 1.61 3.90 5.79 3.533
316L -1.85 0.97 3.96 8.22 2.130

2.2 Electrochemical Characterization of CCAs

Samples, along with equimolar CoCrFeMnNi and commercially procured (North American Steel) 316L
stainless steel controls, were potentiodynamically polarized with a Gamry Instrument Reference 600+™
potentiostat and a conventional three electrode cell including the CCA sample with an exposed area of
0.785 cm? as the working electrode, a platinum mesh counter electrode, and a saturated calomel
reference electrode (SCE) relative to which all potentials hereafters are reported. The electrolyte solution
was either 0.01 M NacCl, 0.1 M NaCl with the pH unadjusted (approximately 5.75), or 0.1 M NaCl titrated
to pH 4 with 1 M HCI. Solutions were dissolved in deionized water and continually bubbled with nitrogen
gas throughout testing. Dilute solutions were preferred to observe passivation behavior before
interference from localized corrosion. In initial tests, a -1.3 Vsce potential was applied for 600 s to minimize
the effect of the air-formed oxide. Cathodic reduction was followed by an upward anodic potential scan
from -1.3 to +0.8 Vsce with a voltage step of 5 mV, continually monitoring the imaginary component of the
impedance (Zimg) throughout polarization at a frequency of 1 Hz with an AC voltage of 20 mVms, as
previously utilized for to evaluate trends in oxide thickness [14, 63]. By modeling the oxide film as a
constant phase element (CPE) fit to a phase shift (a), resistivity at the interface between the electrolyte
and passive film (ps), applied frequency (f), dielectric constant (k), vacuum permittivity (g,), and exposed
area of the working electrode (A), Zimg may be modeled as directly proportional to the oxide thickness (lox)

[64, 65].1°

16 Although oxide thicknesses could be quantified with a dielectric constant and resistivity estimated from
XPS based surface analysis, such assumptions were not made to characterize the film during polarization
due to the changing oxide film composition. Therefore, trends in the Zimg measured during polarization
and/or potentiostatic holds should be regarded as qualitative descriptions of the oxide thickness.
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Finally, the sample was polarized in the reverse direction (+0.8 to -1.3 Vsce) with otherwise identical
methods. Pitting potentials are defined at the potential where the current density first reaches 10> A/cm?

and zero current potentials are defined where the net applied current density is equal to zero.

To characterize the oxide films spontaneously formed in air and modified by OCP exposure, a
second procedure was utilized. Directly after grinding a new surface (approximately ten minutes at room
temperature, 62% relative humidity), open circuit potential (OCP) was monitored for 1800 s in 0.01 M
NaCl. Potentiostatic EIS was conducted at the potential of the final OCP measurement at a frequency
range from 100 kHz to 1 mHz with 5 points/decade and an AC voltage of 20 mVms. The sample was
polarized with a potential scan from 0.1 V below OCP to +0.8 Vsce with the same continual impedance
monitoring methodology utilized during previous polarization experiments followed by a reversed

downward scan (+0.8 to -1.3 Vsc).

To characterize the passive oxide growth, a potential of -1.3 Vsce was applied to each CCA for 600
s before applying a constant potential of -0.25 Vsce for 40 ks, verified to be within the passive range of all
tested alloys via potentiodynamic polarization. The Zimg Was continually characterized every 6 seconds at
a frequency of 1 Hz and an AC voltage of 20 mVms to monitor oxide growth during the potentiostatic hold.
The potentiostatic EIS described above was carried out at -0.25 Vsce to characterize the surface after the
potentiostatic hold. EIS spectra were fit to a simplified Randles’ circuit model containing a CPE with Gamry

Echem Analyst software to obtain the polarization resistance of the oxide film.

To examine the effects of a longer time of corrosion, 1 cm diameter buttons with a thickness of
approximately 0.25 cm were measured for mass to 0.01 mg precision and fully immersed for 25 days in
0.1 M NaCl. Corrosion products were rinsed with nitric acid under ASTM Standard G1 C.7.4 [66] and the
sample was remeasured for mass. The change in mass was normalized to exposed surface area to calculate
the mass loss rate and to a weighted elemental average density to obtain the penetration rate. An 1800 s
OCP measurement followed by the EIS spectrum described above at each alloy’s respective OCP was
collected in a separate flat cell both directly prior to and following immersion of

A|0,3CFO,5F€2M noMog.1sNi1sTiosa nd A|0,3CI’0,5F62M No.2sM0g.15Ni15Tio 3.
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Atomic emission spectroelectrochemistry (AESEC) was used to monitor individual elemental
dissolution rates alongside electron current density. Dissolved elements were transferred through a flow
cell to a Horiba Jobin Yvon Ultima 2C™ inductively coupled plasma atomic emission spectrometer (ICP-
AES). The dissolution rates of each alloying element in AlysCrosFeaMnoMog1sNiisTios,
Alo3CrosFe;Mng2sMog 1sNiisTios, and AlgsCrosFeaMniMog.1sNiisTios alloys were monitored by emission
intensity at a characteristic wavelength of each element with a polychromator at a 0.5 m focal length. A
monochromator was used to have an improved signal resolution of Mo or Cr. Elemental dissolution rates
(vm) were converted to an equivalent elemental current density (ju) with Faraday’s law, providing a
comparable basis to electron current density (je). A theoretical basis for AESEC and comprehensive
methodology may be found elsewhere [67]. AESEC experiments were performed in a 0.1 M NaCl pH 4
solution to increase the dissolution rate to an observable level. Dissolution rates were monitored during
potentiodynamic polarization following a 600 s exposure to open circuit corrosion and an application of a
-1.3 Vsce potential for 600 s. Potentials were swept from -1.3 Vsce to +0.8 Vsce with a scan rate of 0.5 mV/s.
Dissolution rates were monitored during a 600 s exposure to open circuit corrosion and during a directly
following 4 ks potentiostatic hold at -0.2 Vsce (bypassing any cathodic reduction). The test time was

decreased relative to electrochemical tests to ensure plasma stability.
2.3 Characterization of Passive Film Composition

Chemical compositions of passive films grown on AlgsCrosFe:Mno2sMog1sNiisTios and
Alg 3CrosFe;Mn1Mog.1sNipsTios during the 40 ks potentiostatic hold were characterized with XPS spectra
acquired with Al Ka X-rays (1486.6 eV) at a 26 eV pass energy, 45° take off angle, and with a 100 um spot

size in a PHI VersaProbe 11II™

system. High resolution spectra over the Al 2p, Cr 2ps/2, Fe 2p1/2, Mn 2p1,
Mo 3d, Ni 2ps/,, and Ti 2ps/, core spectra were shifted utilizing C 1s = 284.8 eV and deconvoluted with
Shirley background subtractions, Doniach-Sunjic peaks for metallic features, and Voigt functions for
oxidized features with KOLXPD™ analysis software. Metal and oxidized peaks were identified by
considering position, shape, and multiplet splitting identified from reference spectra of Al [68], Ti [69],
Mo [70], the first-row transition metals [71], and their oxidized compounds. In the case of Fe and Mn,
where Ni Auger peaks overlap the 2ps/; spectrum, [72] a constant binding energy shift for each compound
relative to the reference 2ps/; spectra was assumed. Cation fractions were normalized with relative
sensitivity factors obtained from Phi Multipak™ software. The overlap between the Al 2p spectrum and

Cr 3s spectrum was accounted for by fixing the magnitude of Cr 3s signal based on the intensity obtained

in the Cr 2ps/; region normalized by relative sensitivity factors. Cation fractions were evaluated as the
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proportion of each elements normalized intensities for all oxidized states summed relative to that of all
elements’ oxidized state intensities. The cation enrichment (or depletion) factors fa for each individual
element “A” were calculated from the surface composition (X®), in this case, the oxide cation fraction
obtained by XPS, relative to the sum of the bulk compositional fraction all other constituent elements (X;)

normalized to their bulk alloy compositions (X°) [73]:

A= (7)
3.0 Results

3.1 Microstructural Characterization of CCAs

XRD suggests an FCC matrix indexable to a lattice parameter of 3.63 A for alloys with all Mn
concentrations, as shown in Figure 1. Second phase regions of either BCC or ordered BCC-type (B2/L2,)
are visible in the XRD data for Alo3CrosFeaMnoMoo.1sNi1sTios and Alg3CrosFeaMng.2sMog.1sNiysTio s, the two
alloys with the lowest Mn concentration, however, noise in XRD data prevents accurate phase
identification from additional peaks. The CALPHAD modeling seen in Figure 2 does not accurately identify
the phase structure, suggesting the synthesized alloys would form a single FCC phase, however, it does
indicate a broad FCC-L1; phase region above 1290 °C which broadens slightly with Mn content from 0-25
at. %. Below this temperature many phases are formed including L2,, Mu, Laves, and Sigma depending on
the exact Mn content. Second phase regions on the order of single microns with similar spacing
distributions are visible in the BSE micrographs for all four CCAs (Figure 3). There is a non-monotonic trend

of second phase area fraction and Mn concentration.

118



m FCC
® BCC/B2/L2,

Al

o. Zcru SFEZMnlMOO 15Ni1 STin 3

> Al, Cr, Fe,Mn Mo, Ni, Ti
‘@
2 A
[9) f
=
=
2 h
3 | -
AIU Zcru SFezMnU ZSMOU 15NI1 STID 3
S A
“‘ Al .Cr, Fe,Mn Mo, Ni Ti ,
et b M
- y ot
T T T T
20 40 60 80 100

20 (Degrees)

Figure 1: XRD patterns for synthesized CCAs indexed to FCC and BCC/B2/L2; phases
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Figure 3: BSE images of CCA microstructures

EDS mapping (Figure 4) and point scans (Table Ill) suggest Fe, Cr, and Mo enrichment in the matrix
and Al, Ti, and Ni enrichment in the second phase regions relative to the bulk metal concentrations. Fe
and Ni have the highest concentrations in the matrix and second phase, respectively. Mn has a similar
concentration in both regions in all CCAs. The differences in matrix and second phase particle
compositions for each element generally have the highest magnitude for Aly3CrosFe;MnoMog.15Ni1 5Tio 3.
The other CCAs have similar composition ratios between the phases for most elements regardless of Mn
concentration. Ti and N rich or Al, Ti, and O rich impurities from contamination during synthesis are also
present in low quantities throughout the microstructures. No consistent trends in L2; area fraction are

observed with Mn concentration.

Sum

Figure 4: A representative second phase containing region identified with BSE imaging and EDS mapping
demonstrating elemental segregation in Alg3CrosFeaMng2sM0g.15Ni15Tio.3
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Table Ill: Elemental fractions obtained with EDS point scans in the matrix and second phase of the
synthesized CCAs. Area fraction referrers to the cross sectional second phase area fraction calculated
through microstructural analysis with ImageJ.

Phase ‘ Al ‘ Cr ‘ Fe ‘ Mn ‘ Mo ‘ Ni ‘ Ti ‘ Area Fraction
A|03CFO‘5F62M NoMo0o.15Ni15Tio3
Matrix 3.73 | 11.58 | 44.67 - 3.24 | 30.65 | 6.13 96.04 %
2nd Phase | 15.28 | 2.50 | 13.95 - 0.51 | 47.26 | 20.49 3.96 %
Alo3Cro.sFeaMng.25sM0o.15Ni1.sTios
Matrix 3.70 | 11.02 | 42.49 | 5.24 | 3.12 | 28.78 | 5.63 95.67 %

2nd Phase | 14.31 | 3.54 | 17.13 | 4.24 | 0.87 | 44.08 | 15.83 433 %
Alo.3Cro.sFeaMng.sMoo.15Ni1sTio.3
Matrix 5.22 995 | 3985 | 9.37 | 2.66 | 27.78 | 5.17 96.70%
2nd Phase | 17.10 | 3.21 | 18.20 | 8.44 | 0.69 | 40.97 | 11.40 3.30%
Alo3Cro.sFeaMniMoog.15Ni1sTio.3
Matrix 4.39 9.31 | 35.78 | 18.71 | 1.97 | 25.16 | 4.69 94.37 %
2nd Phase | 15.27 | 2.88 | 14.96 | 15.73 | 0.58 | 39.39 | 11.19 5.63%

3.2 AC and DC Electrochemical Corrosion Results on CCAs

Figure 5a reports anodic and cathodic polarization curves in 0.01 M NaCl in E-log(i) format after
applying a -1.3 Vs potential for 600 s to minimize the effect of the native oxide for
Alo3CrosFe;MnoMoo 1sNi1sTios,  AlosCrosFesMno.2sMoo.sNivsTios,  AlosCrosFeaMnosMooisNivsTios, and
Alo3CrosFe;MniMog 1sNiisTios. The dilute solution is utilized to observe the passive range prior to
breakdown. The E-log(i) plot for the experimental CCAs is compared to CoCrFeMnNi and 316L stainless
steel. The E-log(i) data shows the improved corrosion resistance of AlgsCrosFeaMng2sMoo.1sNi1sTio s
relative to CCAs with both higher and lower Mn contents, evidenced by the lower current density of
Alo3CrosFe;Mng2sMogisNisTios  in the passive potential domain. The pitting potential of
Alp 3Cro.sFe;Mng2sMo0g.15Ni15Tio.s is comparable to that of 316L and is higher than all other tested CCAs.
Current spikes before a sharp increase suggest metastable pitting and passive film breakdown. Overall,
the CCAs show generally higher passive current densities than 316L. Both increased current densities in
the passive potential domain and more negative zero current potentials of the CCAs relative to 316L
suggest that the passive films are less protective on the CCAs thus the alloys are less polarizable.
CoCrFeMnNi, which has a significantly higher Mn concentration to 316L, has inferior corrosion resistance

despite greater Cr concentration.
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Figure 5: a) E-log(i) curves and b) in-situ imaginary impedance measurements obtained during upward
polarization of CCAs in 0.01 M NacCl after a 600s application of a -1.3 Vsce potential compared to
CoCrFeMnNi and 316L

In-situ Zimg measurements (Figure 5b) indicate multiple peaks and generally increase in magnitude
throughout the upward potential sweep. The parameter increases at potential below -1.0 Vsce indicative
of less noble oxides forming early in the scan. From -0.5 to +0.5 Vsce the change in Zimg is linear suggesting
oxide thickness is directly proportional to applied potential. This parameter decreases near the pitting
potentials with varying degrees of abruptness. Sharp decreases in Zimg may indicate the passive film
breakdown coinciding with sharp current spikes in current in the E-log(i) plots. It should be noted that the
Zimg Of Alo3CrosFesMng2sMoo.1sNivsTios is greater than all other CCAs, CoCrFeMnNi, and 316L at most
potentials, which may indicate the formation of a relatively thicker and/or more corrosion resistant

passive film with different composition and dielectric constant.

The corrosion products formed during electrochemical measurement are generally translucent
and either grey or colorless. Pitting is the most prevalent form of corrosion damage visible and is
suggested to be the primary cause of passive film breakdown. Significant crevice corrosion was not visible
at the sample-epoxy interface. Pitting occurs over the entire surface of the sample; however, a cluster of

large pits is frequently seen in the center of the sample.

The cyclic polarization scans (Figure 6) show a similar repassivation potential to 316L, defined
where current densities return to levels lower than the passive current, during the downward scan of
Alo3Cro.sFe;Mng25sMog.15NissTio.s relative to 316L. The lower current densities in the downward scan and
higher repassivation potential suggest improved repassivation in Alo3CrosFe;Mng 2sMog.15Ni1sTio 3 relative
to 316L. Alo3CrosFeaMng2sMoo.1sNiisTios has a higher repassivation potential than all other CCAs, further

justifying it as the most corrosion resistant CCA evaluated. Similar to Alg3CrosFesMno 2sMo0g.15Ni15Tio.s and
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316 L, a positive hysteresis is present in the downward polarization scans of all other tested alloys (not
shown). The pitting, repassivation, and zero current potentials determined from polarization in 0.01 M
NaCl are given in Figure 7 and Table IV, which enable comparison of the corrosion resistance between
CCAs as a function of Mn content. The pitting potentials decrease with increased Mn content beyond 5
at. %, which suggest poor corrosion resistance for the high Mn CCAs. Trends in the zero current potential
are not as prominent, partially attributable to the inconsistency of Al 3CrosFe2MngsMoo.1sNi1sTig 3 results.
Interestingly, both the highest and lowest Mn concentrations show the lowest pitting, zero current, and
repassivation potentials in 0.01 M NaCl, suggesting the presence of an optimal Mn concentration between

the extremes.
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Figure 6: E-log(i) curves of cyclic polarization of Alo3CrosFe2Mng.2sM0o.15Ni1sTios and 316L in 0.01 M NacCl.
Scan direction is indicated by arrows.
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Figure 7: Pitting, zero current, and repassivation potentials measured during polarization of the CCAs in
0.01 M NaCl. Error bars correspond to one standard deviation from the indicated potentials. The pitting,
zero current, and repassivation potentials in 0.1 M NaCl indicated by dashed lines are provided for
comparative purposes.
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Table IV: Pitting (Epit), repassivation (Erep), and zero current (Ei-o) potentials of the CCAs polarized in 0.01
M NaCl both directly after a 600s cathodic reduction at -1.3 Vsce and bypassing the treatment to
characterize the air-formed oxide. The indicated current densities, i(E = -0.25 Vsce), were obtained within
the passive range during polarization.

Post-reduction Solution Formed Oxide Air-formed Oxide
Alloy Epit Erep Ei=o i(E =-0.25 Epit Erep Ei=o
(Vsce) (Vsce) (Vsce) | Vsce) (MA.cm?) | (Vsce) (Vsce) (Vsce)

Alo.3Cro.sFe;MnoMog.15Ni1sTios -0.188 | -0.227 | -0.797 4.69 N/A | -0.149 | -0.253
Alo.gCFo.5FEzMno.stOO‘lsNil,sTio,g 0.464 0.117 -0.720 4.51 0.749 0.300 -0.166
Alo3CrosFe;MngsMoo.1sNipsTios | 0.276 | 0.076 | -0.354 2.90 0.453 | 0.151 | -0.196
Alo3CrosFe;MniMog.15Ni1sTios -0.049 | -0.172 | -0.802 6.68 N/A | -0.290 | -0.181
CoCrFeMnNi 0.069 | -0.125 | -0.819 8.45 0.263 | -0.292 | -0.299
316L 0.403 | 0.004 | -0.455 1.71 0.396 | 0.060 | -0.134

Electrochemical response in a more concentrated CI° environments was evaluated by
potentiodynamic polarization in 0.1 M NaCl (Figure 8). Similar E-log(i) trends and effects of Mn are
observed as those obtained from polarization in 0.01 M NaCl (Figure 7). The increase in ClI" concentration
decreases pitting potential from those obtained in 0.01 M NaCl. A grey or gold corrosion product slightly
more opaque than when formed 0.01 M NaCl is visible after polarization. Alo3CrosFe2Mng 25sM0o.15Ni1sTio 3
has the highest pitting potential of all alloys, similar to the results observed in 0.01 M NaCl. At low
potentials, however, Alo3CrosFesMnoMog 1sNiisTios and CoCrFeMnNi both have lower current densities
and higher Zimg values than Alg3CrosFe;Mno2sMoo.1sNivsTios. The correlation between passive current
density and Mn content is more prominent in 0.1 M NaCl than in 0.01 M NaCl. In 0.1 M NacCl pH 4 solution,
similar qualitative trends were observed (Figure 9). Passive film breakdown occurred in the form of pitting
with limited crevice corrosion. The three CCAs with Mn concentrations below 10 at. % showed similar
breakdown potentials, while a decrease with higher Mn concentration, confirming trends established in
neutral solutions. The Zimg component during polarization was significantly lower across most potentials
for the oxide film grown in pH 4 than those grown in neutral solutions or formed during exposure to air.

It should be noted that the highest Mn containing alloys all had a low Zimg at 0 Vsce.
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Figure 8: a) E-log(i) curves and b) in-situ imaginary impedance measurements obtained during upward
polarization of CCAs in 0.1 M NaCl after a 600s application of a -1.3 Vsce potential

L B e L e e RALL

Al, Cr, FeMn Mo, Ni Ti_ a) b)
i AlD 3C"D SFeEMHUZSMU: \5Ni|.5Ti03 1
0.5 | Al Cr, Fe,Mn, Mo, NI, Tiy 05 H 4
—Al, Cr, .Fe,Mn Mo, Ni Ti,
CoCrFeMnNi
i ——316L W
> 00t 4 < o0 .
T ®
= =
c {=4
o] [
5 o5t E 5 -05 i e
o ——Al, .Cr, Fe.Mn Mo, Ni Ti .
A‘ﬂ ]CrDEFeZMnUEEMQH\ENI\ET‘UE 1
10 L _ 10 L Al ,Cr, Fe,Mng Mo, NI, Ti, i
7A\”CrnsFezMn‘Muﬂ le'iTlu
—— CoCrFeMnNi
——316L
15 suaul sl senwl 4wl ol |uwI‘| P 15 L N 1 N 1 N
107 10° 107 10° 10° 10 10° 10? 0 2000 4000 6000
Current Density (A.cm’) -Imaginary Impedance (.cm’)

Figure 9: a) E-log(i) curves and b) in-situ imaginary impedance measurements obtained during upward
polarization of CCAs in 0.1 M NaCl pH 4 after a 600s application of a -1.3 Vsce potential

Figure 10 shows polarization curves in 0.01 M NaCl intended to characterize the corrosion
resistance of natural oxide films formed by air exposure directly after grinding. Polarization curves of the
air-formed oxides obtained after exposure to open circuit corrosion for 1800 s show similar trends as
those after reduction at -1.3 Vsce. Alo3CrosFeaMng2sMog.1sNixsTios shows a higher pitting potential that is
over 0.35 V above that of 316L and is higher than all other CCAs. The Zimg of Al 3CrosFe;MnoMog.15Ni1sTio s,
Alo3CrosFe;MniMog.1sNi1sTios, and CoCrFeMnNi continuously decreases with increasing potential,
suggesting oxide instability in the solution, whereas it sharply decreases at the breakdown potentials in
Alo3CrosFeaMno2sMoo 1sNiysTio s and 316L. Weakening and/or partial breakdown of the air-formed oxide
may occur on some alloys during initial exposure to the solution with no applied potential, as OCP

decreases during the 1800 s measurement prior to polarization for Aly3CrosFe;MnoMog.15Ni1sTios,
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polarization in 0.01 M NaCl directly after open circuit monitoring of the air-formed oxide

for

The effect of Mn on pitting potential is more obvious in air-formed oxides than those formed

after a reduction treatment in the same solution. Additionally, both the zero current and repassivation

potentials of Alp3CrosFeaMng2sMoo.1sNiisTios are greater than the other CCAs, with both potentials

decreasing in CCAs with increased Mn content beyond 5 at. % (Figure 11). Figure 12 shows the maximum

Zimg measured in-situ during polarization. In both the oxide formed after a cathodic treatment and the air

formed oxide, Alo3CrosFeaMno2sMoo.1sNiisTios has the highest maximum Zing; with the magnitude

decreasing with increased Mn concentration.
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Figure 11: Pitting, zero current, and repassivation potentials measured during polarization in 0.01 M
NaCl directly after open circuit monitoring of the air-formed oxide. A repassivation potential could not
be defined for Aly3CrosFe;MniMog 1sNi1sTio s as the downward scan current density never reestablished
as lower than the upward scan current density for any given potential.
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Figure 12: Maximum imaginary components measured in-situ at 1 Hz during polarization of post-
cathodic treatment and air-formed oxides in 0.01 M NacCl.

Figure 13 reports the current density (i) (Figure 13a) and Zimg (Figure 13b) during oxide growth
with an applied potential of -0.25 Vsce for 40 ks in 0.01 M NaCl. As the potential is applied directly after a
-1.3 Vsce treatment, the oxide is assumed to be passivated on a reduced metal surface. During the

potentiostatic measurement, decreases in current density between 10 and 1000 s are indicative of a
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growing passive film. Discerning oxide growth before 10 s is difficult as the time range approaches the
impedance recording period of 6 s per measurement. In AlgsCrosFesMno2sMogisNiisTios and
Alp 3CrosFeaMn1Mog.1sNipsTio s, the reaction undergoes a transition from cathodic to anodic, indicated by
the sharp drop on the log i vs. log t plot as i approaches zero. At the transition, the current direction
changes from positive to negative. Zimg increases over the same time and then levels off suggesting a

limiting film thickness.

107 T T T 10' T T T
a) b)
10°
< 10" E 10° E
€ &
(5}
. Q
< 1w e
~ c
2 3
@ . Q >
S 10 E‘ 10
o} _— =
= . AIMCrOSFeZMnUMoD 15N|15T|03 > o
S:_) 10 —— Al .Cr, Fe,Mn Mo, Ni Ti . E Al .Cr, .Fe,Mn Mo, ]SNI]%Tlu%
3 i — Al Cr,Fe,Mn Mo, Ni, Ti,. g | T AlgCrogFe,Mn, Mo, NI, Ty
10°F  —— Al Cr,_Fe,Mn Mo, Ni Ti E w0F T Al Cr FeMn, Mo (Ni, Tiy, 4
—— CoCrFeMnNi — Al Cry Fe,Mn, Mo,  Niy Ti,
10°F ——316L —— CoCrFeMnNi
——316L
lO—]D 1 1 100 1 1 1
10 100 1000 10000 10 100 1000 10000
Time (s) Time (s)

Figure 13: a) Current density and b) the imaginary impedance component measured in-situ at 1 Hz during
the application of a -0.25 Vsce potential for 40 ks in 0.01 M NaCl

Potentiostatic EIS was carried out for each alloy at the conclusion of the 40 ks growth period and
fit to a Randles’ circuit model (Figure 14). Table V shows the polarization resistances and phase shift
proposed by circuit fitting. 1 Hz is within the linear capacitive region of the Bode plot for all alloys,
validating the selection of the frequency for single frequency EIS characterization.
Alp 3CrosFe,Mng 2sMoo.15NixsTio s has the highest polarization resistance, suggesting that this alloy would
show the highest corrosion resistance. However, the other CCAs show higher impedance moduli than
Alp 3Cro.sFezMng2sMo0g.15Ni15Tio3 in the high frequency domain, including 1 Hz which is consistent with the
higher impedance moduli seen approaching 40 ks during single frequency EIS (Figure 13a).
Alo.3CrosFe2MnoMog.15Ni15Tio 3, Alo.3Cro.sFeaMnosMoo.1sNivsTio.s, and AlpsCro.sFeaMniMoo.1sNi1sTio s all have
lower polarization resistances and generally lower phase angles compared to
Alg 3CrosFe;Mng2sMo0og.15Ni15Tios. Although high a terms indicate the passive films approach capacitor
behavior, deviation from pure capacitive behavior is present. There is no strong correlation between a

and Mn content.
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Figure 14: Bode plot obtained in 0.01 M NaCl at -0.25 Vsce for the oxide films grown during the preceding
40 ks potentiostatic hold fit with simplified Randles’ circuits

Table V: Polarization resistances and phase shifts (a) determined by circuit model fitting of EIS obtained
after a 40 ks exposure to -0.25Vsce in 0.01 M NaCl

Alloy Polarization Resistance a
(Q.cm?)

Alg 3CrosFe;MngMoo.15Ni1sTio 3 188000 0.749
Alp 3Cro.sFeaMng 2sM0g.15Ni15Tio 3 533000 0.838
Alp 3Cro.sFe2MngsMoo.1sNi1sTio s 23300 0.787
Alp 3CrosFe;Mn1Moo.15NipsTio 3 109000 0.834
CoCrFeMnNi 26200 0.908
316L 116000 0.779

Corrosion performance in short term tests was verified over long exposure periods. During 25-
day full immersion in 0.1 M NaCl, the OCP of Alo3CrosFe2Mng.25Mo0o.15Ni1sTio s rose from -0.358 to -0.283
Vsce while the Al 3CrosFe;MnoMoo.1sNi1sTios OCP decreased from -0.022 to -0.253 Vsce. EIS measured at
OCP for Alo.3Cro.sFeaMnoMoo.15Ni1sTio s (Figure 15a) shows impedance modulus (Zmeq) generally decreases
after a 25-day immersion. A distinct change in the phase angle plot after immersion may suggest the loss
of a CPE and a resultant change in oxide film composition or thickness. Contrastingly,
Al 3CrosFeaMng2sMog 15NissTios shows similar Znos and phase angle trends both before and after
immersion (Figure 15b), which may suggest increasing stability of the passive film relative to
Alp 3CrosFeaMngMog.15Ni1sTip 3. As the presence of Mn is the main compositional difference between the
CCAs with other elemental concentrations remaining nearly constant, the increase in Zmoq in the low
frequency region of Alp3CrosFe;Mng2sMog 1sNi1sTio s between measurements before and after immersion

that was not observed in Aly3Cro.sFeaMnoMog.15Ni1sTio.3 could be attributed to small additions of Mn. Table
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VI shows the mass loss rates obtained during the immersion period. As the recorded mass loss rate for
Alp 3Cro.sFeaMng2sMog.15Ni1sTio s approaches the precision of the scale, it was reported as trace, however
it may be safely considered lower than the rates of all other tested CCAs and comparable to 316L stainless
steel. Beyond AlgsCrosFesMno2sMog.1sNiisTios, the mass loss rate increases with higher Mn
concentrations. The lower mass loss rate of  AlgsCrosFesMng2sMog1sNiisTios  than
Al 3CrosFe;MnoMog.1sNissTio 3 is consistent with the higher Zmoq values for AlgsCrosFe2Mno2sMog.1sNi1sTio 3
after 25 days of immersion. Limited pitting was visible on all alloys with some corrosion product present
before rinsing. SEM images obtained after immersion (Figure 16) suggest that while pits are present in the
matrix, they are more prevalently found near the matrix-second phase interface. Pit growth across the
interface into both phases roughly equally makes determination of an initiation site relative to the
interface difficult, however, the symmetry of the pit across the interface suggests that initiation may occur

at the interface rather than beside it.
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Figure 15: Bode p|0t of a) A|0_3CI’0_5F82M noMOo,lsNi1_5Tio_3 and b) AI0_3Cr0_5Fe2M n0_25M00_15Ni1_5Tio_3 obtained
prior to and directly following 25-day immersion in 0.1 M NaCl. Spectra were measured at the open
circuit potentials indicated in the figure legends.
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Table VI: Mass loss rates obtained during immersion in 0.1 M NaCl. Mass changes in
Alg3CrosFeaMng2sMog.1sNixsTio s and 316L approached the tolerance of the scale and were reported as

trace.
Alloy Mass Loss Rate | Penetration Rate
(mg.cm2.year?) (um.year?)

Alo,3CI’o,5FEthoMOo_15Ni1,5Tio,3 10.1 13.0
Alo,3CI’o,5FEzMno,25M00_15Ni1,5Tio,3 Trace Trace
Alo3Cro.sFeaMngsMoo.1sNi1sTios 2.2 2.9
Alo_3Cfo_5F€2|V|n1M00_15Ni1,5Tio,3 7.8 10.0
CoCrFeMnNi 9.5 11.9

316L Trace Trace

Ni Ti
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Figure 16: BSE images of CCA pit morphology after immersion in 0.1 M NaCl

3.3 Elemental Dissolution Rates by Atomic Emission Spectroelectrochemistry

Figure 17 reports elemental dissolution currents (jm) measured by AESEC during open circuit

exposure in 0.1 M NaCl pH 4. The breakdown morphologies and potential trends are consistent with those

observed in Figure 9 despite changes in the zero current potential from the lack of Ny bubbling. Fe and

Ni show the highest dissolution rates for all CCAs investigated. Cr initially shows a dissolution rate peak,

then decays below the limit for reliable detection, suggesting passivation incorporating Cr3*. Mo, Ti, and

Al dissolution rates are below the detection limit. The sum of the elemental dissolution rates detected by

AESEC (Sjm) for Alo3CrosFe,Mno2sMoo 1sNizsTios at a near steady state dissolution (1.8 + 1.1 pA/cm?) is

lower than those of Aly3CrosFe;MngMog.15NiisTios (2.3 + 0.9 uA/cmZ) and Alo3CrosFeaMniMog 1sNiisTios
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(9.1 £ 2.9 pA/cm?), which may indicate better corrosion resistance of Alo3CrosFe2Mng25M0o.15Ni1sTio 3
during open circuit dissolution despite all three alloys being suggested to possess a Cr-containing
protective film. For Alo3CrosFeaMniMoo 1sNi1sTios, jun is 0.87 + 0.04 pA/cm? at 600 s, close to jre and ji
despite the lower concentration in the alloy. For the Alg3CrosFezMng2sMo0g.15Ni15Tios, the jun at 600 s is

only 0.04 + 0.02 uA/cm?, approximately 22 times lower than that of the Al 3CrosFesMniMoog 15NisTios.
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Figure 17: Elemental dissolution rates monitored by AESEC during exposure to open circuit potential of
Alo3Cro.sFeaMngMoo.15Ni1.5Tio.3, Alo3CrosFeaMno 2sMog.15Ni1sTio.s, and AlosCrosFe:Mng25Mo0o.15Ni1sTios in
0.1 M NaClpH 4

The Mn dissolution rates measured in-situ during upward polarization performed after a 600 s
potential hold at -1.3 Vsce in AlosCrosFezMng2sMogisNiisTios and AlosCrosFeaMniMogisNiisTios are
compared alongside the electron current densities (je) in Figure 18. It should be noted that Mn dissolves
below the breakdown potential, near 0.0 Vsce, in Alg 3CrosFe;MniMoo.15NixsTios while Mn dissolution starts

from the onset potential of transpassive dissolution for Alg3CrosFe;Mng2sMog1sNiisTios. jun for
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Alp 3CrosFeaMn1Mog.1sNipsTips in both the passive and transpassive domain is approximately 2 orders of

magnitude higher than for Alg3CrosFe;Mng25Mo0o.15Ni1 sTio 3.
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Figure 18: Mn (jmn) and electron current density (je) of Alo.3CrosFe2Mng2sMo0o.15Ni1sTio.s and
Al 3CrosFe;Mn; oMog 15Niy sTio s alloys monitored by AESEC during potentiodynamic polarization
following a 600 s applied potential at -1.3 Vsce in 0.1 M NaCl pH 4

Dissolution currents of Alg3CrosFe;Mng2sMog.1sNizsTios constituent elements monitored at an
applied potential of -0.2 Vsce in 0.1 M NaCl pH 4 (Figure 19) are highest for Fe and Ni, where dissolution
peaks are visible in the initial several hundreds of seconds. Traditional passivators such as Ti, Cr, Al, and
Mo are below the detection limit. Notably, the Mn dissolution rate is significantly below Fe and Ni and is
comparable to the passivating elements. The elemental dissolution is reasonably consistent with the

thermodynamic prediction at pH 4, -0.2 Vsce shown in Table VII.
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Figure 19: Elemental dissolution rates of Aly3CrosFe;Mng2sMoo.15Ni1sTio s during a 4 ks potentiostatic
hold at -0.2 Vsce following a 600 s exposure to open circuit potential in 0.1 M NaCl pH 4. j. indicates the
electron current density. Horizontal dashed lines indicate the detection limit (DL) for each element. ja

and juvo were below the detection limits and are not plotted.
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Table VII: Elemental summary of open circuit dissolution in 0.1 M NaCl at pH 4 monitored by AESEC.
Thermodynamically stable species in 0.1 M NaCl pH 4 at 25°C predicted by Hydra Medusa™ software
using its default database are provided for comparative purposes.

)

Alloy OCP(-0.3V_~-0.2V
SCE SC

E

Alo3Cro.sFesMnoMoo.1sNi1sTios Initial Fe, Ni dissolution
Alo3CrosFeaMng2sMog.1sNivsTios | Initial Fe, Ni dissolution
Alo3CrosFe2MniMog.1sNi1sTio 3 Initial Fe, Ni, Mn

dissolution
Thermodynamics Soluble Cr(OH)2+, Mn2+, Ni2+,
(Hydra Medusa) 2+
Fe ,
Non soluble MoOz(cr), TiOZ(cr)

3.4 Analysis of Passive Film Compositions by XPS

High-resolution XPS spectra obtained after the 40 ks potentiostatic hold experiments (Figure 13)
suggest formation of a passive film consisting of both oxides and hydroxides. The XPS spot size
encompasses both the matrix and second phase. Selected fits for Ti, Cr, and Al, three important
passivating elements, along with crude Mn fits, are shown in Figure 20. Chemically shifted (oxidized
atoms) peaks are utilized in the calculation of passive film cation fractions and signal attributable to bulk
metal peaks were neglected. In the case of Mo, Al, and Mn, it is possible to see a chemical shift and thus
ascertain cation fractions, but it is not feasible to further deconvolute the oxidized or metal peaks where
necessary due to low signal and high levels of noise. A crude fit of the Mn 2p;/> spectrum at the maximum
possible concentration not exceeding XPS signal noise was applied as previously utilized for other CCAs
[14]. Any analysis of Mn cation fractions or surface enhancement is intended as an upper bound to a range

of possible Mn concentrations.

Cation fractions from the high-resolution spectra are shown in Figure 21 and Table VIII. The
passive film of Alo3CrosFe2Mng2sMoo.15Ni1sTio s, which exhibits the best corrosion resistance for the alloy
system explored herein, is enriched in Ti, Al, and Cr relative to the alloy composition. Ti constitutes the
majority of the passive film and may be presumed to be enriched in the passive film formed over the
second phase given preferential segregation into the second phase of the microstructure. Al is enriched
in the Alo3CrosFezMng 2sMog 15Ni1sTio s, but not in the Alo3CrosFeaMno 25sMoo.1sNi1sTio s film, possibly due to
increasing Al dissolution due to the less protective film. Although all elements are present in both phases,
Al, Ni, and Ti are enriched in the second phase while Co, Fe, Mn, and Mo are predominant found in the

matrix (Figure 4, Table IIl).
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Figure 21: Passivated cation fractions calculated from deconvolution of XPS data. Passivated cation
fractions obtained via XPS (XS) for A|o_3CFo_5FEzM n0,25M00,15Ni1,5Tio,3 and Alo,ngo,sFezMno,stOo,lsNil,sTio,g
are compared to their alloy compositions (XB) to highlight elemental enrichment or depletion in the
passive films.

Table VIII: Cation fractions determined by XPS and surface enrichment calculations for each element

Alloy | Alo3CrosFe2Mno.2sMoog.15Ni1sTios | Alo.sCrosFe2MniMoo.1sNisTio.s
Metal X3 f xS f
(at. %) (at. %)

Al 16.9 2.82 3.0 0.58

Cr 15.5 1.55 30.2 3.47

Fe 9.8 0.25 5.5 0.16

Mn 0.1 0.02 0.6 0.04

Mo 1.9 0.63 7.7 2.95

Ni 1.0 0.03 2.0 0.08

Ti 54.9 9.15 51.0 9.78

In the case of Fe and Cr, a proportion of the spectra is indexed to FeCr,04, manually preserving
the stoichiometric ratio between normalized intensities. The oxidized species of both Ni and Al are
accompanied by significant intensities at binding energies corresponding to elemental zero valence state
metal peaks. The high dissolution rates of Fe and Ni observed with AESEC during a potentiostatic hold
under similar conditions (Figure 19) may be corelated to the depletion of those elements measured by
XPS. Cr and Ti dissolution rates were under the detection limit which supports the notion of the

enrichment of Cr and Ti indicated by XPS (Figure 21, Table VIII).

The passive film of AlosCrosFesMniMog.1sNivsTios is enriched in Ti, Cr, and, at a small ratio, Mo.

Unlike in the case of Alo3CrosFe2Mno.2sMo0o.15Ni1sTio s, Al is depleted in the passive film. It should be noted
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that Mn is suggested to be depleted based on the low XPS signal in both CCAs despite the high bulk content
in Alo3CrosFe2MniMog 1sNi1sTios. Elemental fractions for Mn in each CCA’s passive film are no greater than
0.1 at. % and 0.6 at. % for Al 3Cro.sFe2Mng25M00.15Ni1.sTio.3 and Al 3CrosFeaMniMoo 1sNizsTig s respectively,
suggesting roughly similar depletion factors. Fe is suggested to be present in lower proportions in the
passive film of Alg3CrosFezMniMog.1sNii1sTios than in the film of Aly3CrosFe;Mng2sMog1sNi1sTios. Al and Ti
are observed at lower proportions with increased Mn content in the alloy. Contrastingly, the proportions
of Cr and Mo cations increase in the Alo3CrosFe;Mni1Mog 1sNi1sTio s spectra. These hint at the importance
of Ti, Al, Cr and Mo and show the elusiveness of Mn. Never the less, evidence is strong for the optimization

of Mn over several environments and evaluated by 5 different methods.

4.0 Discussion

4.1 Microstructural Aspects Related to Mn

Small additions of Mn are suggested to increase the homogeneity of the microstructure. Although
none of the microstructures explored herein is suggested to be single-phase, the increased likelihood of
single-phase stability may be quantified with increases in configurational entropy and decreases in the
average radius mismatch. Both the Q indicator proposed by Zhang [6] and the @ indicator proposed by
King [4] increase with Mn content (Table I1). Single-phase stability is predicted for all CCAs by Q and ASnix
terms but the high enthalpy of mixing between Ti and Ni keeps the ® term below King’s proposed
threshold. [4] A high lattice mismatch term likely prevents complete solubility, as 6 is still above the 4.7%
threshold proposed by Feng [1] for all CCAs, which likely causes phase segregation as single-phase CCAs
typically satisfy both thermodynamic indicator and & thresholds [1]. Phase contrast was observed with
Mn concentrations approaching 20 at. %, validating calculations suggesting a Mn concentration of over
75 at. %, well outside the feasible range for corrosion resistant design, would be necessary to obtain a 6
value below 4.7%. Although the single-phase stability predicted by CALPHAD modeling in Figure 2 was not
observed experimentally, the widening temperature range of the single-phase FCC region may suggest

increased stability of the FCC phase with increasing Mn concentration below 20 at.%.

Although multiple phases are present, EDS suggests the CCAs with higher Mn concentration have
improved compositional homogeneity (Figure 4, Table 1ll). Most noticeably, the ratio of Ti concentration
in the second phase relative to the matrix is generally lower in alloys containing Mn. A decreased
concentration gradient between the matrix and the second phase may minimize local chemical

heterogeneity, particularly near the interface where pits often form (Figure 15). Given that Ti is suggested
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by XPS to play a key role in passivation, the effect may contribute to vulnerability to localized corrosion

with the chemical heterogeneity and structural disorder contributing to a susceptible site.

Even though Mn promotes homogeneous distribution of passivating elements, it has its own
detrimental effects as an oxide film former. Mn;0s in Fe-Mn alloys and elsewhere is forms an unprotective
oxide marked by fast ionic transport rates and internal voiding during oxidation. Poor corrosion resistance
is seen in many binary alloys [74]. Instability of Mn in the passive films may be driven in part by the low
solubility of Mn oxides with other oxides including Al,03 and Cr,05 [15]. This accounts for the poor

polarization resistance in high Mn alloys assuming Mn oxides form, which is addressed below.
4.2 Thermodynamic Aspects of Oxides Formed on Al-Cr-Fe-Mn-Mo-Ni-Ti Alloys

The high number of constituent elements greatly increases the range of oxide species that may
be thermodynamically stable. Three types of oxides are possible: kinetically limited solute captured,
thermodynamically stable solid solutions and specific stoichiometric oxides such as spinels. Ni, Mo, and
Mn were not found in oxides in high enough cation fraction to accommodate spinels given to preserve
stoichiometric ratios. Other specific oxides that can not be ruled out based on thermodynamic stability
include but are not limited to FeCr,04, Cr,Ti20, TiAl,Os, and TiFeOs [75]. Each metal may passivate in
multiple potential valence states, leading to a wide range in potential species. Furthermore, interaction
with water also introduces the possibility of forming hydroxide or oxyhydroxide species. In addition to
differences in free energy of formation, the stable oxide for a given metal may be altered by the local

activity of oxygen.

The predicted oxide stoichiometry, as suggested by the lowest free energy of formation for each
metal in the system is Al,03, Cr,03, Fe,03, Mn304, M0oO3, NiO, and TiO; [76]. Such insoluble oxide species
are present in the potential-pH diagrams for all pure elements found in the tested alloys, though applied
potential and solution environment may alter the most thermodynamically stable species and often are

not proposed to be the stable species under the tested conditions [77].

Although the formation energy of Mn30, (-197.7 kl/mol) is more negative than that of Mn,0s (-
194.2 kiJ/mol), MnO; (-174.2 ki/mol), and MnO (-190.4 kl/mol), the similar magnitudes suggest the
prevailing oxide species may vary by environment [76]. The potential-pH diagram suggests applied
potential ranges for the stability of Mn304, Mn,03, and MnO; depend on the potential along with Mn(OH),
[78]. Mn may also be a constituent in multi-element oxides. Although there are multiple possible ordered

tertiary oxides that could be thermodynamically stable, the low concentrations of Mn in both the bulk
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alloy and in the passive film make the formation of such compounds unlikely. Therefore, limited Mn
solubility in other oxide structures or trapping near the interface may be more likely than a defined Mn

oxide or possibly beneficial Mn-containing tertiary oxide such as Mn304, MnFe;04 or MnAl;O,.
4.3 Experimental Validation and Kinetic Limitations

While thermodynamic predictions may determine the most energetically favorable oxide
structure, such predictions are often not reliable in experimental settings, particularly given the
complications of a seven-element alloy space. Through combinations of XPS characterization of the
passive film and AESEC characterization of the dissolution rates, the fate of individual elements during the
passivation process may be determined. Each alloy and phase subcomponent may contain similar
concentrations of passivating elements Cr, Ti, and Al (Tables I, Ill) yet corrosion performance is distinctly
dependent on Mn. Changes in the enrichment of individual element between the CCAs help elucidate the
effect of Mn concentration on the elements and their role in corrosion resistance. A complexity here is
the accounting for the oxide formed over two phases, where Mn concentration affects the degree of
partitioning between an Al, Ti, Ni phase and the matrix enriched in Cr, Mo, and Fe. The Ti enrichment
factor in the AlosCrosFe;MniMogisNiisTios  passive  film  is  slightly lower than in
Alp3CrosFeaMng2sMoo.1sNissTio s and is compensated by increasing Cr passivation (Figure 21, Table VIII).
Corrosion resistance may be enhanced by having a key passivating element, either Cr or Ti, enriched in

both the matrix and second phase regions of the microstructure.

Within the AlgsCrosFe;MnyMog 1sNi1sTigs system, the optimal Mn concentration for corrosion
resistance is suggested to be near 5 at. %. Compositions above 5 at. % Mn may decrease corrosion
resistance, but do not leave the alloys as vulnerable to corrosion as compositions near 20 at. %. Therefore,
the Mn concentrations can be slightly increased to further decrease alloy cost and density or to target
mechanical ductility, however the composition ranges near 25 at. % that have been suggested to be
necessary to demonstrate significant twinning induced plasticity in Fe-Mn-Al steels [79] would
significantly harm the corrosion resistance of the alloy. Utilizing Mn as a partial replacement for Ni would
reduce the alloy density and cost while preserving some of the austenitic stability. However, Mn may not
be as effective of an austenitic stabilizer as Ni under many conditions [37] and the corrosion resistance of

a CCA series with increasing Mn content and decreasing Ni content remains unexplored.
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5.0 Conclusions

Four Al and Ti containing CCAs with varying Mn contents were synthesized and evaluated for
corrosion resistance. All CCAs possessed a two-phase microstructure with Al, Ni, and Ti enriched in the
second phase. Mn had similar concentrations across both phases and was the only element not
significantly enriched or depleted in the second phase. Furthermore, the CCAs with Mn tended to have
lower magnitudes of compositional difference between phases than the CCA without, potentially affecting
the formation of pitting sites. In dilute chloride solutions, adding 5 at. % Mn increased pitting and
repassivation potentials and improved overall corrosion resistance of the oxide films formed on reduced
metal surfaces, challenging traditional intuition that suggests completely avoiding Mn. Similar trends were
verified with increased chloride concentrations and by evaluating the air-formed passive layer. In a CCA
with a high Mn concentration, the dissolution rates of both Mn and other constituent elements increased,
and overall corrosion resistance decreased. Thus, while small amounts of Mn may improve corrosion
resistance from their effects on the composition of each phase, high concentrations are shown to harm
overall corrosion resistance. Both Tiand Cr appear to play key roles in passivation based upon their surface
enrichment, although the structure of the complex oxide remains undetermined. Mn was significantly
depleted from the passive films. Similar intuition may be utilized for the optimization of Mn in other CCA
systems containing Al and Ti as the alloy space grows in prominence with the increasing demand for low

cost, lightweight CCAs.
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Chapter 5: Passivation and Localized Corrosion Resistance of Alo.3Cro.sFe2MoxNi1.sTio.s Complex

Concentrated Alloys: Effect of Mo Content

This chapter was published in Corrosion Science with coauthors J. Han, J. Qi, M.A. Wischhusen, S. R.
Agnew, K. Ogle, and J.R. Scully. The citation for the article is provided below.

S.B. Inman, J. Han, M.A. Wischhusen, J. Qi, S.R. Agnew, K. Ogle, J.R. Scully, Passivation and Localized
Corrosion Resistance of Al0.3Cr0.5Fe2MoxNi1.5Ti0.3 Compositionally Complex Alloys: Effect of Mo
Content, Corroison Science, 227 (2024) 111692.

Abstract

Al 3CrosFea;MoxNiisTios (x = 0, 0.05, 0.15) FCC+L2; complex concentrated alloys are
investigated using electrochemical and surface science methods in 0.1 M Na;SO4 and 0.1 M NaCl at pH 4
and 10. Mo is mainly found in the FCC phase and amplifies Al and Ti partitioning. The passive film is
enriched in Cr(lll), Ti(IV), Mo(IV)/Mo(VI), and (at pH 4) Al(lll) with elemental fates tracked during film
formation and dissolution. Mo presence does not enhance Cr or Ni passivation, instead promoting Ti(IV).
Pitting and repassivation potentials increase at higher Mo concentrations, suggesting improved resistance

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



1.0 Introduction

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

solute depletion that may function as preferential sites for localized corrosion [1, 2].

Light-weight elements, particularly Al and Ti, can impart both corrosion resistance and reduced
density when added to CCAs [3, 6]. In particular, passivity may be enhanced by simultaneous presence
with Cr in the passive film [7, 8]. However, increased Al and/or Ti concentrations in face centered cubic
(FCC) CCAs have been shown to lead to the formation of BCC [6, 9-15], B2 [11, 14, 16], and/or Heusler [6,
17-19] phases, where the second phase regions are enriched in Al, Ti, and often Ni [13, 14, 18, 20].
Interfaces created by such secondary phase formation have been suggested to function as initiation sites
for localized corrosion, decreasing overall corrosion resistance despite the thermodynamic stability of Ti
and Al oxides'” [15, 18, 21]. Thus, phase stability issues limit Al and/or Ti concentration, necessitating

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

Mo has been long established as improving corrosion resistance, most commonly in stainless steels
[22, 23]. Although there is no universal agreement for the mechanism behind the contribution of Mo to
the corrosion resistance of stainless steels, it is generally accepted as effective in preventing localized
corrosion mechanisms such as pitting. Newman suggested Mo, in its non-oxidized state, acts as a
corrosion inhibitor in stainless steels [24] while Hashimoto et al. proposed inhibition occurs via a Mo
oxyhydroxide layer [25]. Alternatively, Mo has been suggested to be present in the passive films across
multiple valences and species [23, 26, 27]. Mo has also been shown to improve repassivation ability and
rates in stainless steels and Ni-Cr-Mo alloys [28, 29], potentially due to redeposition after dissolution [30].
Tranchida et al. suggested Mo slows transpassive dissolution rates by doping the Cr oxide film formed on

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

Lutton et al. evaluated alloying Ni-Cr binary alloys with Mo, finding Mo to improve the corrosion
resistance and increase the enrichment of Cr in the passive film in acidic and basic NaCl solutions [32]. The
phenomena were attributed to a favorable Cr-Mo synergy promoting O adsorption and low

concentrations of oxidized Mo acting as a doping agent in the passive film. Lloyd et al. suggested Mo

17 High temperature annealing treatments may limit localized solute depletion, however, two-phase equilibrium
microstructures allow individual phases to be depleted of individual passivating elements, increasing the risk of
localized corrosion.
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addition to Ni-Cr alloys to be most significant at high potentials where Cr(VI) is stable, attributing the
beneficial effects of Mo to limitations of Cr-induced transpassivity [33]. Additionally, Mo addition allows
for stable oxide formation over grain facets at orientations for which it does not occur on Ni-Cr binaries
of the same Cr content [34]. Such Ni-Cr-Mo alloys have been utilized to form a baseline survey of potential
mechanisms for the beneficial contributions of Mo to the corrosion resistance of FCC steels and similar
alloys [27, 35]. While Mo addition has been suggested to be beneficial for both Fe-Cr and Ni-Cr based
alloys, similar effects are not suggested in Cr-free counterparts [23, 36, 37]. For this reason, Mo is

considered to have synergetic behavior with Cr.

Alloying benefits of Mo have been shown to extend into CCA microstructures. For example, when
alloyed to the Co-Cr-Fe-Ni system, Mo may enhance mechanical strength by acting as a solid solution
strengthener [38]. Dai et al. evaluated varying annealing procedures to optimize the mechanical and
corrosion resistance of FeCoCrNiMog 1 CCAs [39]. At high Mo concentrations, second phase strengthening
is possible though second phase formation in FCC CCAs, in part due to the well-established ferritic
stabilization of Mo in conventional Fe alloys. In the AlCoCrFeNiMoy system, higher Mo concentrations
increase strength by forming an eutectic structure with a second phase enriched in Cr, Fe, and Mo [40].

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

Mo, and its influence on second phase formation, has also been shown to affect the corrosion
resistance of CCAs such as those in the Co-Cr-Fe-Mn-Ni system [7, 20, 37, 39, 41, 42, 46-48] pioneered by
Cantor et al. [49]. Niu et al. showed increasing Mo content improved corrosion resistance in the
CoCrFeNiMoy system in addition to improving mechanical strength due to the formation of ¢ and p
intermetallic phases ranging from nm to um size scale. A Mo concentration of 11.1 at. % had the highest
corrosion potential of all tested compositions and formed few stable pits [46]. Similarly, Wang et al.
observed more positive pitting potentials in chloride environments with increased Mo concentration
added to the (CoCrFeNi);xMoy system. However, more frequent pitting, higher current densities, and a
more negative corrosion potential were observed with 3 wt. % Mo added due to the formation of a o
phase. Such decreases were not observed during polarization in sulfuric acid [20]. Unlike most cases,
where o phases are likely at higher Mo concentrations, Linder et al. observed o phase only at low Mo
concentrations in magnetron sputtered CoCrFeMoxNi thin films. Little effect was observed on room
temperature corrosion behavior in acidic sulfate solutions, however, corrosion resistance improved with
Mo concentration at 80 "C. Additionally, increased surface cation fractions of both Cr and Mo were

observed in the passive film of the CCAs with increasing Mo concentration [48].
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Chou et al. evaluated the corrosion resistance of the Co1.sCrFeNiy sTiosMox CCA system [41]. Increasing
Mo concentrations marked a transition from single phase FCC to an FCC with o phase dendritic
microstructure. The corrosion resistance decreased with increased Mo concentration in both acidic
(H2S04) and basic (NaOH) solutions. In neutral NaCl solutions, the Mo-free CCA had a distinct pitting
potential well below the potentials of similar current increases for all evaluated Mo containing CCAs,
which dissolved in a transpassive manner following formation of a stable passive film. The breakdown
behavior of the Mo-containing CCAs was identified by a negative hysteresis and verified by scanning
electron microscopy (SEM) imaging to indicate a lack of pitting. Improved resistance to general corrosion
at lower Mo concentrations and to pitting corrosion at higher concentration suggests that the optimal Mo

concentration for passivity and localized corrosion resistance may differ.

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

adds considerable complexity to optimization of Mo concentration in CCAs.

Although Mo has well established benefits to corrosion resistance within traditional binary alloys as
well as the CCA field, the addition to Al and Ti-containing CCAs is notably less explored. Mo has been
shown to improve corrosion resistance in the Al-Ti-Mo system, although it also promoted chemical
segregation leading to microgalvanic corrosion [50]. Limited work has suggested increased Mo
concentrations in Al and Ti containing CCAs with modest Cr concentrations also promote the formation of
separate phases [40, 41]. Furthermore, the increase in alloy density from Mo additions runs contrary to
the light-weight applications for which Al and Ti CCAs are often targeted [6]. Despite potential adverse
effects on microstructural stability, Mo may be beneficial to Cr-lean, Al and Ti containing CCA design space,

particularly as such alloys have often been shown to have multi-phase microstructures vulnerable to
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localized corrosion at phase interfaces [15, 18, 21, 51]. Thus, it is necessary to evaluate the effect of Mo

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

This work investigates three Alo3CrosFeaMoxNiysTios (x = 0, 0.05, 0.15) containing CCAs of FCC + L2,
microstructure from a CCA alloy system designed and optimized for mechanical strength, ductility, and
toughness [52]. The concentration of Mo is adjusted to evaluate the optimal concentrations for
passivation and corrosion resistance in an alloy system that is dependent on three elements (Al, Cr, and
Ti) for passivity [7], as opposed to traditional alloys such as stainless steels with high Cr content and Cr-
dominated passive films [53]. The effects on phase content, passive film chemical composition, and
elemental dissolution are observed with X-ray diffraction (XRD) and SEM, XPS and atomic emission
spectroelectrochemistry (AESEC) respectively. While minimizing Mo concentration may decrease alloy
cost and density, as well as improve compositional homogeneity, concentrations below a critical threshold
may leave the alloys vulnerable to localized corrosion. The determining factors for compositional

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

2.0 Experimental Methods

2.1 Alloy Synthesis and Microstructural Characterization

Three CCAs with the compositions Alg3CrosFe;MoxNiisTios (x = 0, 0.05, 0.15) listed in Table |,
henceforth referred to as Mo-0, Mo-1.1, and Mo-3.2 with regards to Mo concentrations in at. %, were
synthesized via arc melting into a water-cooled copper hearth under Ar cover gas from high purity (greater
than 99.9%, Cr greater than 99.2 %) elements. Compositions were selected based on pervious work in
similar systems targeting light-weight, low-cost, corrosion resistance CCAs [7, 18, 52] and were predicted
to have an FCC matrix with Heusler (L21) second phases with computational methods discussed elsewhere
[52, 54]. Samples were remelted and flipped five times to ensure chemical homogeneity before being
suction cast in a copper mold to produce disk-shape samples with 5 mm thickness and 10 mm diameter.
Cast samples were encapsulated under Ar into quartz tubes and annealed for five hours at 1070 °C before
guenching in water. Samples were mechanically ground with SiC paper up to 1200 grit and, in the case of
microstructural and surface chemistry analysis, polished with polycrystalline suspension through 0.25

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

Alloy Al Cr Fe Mo Ni Ti

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

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

micrographs via Image).

2.2 Electrochemical Characterization

A conventional three-electrode cell connected to a Gamry Instrument Reference 600+™
potentiostat was utilized for electrochemical testing with the sample as the working electrode, a platinum
mesh counter electrode, and a saturated calomel reference electrode (SCE) relative to which all potentials
hereafter are reported. An area of 0.1 cm? was exposed via a rubber O-ring to electrolyte solutions of 0.1
M NaCl adjusted to both pH 4 and 10 with concentrated HCl and NaOH respectively to evaluate corrosion
behavior over a range of environments with differing stability levels of Mo. The electrolyte was continually
bubbled with Nyg throughout testing to reduce the activity of dissolved oxygen. All samples were
compared to a commercially procured (North American Steel) 316L stainless steel (UNS S31600) control
of a comparable Mo concentration (2-3 at. %). Three procedures were utilized to provide a comprehensive

analysis of the passivity and corrosion resistance of the alloys.

The solution-exposed air-formed oxide film was electrochemically characterized by measuring the
open circuit potential (OCP) for 1800 s directly after grinding. OCP measurement was followed by

electrochemical impedance spectroscopy (EIS) at the final OCP measured between frequencies of 1 MHz
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and 5 mHz with 8 points/decade and an applied AC potential of 20 mVms. EIS spectra were fit to a Randles
circuit modified to include a constant phase element (CPE) with Gamry Echem Analyst software™. The
procedure was repeated after 20-day immersion in 0.1 M NaCl pH 4 alongside mass loss measurements.

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

Second, to observe the passivation behavior, the air-formed oxide was first exposed to a cathodic
reduction treatment by applying a -1.3 Vsce potential for 600 s, which has been shown in previous work to
adequately minimize the air-formed oxide in similar CCAs via in-situ impedance measurements [7, 18, 55].
The sample was then potentiodynamically polarized in the forward direction from -1.3 to +0.8 Vsce at a
scan rate of 0.5 mV/s followed by a reverse scan (+0.8 to -1.3 Vsc;, 0.5 mV/s). To analyze the polarization
behavior in the absence of localized corrosion, the procedure was repeated in 0.1 M Na,SO, with the pH
adjusted to 4 and 10 with concentrated H,SO4 and NaOH respectively. Finally, an oxide film was grown in
the passive range by first exposing the sample to the -1.3 Vs cathodic treatment and then applying a
potential step to -0.2 Vsce for 10 ks. The potential was determined to be in the passive range by initial
potentiodynamic polarization testing. Following the potentiostatic hold, a potentiostatic EIS experiment
was carried out at an applied potential of -0.2 Vsce (1 MHz to 5 mHz, 8 points/decade, 20 mV,ms, modified
Randles circuit fitting) before OCP was recorded for 1800 s. All electrochemical experiments were
repeated threefold to ensure reproducibility. The pitting potential (Eyit) in NaCl was defined at the
potential for which anodic current densities exceeded 10 A.cm™ with abrupt change in slope. Statistically
distributed properties obtained during potentiodynamic polarization testing in chloride solutions such as
pitting and repassivation potentials necessitated additional replication. Cumulative probability plots were
developed in accordance with ASTM G16-95 [56] with methods previously adapted to characterize

localized corrosion in Ni-based Mo-containing alloys [57, 58].
2.3 Identification of Dissolution Rates

To identify the fate of individual elements in passivation and dissolution, AESEC was utilized on
Mo-3.2 and pure Mo samples during the polarization and potentiostatic film growth procedures described
above. The electrolyte solution containing dissolved elements was transported to a Horiba Jobin Yvon
Ultima 2C™ inductively coupled plasma atomic emission spectrometer (ICP-AES) via a flow cell. Elemental
dissolution rates were evaluated by monitoring emission intensity at a characteristic wavelength for each

element. A polychromator at a focal length of 0.5 m was utilized alongside a monochromator used to

18 For the passive current density probability plots, the procedure was modified to take the linear regression from
the logarithm of the current densities.
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obtain a better signal resolution of Mo, Cr or Al depending on the electrolyte condition. To compare to
electron current density (je), elemental dissolution rates were converted to an equivalent current density
(jm) with Faraday’s law. A more thorough scientific basis and methodology for AESEC analysis is available
elsewhere [59]. Dissolution rates in Ar-deaerated 0.1 M NaCl pH 4 and 0.1 M NaCl pH 10 were monitored
during potentiodynamic polarization from -1.3 to +1.0 Vsce (0.5 mV/s) following a 600 s exposure to OCP
and a 600 s cathodic treatment at -1.3 Vsce. Additionally, dissolution rates were monitored during
potentiostatic passive film formation (-0.2 Vsce, 4 ks) directly after exposure to OCP, bypassing any
cathodic reduction. The test time was decreased relative to previous electrochemical tests to ensure

plasma stability.
2.4 Characterization of Passive Film Chemistry

XPS was utilized to characterize the passive film composition and valence. Each sample was
exposed to a 600 s cathodic treatment at -1.3 Vs followed by a 10 ks potentiostatic hold at -0.2 Vs, the
potential and time used for the potentiostatic oxide growth procedure described above. Samples were
transported under Ny directly to a PHI VersaProbe III™ XPS system, bypassing any EIS and OCP
measurement. Al Ka X-rays (1486.6 eV) at a 26 eV pass energy, 45° take off angle, and with a 100 um spot
size!® were used. High resolution spectra were collected over the Al 2p, Cr 2ps/2, Fe 2p1/2, Mo 3d, Ni 2psy,
and Ti 2ps/2 core spectra with energy bounds defined by an initial survey scan. Spectra were calibrated
with C 1s set to 284.8 eV and deconvoluted with a Shirley background correction, Doniach-Sunjic peaks
for metallic features, and Voigt functions for oxidized features with KOLXPD™ analysis software. Peak
deconvolutions were constrained by position, full-width half maximum, and multiple splitting utilizing
spectra of known reference compounds obtained elsewhere [60-63]. As Ni Auger peaks overlap the Fe
2ps/, core spectrum, a constant position shift between the experimentally obtained Fe 2p1/, spectrum and
reference spectra in the Fe 2ps/, spectrum was assumed to identify chemical species. The intensity of the
Cr 3s spectrum, which overlaps the Al 2p spectrum, was fixed based on the intensity of the Cr 2ps;;
spectrum adjusted with relative sensitivity factors. Cation fractions were evaluated as the proportion of
the intensities of the oxidized states for each element normalized with relative sensitivity factors as

discussed below. Multi-cation species (e.g. spinels) are only suggested for alloys for which good fit

1% The XPS spot size is significantly larger than any second phase regions, limiting the ability to evaluate the lateral
variation in passive film chemistry with regards to the bulk phase over which the film was grown. XPS
measurements are obtained over a large enough area that they may be reasonably assumed to be representative
of the entirety of the microstructure. High-resolution evaluation of the passive film chemistry with regards to
phase interfaces in the microstructure will form the basis for a future study.
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agreement is obtained when fit to both core spectra with the peak intensity constrained by fixing cation

fractions for each species to stoichiometric ratios between each element.

For each metal (M), the total surface cation fraction intensity (Im) was obtained as the sum of all
intensities (1) of oxidized features (single-metal oxides, hydroxides, and complex oxides) for a given core

spectra.

n
Iy = Z 9* (1)
i=0

Summed intensities were normalized with relative sensitivity factors (Rm) for each metal core
spectrum specific to the PHI VersaProbe III™ system obtained via PHI Multipak™ software. The surface
cation fraction (Sw) was defined normalized intensity for a given metal’s core spectrum relative to the sum
of normalized core spectra intensities for all metals in the CCA.

In
Su=—m_ 2)

n Iu
M=0R,,

Elements for which the surface cation fraction is greater than the bulk alloy composition (Bwm)
shown in Table | (Sm > Bw) are considered enriched for a given alloy and film growth condition while surface

cation fractions less than the bulk composition (Su < Bw) indicate depletion.
3.0 Results
3.1 Characterization of Alloy Microstructure

The CCAs are suggested by XRD patterns shown in Figure 1 to have a predominantly FCC
microstructure with a second phase also detected. The second phase has been suggested to be L2; using
methods discussed elsewhere [52]. Figure 2 indicates second-phase regions are of single-micrometer size.
The phase volume and morphology is similar across all three CCAs with Mo-1.1 and Mo-3.2 having slightly

higher L2; volume fractions than Mo-0.
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Figure 1: XRD patterns for synthesized and homogenized CCAs. Square and star indexes identify
corresponding diffraction peaks for FCC and L21 phases respectively.

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

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

Phase | Al ‘ Cr ‘ Fe ‘ Mo ‘ Ni ‘ Ti ‘ Area
Mo-0

Matrix 7.8 13.5 52.8 = 18.6 7.3 96.9%

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

Matrix 6.1 11.5 44.1 13 311 5.9 95.6%

2" Phase 20.5 2.3 13.4 Trace 45.1 18.7 4.4%
Mo-3.2

Matrix 3.7 11.6 44.7 3.2 30.7 6.1 96.0%

2" Phase 15.3 2.5 13.9 0.5 47.3 20.5 4.0%
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Figure 3: EDS mapping of a) Mo-0, b) Mo-1.1, and ¢) Mo-3.2 microstructures
3.2 Characterization of Passivity and Transpassive Breakdown by Potentiodynamic Polarization in CI" Free

Electrolytes

E-log(i) curves obtained in acidic and basic Na;SO4 solutions, which allow for characterization of
the passivation process without Cl" induced breakdown, are shown in Figure 4 with key corrosion
parameters listed in Table lll. All materials passivate either spontaneously or after an active to passive
transition, although no clear trends are present regarding the critical current density and critical potential.

Critical current densities and potentials are further obscured by changes in sign of the current density
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prior to the formation of a stable passive film for Mo-0 in pH 4 and Mo-1.1 in pH 10. In both environments,
Mo-1.1 has the highest passive current density (ipass). ipass Of M0-0 is comparable to that of 316L in the pH
4 solution, but 316L has a lower ipass than all CCAs at pH 10. Increasing current densities representative of
transpassive dissolution of the passive film are not observed within the evaluated potential range for any
of the CCAs. However, such behavior is suggested for the Al and Ti-free 316L at potentials above 0.6 Vsce.

No trends in corrosion potential (Ecorr) are observable.
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Figure 4: Potentiodynamic polarization of CCAs and 316L in Ny bubbled a) 0.1 M Na,SO4 pH 4 and b)
0.1 M Na3SO4 pH 10 following cathodic reduction pre-treatment (600 s, — 1.3 Vsce).

Table lll: Selected corrosion parameters from potentiodynamic polarization of CCAs in 0.1 M Na,SO,4 pH
4 and 0.1 M Na,SO4 pH 10 following cathodic reduction pre-treatment (600 s, — 1.3 Vsce). Each term
includes the average value with a one standard deviation bound.

Alloy Ecor (Vsce) | ipass (MA.cm?) | Ecorr(Vsce) | ipass (MA.cm?)
0.1 M Na;SO4 pH 4 0.1 M NaSO4 pH 10

Mo-0 -0.946 +/-0.294 | 2.51+/-0.68 |-1.12+/-0.26 | 2.27 +/-0.27
Mo-1.1 | -1.062 +/- 0.208 | 25.46 +/-23.18 | -1.12 +/-0.23 | 6.32 +/- 3.54
Mo-3.2 | -1.172 +/-0.239 | 4.05+/-1.26 | -0.88+/-0.06 | 2.54 +/-0.85
316L | -1.011+/-0.253 | 1.40+/-0.45 | -0.84+/-0.03 | 1.03 +/-0.27

3.3 Characterization of Passivity and Localized Breakdown by Potentiodynamic Polarization in Cl

Containing Electrolytes

Figure 5 shows representative E-log(i) curves in acidic and basic NaCl solutions and selected
probability plots with key parameters quantified in Table IV. Ecorr generally increases with increased Mo
concentration in the pH 4 solution. Opposite trends are seen in the pH 10 solution, potentially driven by
the solubility of MoO4* in basic environments and resultant dissolution and depletion of Mo from the
oxide [64]. ipass is lower in pH 10 than in pH 4 for all CCAs with the lowest values observed for Mo-0 in pH

4 and similar values for each CCA in pH 10.
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Table IV: Selected corrosion parameters for potentiodynamic polarization shown in Figure 5 obtained in
0.1 M NaCl pH 4 and 0.1 M NaCl pH 10. Each term includes the mean value bounded by a one standard
deviation range.

0.1 M NaCl pH 4 0.1 M NaCl pH 10
A"OV Ecorr Epit (VSCE) Erep (VSCE) ipass Ecorr Epit (VSCE) Erep (VSCE) ip:.-lss
(Vsce) (HA.cm?) (Vsce) (HA.cm?)
Mo-0 -0.827 | 0.256+/- | -0.086 6.88 +/- -0.627 | 0.435+/-| -0.131 5.38 +/-
+/-0.194 0.231 +/-0.129 2.13 +/-0.237 0.285 +/-0.094 2.96
Mo- -0.767 | 0.222+/-| -0.115 16.78 +/- -0.675 0.11+/- | 0.016+/- | 4.86+/-
1.1 +/-0.238 0.218 +/-0.106 15.55 +/-0.26 0.157 0.049 3.93
Mo- -0.501 | 0.399 +/- | 0.091 +/- | 13.76 +/- -0.852 | 0.338+/- | 0.028 +/- | 6.59 +/-
3.2 +/-0.285 0.204 0.053 13.98 +/-0.153 0.094 0.084 5.31
316L -0.372 | 0.465+/- | -0.072 0.18 +/- -0.307 | 0.431+/-| -0.019 0.130 +/-
+/-0.062 0.008 +/-0.079 0.05 +/-0.004 0.111 +/-0.004 0.028

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

behavior of any of the CCAs resembled that of pure Mo.

AESEC was utilized to track individual elemental dissolution rates during upward polarization of
the Mo-3.2 alloy (Figure 6). The elemental dissolution rates are presented in equivalent current densities
with the oxidation states used to calculate them indicated in the parenthesis. At both pH 4 and pH 10,
elemental dissolution rates are mostly below the detection level at potentials in the passive regime
(approximately -0.45 to -0.20 Vsce for pH 4 and -0.8 to -0.15 Vsce for pH 10). For example, at pH 4, Ni and

Fe begin to dissolve at potentials near Epit (-0.07 Vsce) while other elements dissolve at more positive

158



potentials (0.07 Vsce for Cr, 0.17 Vsce for Mo, Al, and Ti). At higher potentials (above 0.0 Vsce), the elemental

dissolution rates are not proportional to the composition of either phase.
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Figure 6: Equivalent current densities of in-situ elemental dissolution rates monitored via AESEC during
upward polarization of Mo-3.2 in Ny bubbled a) 0.1 M NaCl pH 4 and b) 0.1 M NaCl pH 10. Dashed lines
indicate element detection limits.

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

Table V: Proportion of transpassive elemental dissolution attributable to each element in at. %. Values
are determined from the ratios of equivalent current densities obtained via AESEC at E = 1.0 Vsce during

LSV in 0.1 M NaCl at pH 4 and 10 for Mo-3.2 shown in Figure 6. Bolded terms indicate dissolution rates
higher than the bulk alloy composition suggesting depletion.

Electrolyte Al Cr Fe Mo Ni Ti
0.1 M NaCl pH 4 4.1% 7.6% 53.6% 2.5% 28.6% 3.6%
0.1 M NaCl pH 10 4.0% 7.7% 58.5% 2.8% 23.8% 3.2%

Dissolution of Mo in the cathodic region is observed for both Mo-3.2 and pure Mo (Figure 7b) for
both environments with significantly higher Mo dissolution rates in pH 10. The higher Mo dissolution in
the cathodic potential range at pH 10 may be attributed to the dissolution of the pre-existing Mo-based
corrosion products formed after mechanical grinding. A significantly high cathodic current density at the

level of -1*10* A.cm™ is observed for both Mo-3.2 (Figure 6a) and pure Mo (Figure 7a) at pH 4 with
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relatively low Mo dissolution rate compared to that at pH 10. Notably, Mo dissolution shows an increased

Tafel slope relative to other elements for both pH 4 and pH 10.
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Figure 7: Equivalent current densities of in-situ elemental dissolution rates monitored via AESEC during
a) potentiodynamic polarization of pure Mo in 0.1 M NaCl pH 4, b) potentiodynamic polarization of pure
Mo in 0.1 M NaCl pH 10, and c) exposure of Mo to a -1.3 Vsce potential for 600 s followed by open circuit
corrosion.

3.4 Growth and Characterization of Passive Films by Impedance Spectroscopy

Figure 8 shows EIS characterization utilized to provide a more comprehensive electrochemical
characterization of the air-formed solution-exposed passive films after 1800 s at OCP. All OCP values were
within 80 mV of each CCA in the same environment, with no clear trends with Mo concentration. In all
cases, EIS is acquired at potentials well within the passive region defined by Figure 5. In this preliminary
report, the spectra for the CCAs and 316L were fit with the modified Randles circuit shown in Figure 8e
with fit parameters shown in Table VI. In this model the polarization resistance (Rp) likely encompasses
both charge transfer resistance and diffusional impedance. In both acidic and basic environments, Rp
decreases with Mo content relative to Mo-0. Despite the high Rp values, Mo-0 has a CPE coefficient (a)
below 0.8 in both pH environments, whereas the higher a values of other CCAs and 316L are indicative of
more ideal capacitive behavior [65]. The corrosion resistance of the air-formed solution-exposed passive
films of all CCAs are suggested to be inferior to the corrosion resistance of films formed on 316L based on

lower Rp values obtained in both environments.
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Figure 8: a,c) Bode and b,d) Nyquist plots obtained following 30 minutes exposure of the air-formed
oxides to open circuit corrosion in Na bubbled a,b) 0.1 M NaCl pH 4 and ¢,d) 0.1 M NaCl pH 10. The
final OCP values and potentials at which EIS was measured are indicated in the figure legends. e)
Equivalent circuit model utilized for EIS fits

Table VI: EIS fit parameters for the spectra shown in Figure 8 obtained in 0.1 M NaCl pH 4 and 0.1 M
NaCl pH 10. Each term is defined by the Randles circuit shown in Figure 8e.

0.1 M NaClpH 4 0.1 M NaCl pH 10
Alloy Rs Re (kQ.cm?) Y o Rs Re (kQ.cm?) Y o
(Q.cm?) (uS.s%.cm™2) (Q.cm?) (uS.s%.cm™2)
Mo-0 81.1 126.7 55.6 0.766 | 282.6 96.8 19.5 0.610
Mo-1.1 80.4 43.4 51.6 0.864 82.7 61.9 28.7 0.856
Mo-3.2 63.5 82.7 59.2 0.824 28.4 26.3 75.1 0.783
316L 33.9 350.6 32.9 0.852 82.6 1039.0 23.8 0.880

During 20-day immersion in 0.1 M NaCl adjusted to pH 4, Mo-1.1 has the highest mass loss rate
(Table VII). Both Mo-0 and Mo-3.2 had lower mass loss rates by over an order of magnitude, indicating
there were no clear trends with Mo concentration. Figure 9 shows film breakdown is attributable to
pitting, with pits frequently observed at or near second phase interfaces. Neither phase is suggested to

preferentially dissolve, nor do pits appear do penetrate into either phase at significantly higher rates.
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Furthermore, Figure 10 and Table VIII show both the OCP and R values of Mo-1.1 and Mo-3.2 decrease
during long-term immersion. Decreasing OCP values suggest the passive film is not improved by the
extended exposure, while both values increase during the immersion for Mo-0 and 316L, indicating
growth of a more protective passive film.

Table VII: Mass loss and average area penetration rates obtained during 20-day immersion of CCAs and
316L in 0.1 M NaCl pH 4. The mass gain observed for Mo-3.2 approached the tolerance of the scale and

may be interpreted as negligible.

Alloy Mass Loss Rate Area Average Penetration
(mg.cm2.y?) Rate (um.y?)

Mo-0 1.3 1.7

Mo-1.1 13.2 17.3

Mo-3.2 -0.1 (Trace) -0.1 (Trace)

316L 0.8 1.0

= 4

Matrix Pitting
= 2

Matrix Pitting

Figure 9: BSE micrographs showing representative pit morphologies for a) Mo-0, b) Mo-1.1, c) Mo-3.2,
and d) 316L. High magnification micrographs show pits formed on e) Mo-0, f) Mo-1.1, and g) Mo-3.2
with regards to second phase morphology.

Table VIII: EIS fit parameters for the spectra shown in Figure 10 obtained following 20-day immersion in
0.1 M NaCl pH 4. Each term is defined by the Randles circuit shown in Figure 8e.

0.1 M NaCl pH 4: Day 20
Alloy Rs (Q.cm?) | Rp (kQ.cm?) | Y (uS.s%.cm™) | o
Mo-0 72.8 1206.0 28.4 0.877
Mo-1.1 69.2 27.1 97.4 0.811
Mo-3.2 84.2 45.8 68.8 0.895
316L 71.6 1679.0 27.1 0.895
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Figure 10: Bode plots following 30 minutes and 20-day exposure to open circuit corrosion in 0.1 M NaCl
pH 4 of the air-formed oxides formed on a) Mo-0, b) Mo-1.1, ¢) Mo-3.2, and d) 316L. Spectra were fit
with the equivalent circuit model shown in Figure 8e. The final OCP values and potentials at which EIS
was measured are indicated in the figure legends.

A film grown in the passive region after cathodic treatment via applying a -0.2 Vsce potential,
indicated as part of the passive range of each CCA by initial potentiodynamic polarization (Figure 5), was
also characterized. Figure 11 shows current density measurements throughout the passive film growth
procedure. In pH 4 solution, the current density is generally higher in CCAs with less Mo beyond 100 s. A
steady increase in the current density of Mo-0 suggests the formation of a weaker and/or dissolving
passive film, although no pits or other features of localized corrosion were visible following exposure. In
pH 10 solution, all current densities decrease with time and trends with Mo content are less prominent,
with Mo-1.1 having the highest current density at the conclusion of the film growth procedure. Sharp
decreases in current densities approaching zero occur on most alloys as anodic passivation approaches
the residual oxygen reduction rate, indicating a transition from the anodic to cathodic regime. For both

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

Current Density (A.cm™)
Current Density (A.cm™)

Time (s) Time (s)

Figure 11: Current densities of CCAs and 316L during exposure to a -0.2 Vsce potential in Nyg) bubbled a)
0.1 M NaCl pH 4 and b) 0.1 M NaCl pH 10 following cathodic reduction pre-treatment (600 s, — 1.3 Vsc).
Individual elemental dissolution rates are measured during the potentiostatic film growth on Mo-

3.2 via AESEC (Figure 12) in pH 4 and pH 10 solutions. Fe and Ni dissolve and followed similar trends as

electron current density at pH 4 (Figure 12a), while dissolution rates of the other elements such as Al and
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Ti are generally below the detection limit. In pH 10 solution (Figure 12b), Mo slightly dissolves but does
not reflect trends in the electron current density, particularly past 10® seconds. A slight increasing trend
of Al dissolution rate with time is observed at pH 10 while those of Fe, Ni, Cr and Ti are below the detection

limit.

10° Ity ey Inigy Jrem

ik IxHH
l'lm

108k Jmi (1) JFe ny Jerany Inigy

Figure 12: Equivalent current densities of in-situ elemental dissolution rates monitored via AESEC during
exposure of Mo-3.2 to a -0.2 Vsce potential in Ny bubbled a) 0.1 M NaCl pH 4 and b) 0.1 M NaCl pH 10.
Dashed lines indicate element detection limits. Al dissolution rates are not shown in pH 4 due to high
amounts of noise.

Following potentiostatic passive film growth, the films were characterized with EIS (Figure 13,
Table IX) and fit with the Randles circuit described above (Figure 8e). The high current density observed
during film growth (Figure 11a) is characteristic of a less corrosion resistant passive film. Unlike the case
of the air-formed solution-exposed films, Rp increases with Mo content in both environments. a is above
0.85 for all alloys in both environments, indicating characteristic capacitive behaviour of the passive films.
The Rp magnitude values vary less with Mo concentrations under pH 10 conditions than in pH 4 conditions,
with much of the variability attributable to the low Re of the film formed on Mo-0 in pH 4 conditions. Re

of all the CCA passive films is lower than that of 316L, regardless of Mo concentration or pH.
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Figure 13: a,c) Bode and b,d) Nyquist plots obtained following cathodic reduction pre-treatment (600 s,
- 1.3 Vsce) and 10 ks exposure to -0.2 Vsce in Nag) bubbled a,b) 0.1 M NacCl pH 4 and ¢,d) 0.1 M NaCl pH
10. Spectra were fit with the equivalent circuit model shown in Figure 8e.

Table IX: EIS fit parameters for the spectra shown in Figure 11 obtained in 0.1 M NaClpH 4 and 0.1 M
NaCl pH 10. Each term is defined by the Randles circuit shown in Figure 7e.

0.1 M NaClpH 4 0.1 M NaCl pH 10
Alloy Rs Re (kQ.cm?) Y o Rs Re (kQ.cm?) Y o
(Q.cm?) (uS.s%.cm™2) (Q.cm?) (uS.s%.cm™2)
Mo-0 73.3 0.8 74.9 0.917 68.3 109.4 46.0 0.884
Mo-1.1 72.2 56.4 69.9 0.902 72.8 330.7 25.5 0.884
Mo-3.2 87.0 1534 45.6 0.871 91.4 504.5 25.1 0.868
316L 914 218.7 54.5 0.871 95.5 818.0 24.1 0.918

3.5 Characterization of Passive Film Cation Fractions

XPS was utilized to characterize the passive films grown at -0.2 Vsce with cation fractions of
constituent elements in the passive films shown in Figure 14 and Table X. For all CCAs and growth
conditions, Cr(lll), Ti(IV), and (in the case of Mo-1.1 and Mo-3.2) Mo(IV)/Mo(VI) are present in the passive
film at higher concentrations than their respective bulk compositions. Fe(ll)/Fe(lll) and Ni(ll) are depleted

in the passive film relative to alloy content for all cases. Al(lll) is present for all CCAs, but depleted in the
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film compared to the bulk in the Mo-0 alloy at pH 4 and the Mo-3.2 alloy at pH 10. For all CCAs, Cr(lll) is
the most prominent constituent in the passive film. However, the concentration of Cr(lll) in the passive
film decreases both with Mo concentration and pH. Although Fe(ll)/Fe(lll) and Ni(ll) remained depleted in
the film grown on Mo-3.2 at pH 10 relative to bulk composition, the surface cation fractions increased
relative to the film grown at pH 4. Such increases were compensated by decreases in Al(lll), Cr(lll),
Mo(IV)/Mo(V1), and Ti(IV), suggesting the film more closely resembles bulk alloy composition. However,

such decreases do not necessarily suggest instability of such elements in basic conditions.

80%

0.0 % Mo (pH 4)
- m1.1% Mo (pH 4)
=3.2% Mo (pH 4)

3.2 % Mo (pH 10)
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Figure 14: Surface cation fractions calculated from XPS characterization of CCA passive films formed
during 10 ks exposure to -0.2 Vsce in 0.1 M NaCl pH 4 and 0.1 M NaCl pH 10 following cathodic reduction
pre-treatment (600 s, — 1.3 Vsce).

Table X: Surface cation fractions obtained from the XPS fits shown in Figure 15. Bolded terms indicate
surface cation fractions higher than the bulk alloy composition suggesting enrichment.

Alloy Al Cr Fe Mo Ni Ti

Mo-0 pH 4 0.9% 51.4% 8.9% 0.0% 17.8% | 21.0%
Mo-1.1 pH 4 9.2% 53.0% 10.0% 5.1% 1.9% 20.8%
Mo-3.2 pH 4 7.0% 45.3% 1.7% 12.6% 0.0% 33.4%
Mo-3.2 pH 10 1.7% 30.2% 24.9% 4.6% 21.4% 17.2%

Figure 15 shows fit XPS spectra for constituent elements. Features characteristic of oxidized
species as both hydroxides and oxides, as well as unoxidized metal are present, indicating the film is thin
enough to permit observation of an attenuated signal from the bulk metal. Deconvolution of the Cr
spectra suggests the presence of Cr(lll) oxides, hydroxides, and that complex oxides such as possible
spinels (FeCr,04 and NiCr,04) cannot be ruled out in the passive film. The fitting suggests formation of a
Cr-Ni spinel may contribute to the stability of Ni(ll) and Cr(lll) in the passive film formed in the pH 10
environment, although the chemical shifts, which are determined by local interactions, are insufficient to

determine long-range structure. The surface cation fraction of Ni(ll) increases with a decrease in Mo
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Figure 15: XPS spectra of CCA passive films formed during 10 ks exposure to -0.2 Vsce in 0.1 M
NaCl pH 4 and 0.1 M NaCl pH 10 following cathodic reduction pre-treatment (600 s, — 1.3 Vsce).
Intensities are scaled to maximum counts for each spectra as quantitative values may vary due to
external factors such as surface contamination.
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concentration in pH 4, with the Cr-Ni spinel no longer suggested for Mo-3.2 in pH 4. In addition to Cr(lll),
significant concentrations of Ti are present as Ti(IV) oxide. The Mo signal collected from the passive film
of Mo-3.2 grown at pH 4 is nearly entirely attributable to the Mo(VI) valence while the film formed at pH
10 has a lower Mo surface cation fraction with a larger proportion attributable to Mo(0) and Mo(IV)
valences. The 13.9 at. % surface cation fraction for Mo on the Mo-3.2 film formed at pH 4 suggests a
significant role of Mo in the passivation process. Additionally, the film contains more Fe and Ni, and less
overall Mo when grown in pH 10 solution than in pH 4, consistent with oxide and hydroxide
thermodynamic stability. These results follow those shown by AESEC, where Fe and Ni dissolution rates
were below the detection limit while Mo dissolution was observed at pH 10 (Figure 12b). At pH 4, only Fe
and Ni dissolution is observed (Figure 12a), which is in agreement with the comparatively lower
Fe(l1)/Fe(lll) and Ni(ll) cation fractions in the passive film. In summary, while the films are consistently
enriched in passive species predicted to be thermodynamically stable, Mo concentration plays a

prominent role in altering the amount of each species.
4.0 Discussion

The selected alloys evaluate the effects of Mo additions from 0-3.2 at. % within the Al-Cr-Fe-Ni-Ti
CCA systems. The alloying strategy preserves the ratios between passivating elements Al, Cr, and Ti and
the composition of each of the three elements varies by less than 0.5 at. % between the CCAs (Table 1).
Thus, effects on corrosion resistance are attributable to Mo content. Furthermore, the Cr concentration
of the investigated alloys was kept below critical thresholds for passivation in Fe-Cr (~13 at. % Cr [66]) and
Ni-Cr (~12 at. % Cr [67]) alloys with Al and Ti also maintained below traditional Fe binary thresholds (~15
at. % Al [68], >47 at. % Ti [69]). Passivity below such Fe-Cr thresholds has been shown to be obtainable
due to the addition of Al and Ti [7] with the optimal Al-Cr ratio informed by work in similar CCA systems
[70].

The present study probes the effect of Mo alloying in the passive film (i.e., in Na;SO.), pit
stabilization, and passive film growth in NaCl solutions at pH 4 and 10. Mo is present in the alloys mainly
in the FCC matrix (Table Il) and is suggested by XPS to be present in Mo(0), Mo(1V), and Mo(VI) valence
states (Figure 15). Utilization of pH 4 and 10 solutions further compares the effect of Mo with different
thermodynamically expected fates (solid state stability versus dissolved aqueous anions) [64]. Stable or
metastable Mo oxides are suggested in the oxide at anodic potentials near pH 4 whilst at pH 10, E-pH

diagrams suggest Mo to be thermodynamically stable as MoO,% [64]. This implies that Mo may operate

168



to inhibit pitting in its traditional function as a dissolution suppressor. However, the presence of multiple
valence states introduces the possibility of aliovalent Mo doping in the passive film that can create more
ionic defects which may affect passive film dissolution separate from pitting phenomena [27]. Corrosion
resistant passive film formation at OCP is found to exhibit the best attributes for the solution-exposed air-
formed Mo-0 passive film (Figure 8, Table VI). For instance, Rp of the Mo-0 solution-exposed air-formed
oxide is higher following 20-day immersion (Figure 10a, Tables VI, VIII) and the mean iy in chloride is
generally the lowest of the evaluated CCAs in this work (Figure 5, Table IV). In contrast, Mo-3.2 is
suggested to be the most corrosion resistant with regards to pitting susceptibility indicated by the most

positive pitting potential at pH 4 (Figure 5, Table IV).
4.1 Effect of Mo on Microstructural Partitioning and Localized Breakdown

Both the average E,i: and probabilistic distribution suggest improved resistance to film breakdown
under acidic conditions (Figure 5b). More positive Erp values for Mo-3.2 than Mo-0 were observed in both
environments with less variability than changes in E,i, indicating that Mo may enhance repassivation
(Figures 5c¢, 5h). Such findings suggest that Mo plays a more prominent role in pit propagation and stability
than initiation. Mo enrichment suggested by decreased dissolution rates at transpassive potentials
relative to bulk composition (Figure 6) may be attributable to the local decrease in pH leading to the
deposition of Mo-rich corrosion products [71]. Mo has been reported to help reform a stable passive film
in mild acids after surface activation caused either by the applied cathodic potential [72] or by mechanical
scratching [24]. In this case, the Mo-containing passive film may serve as a catalyst for the hydrogen
evolution reaction [73] resulting in a high cathodic current density in this potential domain. High Mo
valence within the passive film may add charge carriers which in turn support charge transfer reactions
such as the oxygen evolution reaction [35]. For instance, Mo(IV)/(VI) doping in Cr(lll) oxide leads to cation

vacancies and/or excess free electrons [27].

Frequent pitting at the interface between FCC and L2; (Figure 7) is observed, identifying a
microstructural feature responsible for pit initiation. This location suggests a role of grain boundaries or
phase interfaces as possible contributors to the weakening of localized corrosion resistance, potentially
due to the formation of defects in the passive film [74]. While increasing Mo concentration decreases pit
initiation frequency in single-phase stainless steels and Ni-Cr-Mo alloys [75, 76], interface pitting may
hinder the effect of Mo. Interfaces likely have less prominent effects on repassivation than initiation as
the pit is grown well beyond the interface. The beneficial effects of Mo on pit repassivation (Figure 5)

suggest Mo slows propagation or enhances repassivation unhindered by the interface. Furthermore, the
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increase in compositional partitioning in the alloy at higher Mo concentrations (Table II) may indicate
localized depletion of passivating elements (e.g. Ti, Al) that may harm resistance to localized corrosion,
particularly at or near the bulk metal phase interfaces (and resultant oxide film interfaces) where the film
may be vulnerable to breakdown [21, 77]. Further evaluation with high resolution Auger electron
spectroscopy of the variation in both bulk metal and passive film chemistry across the phase interface,
including the position and local enrichment of Mo, will be discussed in a forthcoming publication. Adverse
effects of partitioning may limit the otherwise beneficial effects of Mo. This is shown by lowering of Epi
distributions with increasing Mo concentration in basic environments, where Mo dissolution is likely and
adverse microstructural effects may be more prominent (Figures 5b, 5g). Despite clear effects of Mo on
microstructural partitioning, neither imaging of corroded surfaces (Figure 9) nor transpassive elemental

dissolution rates (Table V) suggest preferential dissolution of either phase.

Higher concentrations of Mo in the CCA correspond to slightly increased levels of phase
partitioning, where the concentration of an element in the second phase differs from that in the matrix
to a greater extent than in the case of CCAs with less Mo, illustrating a secondary, but still important,
effect of Mo on phase composition. The o phase that has been previously shown to harm corrosion
resistance with increasing Mo in CCAs [20, 41, 43] was not formed, likely due to the comparatively low
concentration of both Cr and Mo. Mo is enriched in the FCC matrix phase, despite its prominent role as a
ferritic stabilizer. Such lateral variation of Mo content in the passive film chemistry has been shown to
promote selective dissolution in CoCrFeMoNi [78], but such behavior is not observed in the evaluated

system (Figure 9).

Although Mo is not enriched in the L2; second phase, Al, Ni, and Ti generally increase in
concentration in the second phase with increasing Mo concentrations (Table Il). For example, the Ti
content in the L2; phase of Mo-3.2 is over three times the Ti content in the matrix, whereas the Ti content
in the L2, phase of Mo-0 is approximately twice that of the matrix. Similarly, Al concentrations in the L2,
phase of Mo-0 are 2.5 times those of the matrix whereas the ratio between the same phases of Mo-3.2 is
over four. This follows previous trends of Mo enrichment in phases differing from those enriched in Ti [41]
and Al [40] in similar CCAs, with both elements possibly being driven away from the Mo-enriched FCC
phase by the unfavorable enthalpies of mixing [79]. The enrichment of Ti and Al in phases depleted of Mo,
rather than the FCC phase which is enriched Cr and Mo, may limit the ability for synergetic behavior in the
passive film, particularly given high importance of Ti in the passivation process suggested by surface cation

fractions (Figure 14, Table X).
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The beneficial contributions of Mo must be balanced with potential effects of phase partitioning
of second phase-enriched elements on localized corrosion, adding a layer of complexity to previously
established trends in the single-phase Fe-Cr-Mo and Ni-Cr-Mo systems. Unlike the proposed beneficial
effects of low Mn concentrations on elemental degree of partitioning, poor passivation, and overall
corrosion resistance observed in a similar CCA system [18], Mo concentrations must be limited to avoid
detrimental levels of partitioning. The addition of Mn or other FCC stabilizing elements could help increase
the maximum allowable Mo content without harmful chemical segregation in the microstructure, but
corrosion resistance may also be harmed by poor Mn passivation [80, 81]. Although Ni passivation is
suppressed, low transpassive Ni dissolution rates (Table V) may suggest alternative fates such as

enrichment at the metal-oxide interface [55, 82].

The effect of Mo on Ni partitioning is noteworthy as the binary enthalpy of mixing between Mo
and Ni is higher than that between Mo and other system elements [79]. The unfavorable interaction
between Mo and Ni may preferentially cause Ni to enrich in the Mo-depleted second phase. Unlike the
case of Al and Ti, increased Mo concentration does not consistently increase the degree of Ni partitioning,
although the uncharacteristically low Ni composition in the FCC phase of Mo-0 highlights uncertainty in
the EDS point scans. In addition to microstructural factors, increasing Mo concentrations also reduced the
concentration of Ni(OH),, following trends in the Ni-Cr-Mo system proposed by Lutton et al. [32] where
Ni was also less present in the passive film due to the enhancement of other passivating elements such as

Cr.
4.2 Effect of Mo on Passive Film Composition

Mo is also considered with respect to its effects on global passive film chemistry. Cr is the primary
passivating species in all three CCAs and in both pH values. However, the passive film concentration varies
across the three alloys. Mo is not a primary passivator in any of the evaluated CCAs, although in both Mo-
containing CCAs, the passive film is enriched in Mo(IV)/Mo(VI) at the film-electrolyte interface relative to
bulk composition at similar ratios (Figure 14, Table X). Notably, Mo content may be lower at film depths
approaching the metal-film interface, given the tendency of Mo to enrich within outer layers of passive
films formed on similar alloys [7, 27, 47, 78, 83-86]. Significant presence of Mo in the passive film is
unsurprising given the thermodynamic stability of Mo oxides in a pure Mo system at pH 4 near -0.2 Vsce
[64]. Mo(IV)/Mo(VI) cations are still suggested to be present in the passive film, although at lower
concentrations in the Mo-3.2 film formed in pH 10 solution even though Mo oxides are not

thermodynamically predicted to be stable. Despite low concentration in the bulk alloy, the presence of
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Mo in the alloy affects the passive film chemistry and possibly ionic defect status. As Mo concentration
increases in the evaluated CCAs, Cr(lll), Fe(l1)/Fe(lll), and Ni(ll) content decrease while Al(lll), Mo(V1), and

Ti(VI) increase in the electrochemically formed passive films (Figure 14, Table X).

Increased Mo concentration promoted Cr(lll) passivation in the Ni-Cr-Mo system explored by
Lutton et al. [27, 87], particularly in CI" environments where Ni dissolved. In contrast, the CCAs with the
highest Mo concentrations have the lowest surface cation fraction of Cr in the passive film formed in the
pH 4 environment despite still being enriched relative to bulk alloy composition (Figure 14, Table X). While
Ti preferentially partitions to the L2, phase, enough is still present in the FCC phase to affect global passive
film chemistry. Thus, the limitation of the Cr(lll) content in passive film of the CCA system may also be
attributed to the high stability of Ti(IV) in the passive film. In the Ni-Cr-Mo system, Cr,0s3 is the most stable
oxide (AGs° =-1050 kl/mol) [88] whereas in the CCAs evaluated, Ti may be a preferential site for oxidation
given the lower free energy of formation on a per cation basis of TiO; (AGs® = -889 kl/mol) [88]. Likewise,
very little Al,O; (AGs® = -1580 kJ/mol) [88] was observed in Mo-0 while the film grown on Mo-3.2 was
enriched in Al(lll). Additionally, Mo-3.2 did not form any observable Ni(OH), species in the passive film
(AGs® = -447 kI/mol) [89] and had the highest combined concentration of Al(lll), Cr(Ill), and Ti(IV) species.

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

Mo may affect the passive film composition by acting as an aliovalent dopant. XPS fitting (Figure
15) suggests that while oxidized Mo is dominated by Mo(VI) cations, Mo(IV) is also present. Mo(V) may
have also been present given frequent observation in Ni-Cr-Mo alloys [28, 35, 87, 90], but was not
identified, possibly due to overlap with other valence states. In the Ni-Cr-Mo system, Mo(IV) appears to
stabilize Cr passivation while Mo(VI) cations are considered more likely to dissolve [72], however
conflicting results have been suggested in CoCrFeMnNiMoy CCAs [43]. The higher valence state Mo cations
may be reduced to lower valence states to locally stabilize the higher valence Ti(IV) cations relative to
Cr(1l1) and Al(lll), potentially through affecting the local stability of O vacancies [91]. During the growth of
the oxide in 0.1 M NaCl pH 4 (Figure 11), the current density was lowest for Mo-3.2, suggesting slower

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

A significant local enrichment of Mo(0) might support Mo acting as an non-oxidized dissolution
blocker [24], whereas preservation or local enrichment of the oxidized states may favor mechanisms
dependent on passivated Mo [27, 30, 31, 47]. Both valence states are suggested to be present within or
near the passive film by XPS (Figure 15). However, under both Mo(0)-based mechanisms, Mo depletion in

the L2; phase would limit the ability of the CCAs to resist localized corrosion within the L2; phase or at the
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FCC-L2; interface and mechanisms dependent on Mo dissolution must also be considered. Mo dissolution
occurred across of a range of potentials, most noticeably in the cathodic region due to the well-known
stability of MoO4% in alkaline solutions [64]. However, this was attributed to dissolution of the air-formed
oxide, which has been shown to have high concentrations of Mo in similar CCAs [7]. Additionally,
dissolution of air-formed oxides has yielded similar cathodic dissolution rates in the Ni-Cr-Mo system [72].
The likely proposed mechanism relating Mo dissolution to corrosion resistance is that MoO,* ions act as
an inhibitor to limit pit stability [23, 92], a possibility indicated by significant Mo dissolution being
observed via AESEC (Figures 6, 12), especially in pH 10 solution. In this case, Mo does not have to originate
in the L2; phase or near the interface, but can be supplied from the FCC phase and transported via

comparatively more rapid liquid phase diffusion.
4.3 Comparative Effects of Mo under Acidic and Basic Conditions

Elemental dissolution trends measured with AESEC generally follow those predicted by the
electrochemical stability of pure constituent elements for a given solution pH [64]. Pure Fe and Ni are
predicted to dissolve at pH 4 and form insoluble species at pH 10 [64] at -0.2 Vsce. E-pH diagrams have
predicted stability of both Ni oxide [64] and Ni-Cr spinel [93, 94] is more favorable under basic conditions.
Therefore, XPS intensity attributable to Ni-containing complex oxide and single-cation passive species
significantly increased (Figure 14, Table X) while corresponding Ni dissolution rates decreased in basic
conditions (Figure 12). Fe and Ni dissolve at pH 4 while they are below the detection limit at pH 10 at this
potential for CCAs investigated in this work (Figures 12). Fe and Ni dissolve at a lower potentials than the
other elements at both pH (Figure 6), and are depleted in the passive film at pH 4, as observed via XPS
(Figure 14, Table X). Despite thermodynamic instability, limited presence of Ni and Fe in the passive films
formed at pH 4 indicate metastable oxide presence and/or stability enhanced by solubility with additional

cations.

Mo dissolves at much higher rates in basic solutions (Figure 11), likely due to the stability of the
MoO,* ion [64]. The increased stability of Mo oxides in acids corresponds with an increase in the surface
cation fractions attributable to oxidized Mo in the Mo-3.2 film grown in pH 4 relative to when grown in
pH 10 solution (Figure 14, Table X). The decreased Mo enrichment in the passive film with increasing pH
follows previously established trends in 316L [95], Ni-Cr-Mo [32, 87], and the CoCrFeMoNi CCA [96].
Furthermore, Mo metal is stable at higher potentials in acids than bases [64], potentially explaining the
cathodic dissolution of Mo observed in the basic environment that was not observed in the acid (Figures

6,7).
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During potentiostatic passive film growth, the current density is highest for the Mo-free sample
in pH 4 solution (Figure 11a), indicating that Mo may result in an enhanced passive film formation.
Alternatively, current density shows inconsistent trends with Mo concentration in pH 10 solution (Figure
11b). Potentiostatic EIS further verifies that Mo-0 had the lowest Rp at pH 4 and that of Mo-3.2 was the
lowest at pH 10 (Figure 13).

Increasing Mo concentration improves pitting resistance more prominently in acidic
environments (Figure 5, Table IV), similar to the case of the Moo sCoCrFe medium entropy alloy developed
by Shuang et al. [97]. However, the improvement in corrosion resistance with decreasing pH observed is
not present at a statistically significant level in the presently evaluated CCA series, potentially due to the
lower Mo concentrations in the tested CCAs (0-3.2 at. %) than in Moo sCoCrFe (16.7 at. % Mo). The same
effect is not observed with E.p, where Mo resulted in higher Rp regardless of pH. Notably, the Erep
distribution of Mo-1.1 resembles that of Mo-3.2 in the pH 10 environment, which shows good
repassivation behavior, and that of Mo-0 in pH 4, which shows poor repassivation behavior. This may

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

Three Aly3CrosFe,MoxNiisTios (x = 0, 0.05, 0.15) CCAs with Mo concentrations of 0, 1.1, and 3.2 at. %
were synthesized and characterized to elucidate connections between microstructure and corrosion
resistance with the main motivation to investigate the benefits of Mo in Cr-lean CCAs containing Al and Ti

as passivators. The following conclusions were obtained:

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

e The resistance to localized corrosion was improved with increased Mo concentration both during

potentiodynamic polarization and long-term immersion, most noticeably through improvements
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in the repassivation potential. Pitting often occurred at the FCC-L2; interfaces, particularly in low-
Mo CCAs, but neither phase was vulnerable to selective dissolution.

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

e Trends in corrosion behavior with Mo content are less prominent in Al and Ti containing CCAs
than single-phase alloy dependent on only Cr for passivity. The CCA design space introduces a
variety of effects of alloying elements such as Mo with both metallurgical and passivity roles that
have secondary effects on passivation that are not observed in single-phase or less complex alloys.
Despite the presence of such effects on phase composition, Mo improves overall corrosion in the
evaluated two-phase CCA series and is suggested to be beneficial for the design of corrosion

resistant multi-phase CCAs.
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Chapter 6: Variation of the Passive Film on Complex Concentrated Dual-phase

Al 3Cro.sFe2Mng.2sMo0o.15Ni1.5Tio.s and Implications for Corrosion

This chapter was submitted to Metallurgical and Materials Transactions A with coauthors M.A.
Wischhusen, J. Qi, S. J. Poon, S. R. Agnew, J.R. Scully. The manuscript is under review at the time of thesis
submission.

Abstract

The passive film on a dual-phase Alo3CrosFe;Mng2sMog.1sNi1sTios FCC + Heusler (L2;) complex
concentrated alloy formed during extended exposure to a potential in the passive range in dilute chloride
solution was characterized. Each phase, with a distinct composition of passivating elements, formed
unique passive films separated by a heterophase interface. High-resolution, surface sensitive
characterization enabled chemical analysis of the passive film formed over individual phases. The film
formed over the L2, phase had a higher concentration of Al, Ni, and Ti, while the film formed over FCC
phase was of similar thickness but contained comparatively higher Cr, Fe, and Mo concentrations,
consistent with the differences in bulk microstructure composition. The passive film was continuous
across phase boundaries and the distribution of passivating elements (Al, Cr, and Ti) indicated both phases
were independently passivated. Spatially resolved analysis of dual phases alloys with combinations of
Auger electron spectroscopy and scanning transmission electron microscopy suggests the primary surface
cation in passive film formed on the FCC phase was Cr and for the L2; phase was Ti. Al, Cr, and Ti were
enriched in both phases within the passive film relative to their respective bulk compositions. In parallel
studies, single-phase alloys with compositions representative of the FCC and L2, phases were synthesized
to evaluate the corrosion behavior of each phase in isolation. The electrochemical behavior of the dual-
phase alloy resembled a combination of both single-phase samples, indicating the corrosion behavior may
be represented by composite theory applied to phases. However, the interphase in the dual phase was a
local corrosion initiation site and may limit localized corrosion protectiveness in chloride solutions. The

alloy design implications for optimization of second phase structure and morphology are discussed.



1.0 Introduction

Complex concentrated alloys (CCAs) are a broad alloy class generally defined as containing three
or more constituent elements at concentrations above 5 at. % [1]. The combinations of elements and
resultant interactions are not frequently seen in conventional alloys but can introduce beneficial
properties such as mechanical strength [2], high fracture toughness [3], and paramagnetic or
ferromagnetic behavior [4]. CCAs are additionally developed for aqueous corrosion resistance with
varying degrees of success [5, 6]. Although CCAs were originally theorized to have a single-phase
microstructure, with high configurational entropies contributing to the homogenous distribution of
elements, the definition of the alloy class includes also alloys with dual-phase or multi-phase

microstructures [7].

Many thermodynamic indicators have been historically utilized to predict single-phase stability,
such as configurational entropy, enthalpy of mixing, and complex thermodynamic indicators developed in
part from such values [7-9]. While such terms are useful in initial alloy design, Feng et al. [10]
independently surveyed a range of single-phase and dual-phase CCAs and showed that single-phase CCAs
generally satisfy criteria regarding the constituent elements’ atomic radii in addition to predictive metrics
developed strictly from thermodynamic indicators. Namely, CCAs with net compositionally weighted
deviations of constituent element atomic radii from the average atomic radii above 4.7% (originally
defined as 6.6% by Yang et al. [9]) are predicted to form multi-phase microstructures regardless of
thermodynamic values. For example, the constituent elements of CoCrFeMnNi, the first CCA proposed by
Cantor et al. [11], have similar atomic radii and thus the equimolar mixture was found to be single-phase.
However, significant additions of Al and Ti to such CCAs, two low density elements commonly utilized for
lightweight alloy design, often lead to the formation of dual-phase CCAs when a significantly larger atomic
radii mismatch is exceeded [10]. Although phase stability indicators are valuable in the initial design of
CCAs to alert the designer to the likelihood of dual-phase microstructures, they provide little insight into
the phase volume fractions and/or compositions. Thus, it is difficult to predict properties dependent on

the morphology and composition of second phase.

CCA strategies to limit corrosion resistance often rely on multiple elements simultaneously
present in protective passive films that can function in several ways, such as Al, Cr, and Ti [12, 13]. Multiple
elements may be present in a passive film through a range of mechanisms including layered oxides,
soluble solid solution oxides [14], complex oxides with long range order, and solute trapping of non-

oxidized species within the passive film [15], or a combination of the above mechanisms [16]. However,
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localized depletion of passivating elements limits passive film species. Notably, the formation of second
phases in the CCA microstructure leads to compositional partitioning and possible concentration profiles
across a multi-phase microstructure. High-temperature solutionizing treatments may be tailored for
individual alloy compositions to tailor microstructural features such as present phases, phase

compositions, phase morphology, and interface length [7, 17].

The increase in second phase area fraction in CCAs often improving mechanical strength [18-21],
dual-phase microstructures pose significant concerns for corrosion resistance. Regions depleted in a
passivating element are left susceptible to localized corrosion [5, 22-24]. For this reason, microstructural
features formed due to the presence of a second phase often serve as preferential sites for localized
corrosion of CCAs via mechanisms such as pit initiation at the phase interface [23, 25, 26] and preferential
dissolution of one or more phases [23, 27, 28], particularly in environments that often initiate localized
corrosion such as chloride. Such behavior is often enabled and/or enhanced by microgalvanic coupling
[22, 29, 30]. Furthermore, the second phase area, structure, and/or composition can change the
mechanism of localized corrosion, such as the transition from localized breakdown of the passive film at
random locations by pitting to preferential dissolution of a Cr-depleted BCC second phase with increasing

second phase area fraction as observed by Shi et al. in the Al,CoCrFeNi system [23, 31].

Wang et al. observed preferential dissolution of the FCC phase of the CoCrFeMoNi CCA, which
was locally depleted in Cr and Mo due to the formation of mu and sigma phases [32]. Time of Flight
Secondary lon Mass Spectrometry (ToF-SIMS) was used to determine the composition of the passive film
on both a local and global scale. Higher intensities of Cr and Mo were observed over regions suggested to
be associated with the sigma phase. Additionally, depth profiling identified Cr-Mo layering phenomena
specifically over the sigma phase that was not seen in the FCC matrix, further suggesting different
passivation behavior. The findings provide strong evidence for lateral variation in the passive film but
provide limited quantification or spatial resolution limiting the development of relationships with

corrosion protectiveness.

Despite frequently observed localized corrosion in CCAs with regard to microstructural variation
[5, 23, 24, 26, 31, 33-42], there has been little further study of the lateral variation of passive film
chemistry and/or structure. While many studies have characterized the passive film grown on dual-phase
CCAs globally, evaluation with regard to microstructure length scale is often limited as the surface
characterization methods (mainly X-ray photoelectron spectroscopy) are surface sensitive but

characterize an area larger the dimensions of individual phases within the microstructure, and thus lack
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the spatial resolution to identify the effect of, any microstructural features that may cause local variation
[22, 35, 36, 43, 44]. Although there is little study of dual-phase CCA passive films on CCAs, the governing
phenomena have been evaluated from similar studies on duplex stainless steels, corrosion resistant alloys
with a “balanced” dual-phase microstructure with both phases containing passivating elements as in the

case of many Fe-containing dual-phase CCAs.

Langberg et al. [45-47] evaluated the passive film of 25Cr-7Ni super duplex stainless steel with
hard X-ray synchrotron techniques, enabling characterization of the passive film grown over individual
constituent phases. A Cr- and Fe-containing passive film consisting of an outer hydroxide layer, inner oxide
layer, and unoxidized Ni enrichment at the metal/oxide interface was present over both phases; however,
the film formed over the ferrite phase generally had a higher Cr content, similar to the higher Cr content
in the ferrite phase [45]. Cr enrichment was proposed to result from enhanced Fe dissolution occurring
more prominently over the ferrite phase, leading to Cr enrichment that required higher applied potentials
to dissolve [47]. No significant differences were observed in the passive film thickness between the ferrite
and austenite phases; however, the film formed over (001) orientation ferrite grains was both thicker and
had a higher Cr content than other ferrite phase orientations, a difference attributed to surface reactivity

depending on the crystal structure of the dissolving plane [46].

Vignal et al. [48] also evaluated the chemistry of the passive film for regions formed over both the
austenite and ferrite phases of 2304 duplex stainless steel. Scanning Auger electron spectroscopy and
microscale XPS were utilized to compare cation fraction depth profiles over both phases, finding higher
Cr/Fe ratios in the film formed above the ferrite phase. The oxide to hydroxide ratio within the film formed
over austenite increased during extended aging in air; however, such changes were not observed in the

regions formed over ferrite.

In addition to duplex steel passive film chemistry, local analysis of semiconductive properties has
also become a topic of interest. Rahimi et al. [49] isolated the Volta potential distribution between
austenite, ferrite, and intermetallic particle regions with scanning Kelvin probe force microscopy before
local measurement of band gaps with scanning tunneling spectroscopy. The passive film grown over
ferrite was found to be thicker than the film grown over austenitic regions. Guo et al. [50] showed
increased conductivity and decreased thickness in passive film regions grown over austenite relative to
those over ferrite via current sensing atomic force microscopy, but did not evaluate for corrosion

behavior. The chemical composition of the passive film was also characterized, but not at a spatial

185



resolution capable of isolating the film formed over individual phases. There is little evaluation comparing

local semiconductive properties of inhomogeneous passive films to corrosion behavior.

The governing corrosion phenomena for duplex steels are dependent on the structure and area
fractions of the phases present. For example, the ferrite phase dissolves at higher rates than martensite
during immersion of duplex steel in 0.1 M H,SO4, with the polarization behavior affected by martensite
area fraction [51]. Neetu et al. [52] further evaluated this effect by altering phase area fractions with
differing cooling rates and quench temperatures applied to a high-C, high-Si steel. Heat treatments leading
to higher area fractions of bainite (shorter continuous cooling times before isothermal holds) often
corresponded with improved polarization resistance and decreased mass loss rates during immersion.
Surface morphology indicated preferential dissolution of the ferrite phase during polarization. Similar
preferential dissolution was observed by Ha et al. [53], where increasing ferrite concentrations introduced
by heat treatment of S32101 led to decreasing pitting potentials and increased pit depth in chloride
solution. Preferential dissolution was utilized by Tsai and Chen [54] to evaluate galvanic coupling between

austenite and ferrite in 2205 duplex stainless steel.

Gardin et al. [55] evaluated the air-formed passive film chemistry of 2304 duplex stainless steel
with X-ray photoelectron spectroscopy and time of flight secondary ion mass spectrometry. Additionally,
two single-phase alloys intended to represent the austenite and ferrite phases of the duplex stainless steel
were synthesized with compositions identified from computational thermodynamic modeling and
similarly characterized. Surface analysis of the single-phase alloys showed more Ni and N in the passive
film formed on the austenite alloy, matching trends in microstructural partitioning, whereas more Cr was
present in the passive film of the single-phase ferrite alloy. The passive films of all three alloys had a higher
Cr fraction in the passive film than in their respective bulk microstructure and had similar layering trends.
The composition and thickness of the duplex stainless steel film more closely resembled that of the ferritic
alloy than that of the austenitic alloy, despite the duplex stainless steel having roughly similar area

fractions of each phase.

The existing literature body clearly shows that different phases in a multi-phase alloy may have
passive films that vary in composition, structure and electrochemical properties. As such, the morphology
and volume fraction of phases in the microstructure may have considerable effects on corrosion behavior.
However, there is little work that evaluates such phenomena on CCAs. Many reported approaches for the
design of corrosion resistant CCAs incorporate the presence of multiple passivating elements within the

passive film [5, 12, 14, 16, 56]. Thus, there is a considerable need for a more thorough understanding of
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passivation including better assessment of the local compositions of the passive film formed over
individual phases in CCAs and their effect on overall corrosion behavior. Ensuring a viable range of
passivating elements which partition between phases such that a stable passive film can be formed over
both phases, and second phase regions do not become preferential corrosion sites, remains a critical

challenge in the design of multi-phase corrosion resistant CCAs.

This work evaluates the corrosion resistance and passive film chemistry of a dual-phase CCA,
isolating the behavior of individual phases with combinations of electrochemical and surface-sensitive
chemical characterization methods. Synthesis of single-phase CCAs representative of constituent phases
of the dual-phase CCA, a novel method for evaluation of CCA corrosion resistance, is utilized to enable
electrochemical testing of constituent phases using global methods. A variety of studies are utilized
designed to develop understanding of passivity both with the effects of localized corrosion (e.g.,
polarization in NaCl), and without (e.g., electrochemical impedance spectroscopy, polarization in H,SO4).

The findings are compared to electrochemical and local passive film analysis of the dual-phase CCA.

2.0 Experimental Methods
2.1 Alloy Compositions, Synthesis, and Microstructural Characterization

The compositions of three synthesized alloys are listed in Table |, including the previously studied
[12, 26] Alo3CrosFezMng2sMog.1sNi1sTios dual-phase CCA, henceforth referred to as the parent alloy, and
two single-phase CCAs selected to match the compositions of the FCC and L2; constituents of the parent
alloy with methods further discussed below.

Table I: Nominal compositions in atomic percent of dual-phase parent alloy and single-phase alloys. Pure
elements were massed within 1% error prior to arc melting.

Parent Matrix Second
Alloy (FCC) Phase (L2,)
Al 6.0% 3.7% 19.7%
Cr 10.0% 11.1% 1.5%
Fe 40.0% 42.5% 10.4%
Mn 5.0% 5.2% 4.0%
Mo 3.0% 3.1% 0.3%
Ni 30.0% 28.8% 44.8%
Ti 6.0% 5.6% 19.4%

CCAs were synthesized via arc-melting from pure elements (Cr > 99.2% purity, all other metals >
99.9% purity), flipped five times to ensure homogeneity, and suction cast into 1 cm diameter buttonsin a

water-cooled copper mold. Samples were annealed at 1070 °C, the temperature previously utilized to
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target the dual-phase microstructure, for five hours before quenching in water. Each sample was ground
with SiC paper to a 1200 grit finish prior to electrochemical testing and polished with diamond paste to a

1 um finish prior to microstructural and surface analysis.

The phases present in each alloy were identified via X-ray diffraction (XRD) on a PANalytical
Empyrean Diffractometer™ with Cu Ka x-rays (1468.7 eV) and at a scan rate of 0.15 °/sec. Microstructures
were imaged via scanning electron microscopy (SEM) in backscattered electron (BSE) mode with an FEI
Quanta 650™. The chemical compositions of the parent alloy were first identified via energy dispersive
spectroscopy (EDS) in point scan and mapping mode, and analyzed with Oxford Instruments Aztec™
software. The spot sizes for SEM and EDS were selected to ensure the probe diameter was below 10 nm,
well below the size of microstructural features. EDS mapping of a representative two-phase region is
shown in Figure 1. The compositions identified from point scans taken over each phase were used to
develop the single-phase CCAs. The composition of the point scan of the FCC matrix of the parent alloy
yielded a single-phase microstructure when synthesized into a new CCA. However, synthesis of the
composition defined by the point scan obtained over the L2; phase led to the formation of a dual-phase
microstructure with approximately equal area fractions of FCC and L2; phases suggested by micrograph
threshold analysis. The presence of a multi-phase microstructure despite a predicted single phase
microstructure was attributed to EDS spill over to the FCC phase due to the X-ray generation being
possible at depths of up to 1 um [57], which can exceed the diameters of many of the second phase
particles in the parent alloy. Thus, it is likely that some characteristic emission from the FCC matrix was
detected in the L2, point scan, pushing the initial composition of this phase beyond regions of single-phase
stability. Therefore, a point scan of the L2, phase of the equal area fraction alloy with larger regions of L2,
was selected to represent the single-phase L21; CCA shown in Table I. Point scans of the single-phase alloys,
parent alloy, and equal area fraction intermediate alloy along with a micrograph of the intermediate alloy

are shown in Table Il and Figure 2, respectively.
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Figure 1: EDS mapping of representative two-phase region of parent alloy reproduced from [26].

Table II: EDS point scans for the parent alloy and intermediate alloy obtained from point scans of the L2,
phase of the parent alloy.

Phase ‘ Al ‘ Cr ‘ Fe ‘ Mn ‘ Mo ‘ Ni ‘ Ti ‘ Area Fraction
Parent Alloy

Matrix (FCC) | 3.7 | 11.0 | 42.5|5.2 [ 3.1 |28.8| 56 95.7 %

2nd Phase (L2)) | 14.3 | 3.5 | 17.1| 4.2 | 0.9 | 44.1 | 15.8 43%

Intermediate Alloy (Al14.3Cr3 sFe17.1Mns.2Mo00.9Nias.1Ti1s.5)

Matrix (FCC) | 3.1 | 7.6 | 35756 | 1.8 379 83 46.4%

2nd Phase (L2)) | 19.7 | 1.5 | 104 | 4.0 | 0.3 | 44.8 | 19.7 53.6%
Matrix (FCC)

Matrix (FCC) | 3.7 | 9.5 [42.7]36]15[336] 53| ~100%

Second Phase (L2,)
2nd Phase (L2)) [ 19.9 | 1.3 | 10.0 [ 3.4 | 0.1 | 45.1 | 20.3 ~100 %

Figure 2: BSE micrograph of the intermediate alloy
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2.2 Electrochemical Characterization of Corrosion Behavior

A series of electrochemical methods were selected to indicate the characteristics of the passivity
and identify the relative resistance to localized corrosion behavior. All measurement were global and lack
spatial resolution to characterize individual phases within the parent alloy. Electrochemical
characterization of the synthesized single-phase alloys was thus used to evaluate the performance of the
individual phases. A Gamry Instrument Reference 600+™ potentiostat connected to a conventional three-
electrode cell with the CCA sample cold-mounted in epoxy as the working electrode, a platinum mesh
counter electrode, a saturated calomel reference electrode (SCE, +0.241 V vs. standard hydrogen
electrode), and 0.01 M NaCl*® (pH ~5.75) electrolyte solution was used for all electrochemical
experimentation unless otherwise noted. All electrochemical experimentation was repeated threefold to
ensure reproducibility. Samples were first potentiodynamically polarized using two procedures. In both
cases, the scan rate was 0.5 mV/s. To evaluate the formation of the passive film, the air-formed oxide was
first exposed to a -1.3 Vsce treatment for 600 s before conducting cyclic polarization between -1.3 and 0.8
Vsce. Additionally, the CCAs were polarized in 0.1 H,SO,4 to evaluate the formation of the passive film in
the absence of Cl ions capable of initiating localized breakdown. Due to excessive H, evolution at cathodic
potentials that could form bubbles limiting conductivity, a modified procedure was used. All potentials
listed below are converted from saturated mercury-mercury sulfate (-0.640 V vs. standard hydrogen
electrode), the Cl'-free reference electrode that replaced the SCE for sulfate environments. The CCAs were
first cathodically pre-treated with four successive potentiostatic reduction steps: a 300 s exposure to -1.0
Vsce, @ 3 s exposure to -1.5 Vsce, @ 300 s exposure to -1.0 Vsce, a 60 s exposure to -1.0 Vscg, and a 10 s
exposure to -0.6 Vsce. Then, the CCAs were polarized from 0.05 V below the stable OCP up to 0.96 Vs at

a 0.5 mV.s? scan rate.

Second, to characterize the solution-exposed air-formed oxide, the sample was exposed at open
circuit potential (OCP) for 1800 s before conducting electrochemical impedance spectroscopy over the
frequency range of 100 kHz to 1 mHz measuring 5 points/decade with a 20 mVrus AC voltage. Following
EIS, the air-formed film was polarized from 0.1 V below the final OCP to 0.8 Vs followed by downward
polarization from 0.8 to -1.3 Vsce. Spectra were fit with Randles’ circuit modified to include a constant

phase element (CPE) and a bounded Warburg element. The equivalent circuit model may be

20 A dilute chloride electrolyte solution at a neutral pH was selected to ensure the stable formation of a passive
film over large potential range that could be evaluated prior to breakdown. An overview of the corrosion behavior
of the dual-phase alloy across a range of NaCl concentrations and pH may be found elsewhere [12].
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mathematically related to the impedance using the equations shown below. The impedance for the
resistance components may be treated as equivalent to the magnitude of the resistors associated with

solution resistance (Rs) and charge transfer resistance (Rcr).

Zs = Rg (1)
Zer = Rer (2)
The impedance of the CPE may determine from the frequency (f), CPE coefficient (acpe), and admittance
(Yeee).

1

Z = —— 3
PE (if)*cPEYcpg )

Diffusional impedance is represented by a finite length Warburg component consisting of a magnitude

(Yw) and bound length (Bw).

1
Zy = Y—V.Vtanh (BJf) (4)

Vif

Combining each subcomponent yields the net system impedance

1

+
Zer +2Zw)  Zcpe

Which may be further simplified

_ Zepe(Zer + Zy)

7 =

+Zs (6)

The real (Z') and imaginary components (Z”) may be extracted as the non-imaginary and imaginary
components of the equation, respectively, for the Nyquist plot as well as to calculate and fit the phase

angle (D).

"

® = arctan (?) (7)

To evaluate the formation and aging of a solution-formed passive film, a potentiostatic exposure
procedure was used.?! The samples were first exposed to -1.3 Vsc: for 600 s to reduce the effect of the air-
formed passive film. A step increase in potential to -0.25 Vsce, determined to be within the alloys’ passive

ranges during potentiodynamic polarization, was then applied for 40 ks. The impedance was monitored

21 For the potentiostatic exposure procedure utilized to grow a passive film, a BioLogic SP-200™ potentiostat was
instead utilized to decrease the timestep between current density and impedance measurements.
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in-situ every 200 ms at a frequency of 5 Hz and a 20 mVgrus AC voltage. Following film growth, the film was
characterized with full frequency EIS at -0.25 Vsce and all other parameters maintained from the air-
formed oxide evaluation (100 kHz to 1 mHz, 5 points/decade, 20 mVgrus). The solution-formed film was
subsequently characterized with X-ray Photoelectron Spectroscopy (XPS), scanning Auger Electron
Spectroscopy (AES), and scanning transmission electron microscopy (STEM) under N, as discussed further

below.

The degree of microgalvanic coupling within the parent alloy was evaluated with zero-resistance
ammetery (ZRA). The FCC single-phase CCA was used as the working electrode with the L2; single-phase
CCA of equal area as the counter electrode. Open circuit potential and current of the coupled system with
air-formed oxides present were monitored for 40 ks directly after mechanical grinding of each sample at
both equal area ratios (0.785 cm?) and a 10:1 FCC to L2; area ratio (0.785 to 0.0785 cm?) selected to more
accurately represent the phase volume fractions. Current densities for both area ratios were normalized
relative to the area of the FCC working electrode (0.785 cm?). The coupled potential was compared to the
OCP of the parent and single-phase alloys during a 40 ks exposure air-formed oxides to open circuit

corrosion in the conventional three-electrode cell.
2.3 Characterization of Surface Chemistry and Homogeneity

The chemical compositions and molecular constituents of the solution-formed oxide films were
characterized with XPS. Samples were transported under N,(g) directly after the 40 ks exposure at -0.25
Vsce, subsequent EIS characterization, and OCP exposure described above to a PHI VersaProbe Il XPS
system. Samples were exposed to lab-air for a maximum of 20 minutes at room temperature. High-
resolution spectra over the Al 2p, Cr 2ps;, Fe 2pi2, Mn 2p12,22 Mo 3d, Ni 2pss,, and Ti 2psj; core
spectra were obtained with Al Ka X-rays (1,486.6 eV) at a 26 eV pass energy, 100 um spot size, and a 45°
take off angle. The large spot size indicates the XPS lacks the lateral resolution to probe individual phases.
Thus, the synthesized phases were treated as representative of individual phases on the local scale.
Spectra were calibrated with C 1s set to 284.8 eV as a reference. Spectra were deconvoluted with
KoIXPD™ software with a combination of Shirly background substitutions, Doniach-Sunjic peaks for
metallic features, and Voigt functions for oxidized features with characteristic peak positions, intensities,

widths, and multiplet splitting from reference spectra obtained elsewhere [58-60]. The Cr 3s spectrum,

22 The Fe 2p1/2 and Mn 2p1/2 spectra were selected to avoid the overlap of Ni Auger peaks in the commonly used Fe
2p3/2 and Mn 2psy2 region. A constant binding energy shift between the deconvoluted data in the 2p1/2 series and
reference spectra in the 2ps/2 series was assumed.
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which overlaps the Al 2p spectrum, was fit to a single Voigt peak with the intensity defined by the total Cr
2ps/2 signal adjusted with relative sensitivity factors. Surface cation fractions (X) were obtained via total
intensity (I) of the peaks fit to oxidized species for each metal (M). The total intensity was normalized via
relative sensitivity factors (R) as shown below in equation 1. Elements for which surface cation fractions
exceed the bulk microstructural composition for either a single-phase CCA or the parent alloy are

considered enriched in the passive film [61].

(8)

To evaluate the lateral variation of the passive film chemistry, the film growth procedure
described above was repeated on a polished sample before transfer to a PHI 710™ Field Emission
Scanning Auger Nanoprobe operating with a 10 keV, 1 nA electron beam, a beam diameter of
approximately 3-5 nm, and a 0° take off angle.?® The instrument was equipped with an SEM which
facilitated the location of phases for spot probe analysis. AES spectra were obtained for five point
obtained over each phase and at least 1 um from the interface and averaged to obtain representative
surface cation fractions. Additionally, qualitative analysis of surface cation fractions was measured in
mapping and line-scan modes to demonstrate the changes in passive film chemistry across the FCC-L2;

interface with equation 1 modified to include system specific sensitivity factors.

Finally, a cross-section of the passive film was characterized via STEM-EDS. The film growth
procedure was repeated on a polished sample before transfer under N to a Helios UC G4™ Dual Beam
Focused lon Beam (FIB) and SEM system for cross-sectioning. The surface was deposited with a 0.4 um
protective Pt layer with a 5 keV electron beam followed by a 1.5 um layer with the ion beam. The film
cross-section was then prepared via FIB lift-out technique with a Ga* ion beam at an accelerating voltage
of 30 keV followed by subsequent passes at 5 keV. The sample was transferred to a Thermo Fisher
Scientific Themis™ 60-300 kV transmission electron microscopy system and imaged in dark-field mode
operating at a 200 kV and a 350 pA beam current with probe correction, allowing for resolution as low as
0.1 nm. The bulk microstructure and passive film were mapped with STEM-EDS with a Super-X detection

system over a representative area near the phase interface with three line integrals obtained to evaluate

23 A 30° take off angle was instead used for qualitative mapping to improve elemental contrast.
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the passive film depth profile over each phase and lateral homogeneity of the passive film across the

phase interface. Compositions were obtained from intensities normalized with Velox software.

3.0 Results
3.1 Alloy Microstructure

XRD patterns shown in Figure 3 index the matrix and second phase single-phase synthesized CCAs
as FCC and Heusler (L2;) respectively, while peaks are present for both phases in the parent alloy XRD
pattern. The presence of many peaks in the single-phase L2; CCA that were not observed in the parent
alloy is attributed to the low volume fraction of the L2; phase along with possible orientation texturing.
The microstructures are confirmed by BSE micrographs, as shown in Figure 4. EDS point scans listed in
Table Il confirm similar compositions between the synthesized single-phase CCAs and constituent phases
within the parent alloy. The FCC CCA is shown to be single-phase, while the L2; single-phase CCA has small
(generally less than 1 um) regions enriched in Fe and Cr?**, whose formation may be attributed to spill-
over inaccuracy from EDS measurements of the L2; phase of previous alloys, which could have
incorporated signal from the FCC phase. However, given that the L2; volume fraction is much greater than
that of the previously established 4.33% L2, area fraction for the parent alloy [26], the composition is
assumed to be representative of the L2; behavior. The dual-phase microstructure consists of an FCC matrix
with L2; features generally between 2 and 10 um in size, well-distributed throughout the matrix. L2;
regions generally have curved interfaces with the matrix; however, some, such as the case of Figure 4d,
possess sharp corners and linear boundaries running in parallel with potential grain boundaries (GBs)

indicated by contrast between FCC regions in the BSE micrograph.

—_ — ParentAlloy

= —  “"Matrix"

o ’ — “Second Phase”

oo | + FCC

2 | ® L2

S

ﬁ Jiﬁ J L\ e M,

=

[

= nw '|

— / a

- / / /A v .

Y |

= Il I

E [ 1 | ll ill

s / Nk ik ] o Moo

Zle *0 +00 L] . [ ] * L] ®
] U 1 1 1 1 1

30 40 50 60 70 80 90 100 110
20 (degrees)

Figure 3: XRD patterns synthesized CCAs following homogenization at 1070 °C. Peak indexes are shown
for FCC and L2, phases, with both features visible in the parent alloy.

24Fe and Cr enrichment is determined by EDS mapping (not shown); however, the feature morphology is too small
to obtain reliable quantitative compositions with point scans.
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50 um

Figure 4: BSE micrographs of a) single-phase FCC CCA, b) single-phase L2; CCA, c) dual-phase parent
alloy at low maghnification, and d) dual-phase parent alloy at high magnification.

3.2 Corrosion Behavior of Alloys with Oxides Formed in Aqueous Solutions

E-log(i) plots comparing the corrosion behavior of the parent alloy on a global scale in 0.01 M NaCl
with the single-phase CCAs are shown in Figure 5, with key values tabulated in Table Ill. The use of a dilute
chloride solution leads to the formation of a broad passive range for all three alloys that may be
characterized prior to breakdown, while the cathodic pre-treatment minimizes the effect of the air-
formed oxide. Passivity of both phases is attributable to each phase having passivating elements enriched
relative to the overall alloy composition (e.g., Cr in the FCC phase, Ti and Al in the L2;). The corrosion
potential (Ecorr) Of all three alloys is similar. Likewise, there is little variation in the passive current density
(ipass). For both parameters, the parent alloy resembles the values of its constituent phases. However, the
lack of statistically significant variation between the alloys limits evaluation of Ecor and ipass @s a function
of phase volume fraction. Pitting was the dominant breakdown mechanism for all three alloys with limited
crevice corrosion near the sample-epoxy interface also observed. Pits disproportionately occurred near
the FCC-L2; interface, as in the case of the micrograph shown in Figure 6. The pitting potential (E,i) for
the L2;1 phase was lower than that of the matrix phase, indicating more modest breakdown potential in
L2, relative to the FCC matrix. However, the interphase boundary is the weak site. Intermittent increases
in current density prior to breakdown observed for all three scans suggest metastable pitting and

repassivation, with the behavior most noticeable in the matrix single-phase CCA. Notably, Epi: for both the
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parent and FCC alloys is above the range of stability for Cr,0; formed on pure Cr. Enduring passivity at

these potentials is attributable to stability due to the presence of Al and Ti passive species which retain a

partially protective oxide [12]. The repassivation potential (Erp) is defined as the potential at which the

downward scan (not shown) current density is less than that of the upward scan at the same potential. As

in the case of Eit, Erep for the L21 phase is lower than both the FCC and parent alloys. A negative hysteresis

is present for the polarization of the air-formed oxide for the FCC CCA as stable pitting was not observed

prior to the downward scan [62]. The decrease in both Eyit and Erep for the L2; phase may be attributable

in part to significantly lower Mo concentrations in, which has been shown elsewhere to have strong

effects both of these parameters in this alloy series [33]. Both Epit and Erep for the parent alloy were in

between the respective values for the single-phases. The parent alloy values more closely resembled

those of the matrix phase, likely resulting from its higher matrix volume fraction.

Figure 5: Potentiodynamic polarization of CCAs in 0.01 M NaCl (pH ~5.75) following cathodic pre-
treatment (600 s, -1.3 Vsce). Dashed lines indicate stability ranges for the oxides of passive species
formed on their pure constituent elements at a pH of 5.75 predicted by Hydra Medusa software.

Table lll: Selected corrosion parameters for potentiodynamic polarization in 0.01 M NaCl (pH ~5.75)
shown in Fig. 5. Each term includes the mean value bounded by a one standard deviation range.

1.0

O

o
o
T

Potential (Vscg)
&
%]

|
=
o

—— Parent Alloy
—— Matrix
—— Second Phase

_1.5 L
TiOz
L T
-2.0 A'|203
Al |
1078 107

1074 1073 1072

Current Density (A.cm~2)

AIIOV Ecorr (VSCE) IEpit (VSCE) E.-ep (Vscs) ipass (uA.cm'z)
Parent Alloy -0.921 +/-0.019 | 0.615+/-0.078 | 0.004 +/-0.131 2.17 +/-0.56
Matrix -0.936 +/-0.036 | 0.726+/-0.117 | -0.041 +/- 0.068 2.59+/-1.07
Second Phase -0.884 +/- 0.007 0.28 +/- 0.056 -0.255 +/- 0.043 2.28 +/-0.23
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Figure 6: BSE micrograph of parent alloy with pits at FCC-L2; interface following polarization shown in
Figure 4. This figure was reproduced in part from [21].

The corrosion behavior was also evaluated in 0.1 M H,SO4 to characterize passivity in the absence
of localized corrosion-inducing CI" ions. E-log(i) plots are shown below in Figure 7 with tabulated
parameters listed in Table IV. Ecorr is lower for the L2; single-phase CCA than for the matrix or dual-phase
CCAs. ipass for the parent alloy is lower than both constituent phases, however similar values for both ipass
and the critical current density suggest similar rates of passive film formation and passive film strength
between the three CCAs, as in the case of polarization in NaCl. icit, which has historically been used to
evaluate the rates of passive film formation, shows no statistically significant differences between the

CCAs.
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Figure 7: Potentiodynamic polarization of CCAs in 0.1 M H,SO4 (pH ~1) following cathodic pre-treatment.

Table IV: Selected corrosion parameters for potentiodynamic polarization in 0.1 M H,SO4 (pH ~1) shown
in Fig. S.2. Each term includes the mean value bounded by a one standard deviation range.

Alloy Ecorr (Vsce) icrit (LA.€mM2) | ipass (MA.cm?)
Parent Alloy -0.32+/-0.006 | 29.9+/-7.1 6.3+/-0.9
Matrix -0.334 +/- 0.007 34 +/-2 22.1+/-6.8
Second Phase | -0.365 +/-0.023 | 37.9+/-3.5 14.1+/-2

3.3 Corrosion Behavior of Alloys with Native Oxides
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Experiments were also conducted with the air formed oxide without the reduction step. The air-
formed solution-exposed passive film was first characterized with EIS after 1800 s exposure at the film
OCP in 0.01 M NaCl solution. EIS spectra of selected representative runs for each alloy are shown in Figure
8. Table V shows parameters for the fit of each spectra the equivalent circuit model shown in Figure 8c
and described above. Rs and Rer are attributable to the resistances attributable to the solution and passive
film, respectively. The CPE is used to identify the magnitude and ideality of the capacitive behavior of the
film while the Warburg component represents mass-transport-limited processes, mainly diffusion and/or
migration through the passive film. All fits suggest near-ideal capacitive behavior with the a above 0.8
suggesting excellent passive films in both the single-phase and parent alloys. While the parent alloy Rer is
slightly lower than both phase subcomponents, the low-frequency impedance modulus data shown in
Table VI, a commonly used surrogate for the polarization resistance, shows that all phases possess good
passivity and that differences between the CCAs are within the range of statistical scatter. Therefore,
neither constituent phase is indicated to have an inferior passive film, nor can the parent alloy with

interphase boundaries be shown to be superior to or inferior to either constituent phase.
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Figure 8: a) Bode and b) Nyquist plots of solution-exposed air-formed passive films of CCAs in 0.01 M
NaCl (pH ~5.75) fit to equivalent circuit model shown in c).
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Table V: EIS fit parameters for the spectra shown in Fig. 6. Each term is defined by the Randles circuit
shown in Fig. 6c.

AIon RCT (kQ Rs (Q OlcpE YCPE Yw Bw (SO.S)
cm?) cm?) (uS.s® (uS.s%5
.cm?) .cm?)
Parent Alloy 158 81.3 0.802 66.9 689.4 40.3
Matrix 313 371.2 0.807 47.7 86.3 38.1
Second Phase 253 208.5 0.885 33.6 233.9 46.0

Table VI: Impedance modulus at 1 mHz for CCAs obtained during EIS of the air-formed oxide at OCP.
Each value represents the sample mean and includes a one standard deviation bound.

Parent Alloy Matrix Second Phase
449 +/- 558 612 +/- 342 410 +/- 400

The CCAs with air-formed oxides were also characterized via polarization beginning slightly below
the OCP of the films, bypassing any cathodic pre-treatment to not reduce the film. E-log(i) plots are shown
in Figure 9 with key parameters identified in Table VII. The parent and matrix phase alloys had similar Ecorr
values, while E.or for the L2; CCA was slightly more negative. Pitting was the dominant breakdown
mechanism, with metastable pits that repassivate prior to Eyi: also indicated for the parent and FCC alloys.
However, repassivation of metastable pits was less prominent for L2; single-phase CCA. The L2; CCA also
showed a less positive Epit, implying inferior resistance to film breakdown. Egi: for the parent alloy was in

between that of the two single-phase CCAs.
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Figure 9: Potentiodynamic polarization of CCAs with air-formed oxides 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 at a pH of 5.75 predicted by Hydra Medusa software.
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Table VII: Selected corrosion parameters for potentiodynamic polarization in 0.01 M NaCl (pH ~5.75)
shown in Fig. 7. Each term includes the mean value bounded by a one standard deviation range.
Consistent stable pitting was not observed in single-phase FCC CCA with breakdown potentials often
exceeding the 0.8 Vsce maximum applied potential.

Alloy Ecorr (Vsce) Epit (Vsce)
Parent Alloy -0.16 +/- 0.084 0.466 +/-0.154
Matrix -0.203 +/- 0.049 >0.800
Second Phase -0.300 +/-0.098 | 0.303 +/-0.174

3.4 Potentiostatic Oxide Growth and Characterization

The passive film growth kinetics during exposure to a -0.25 Vsce potential, within the passive range
of all three evaluated alloys, on a cathodically pre-treated (600 s, -1.3 Vsce) surface for each alloy are
shown in Figure 10. Current density magnitudes for each alloy decrease with time after step potentiostatic
hold, while the magnitude of the imaginary component of impedance (Z”), which has been previously
shown to be directly proportional to film thickness [63, 64], increases with time. For all three alloys, the
current density switches from positive to negative between ~2000 and ~10000 s, indicating a change from
anodic- to cathodic-dominated kinetics. Prior to the transition, all three alloys show similar film growth
kinetics, consistent with similar current density measurements. The anodic current densities of the single-
phase L2; CCA are the lowest, whereas they are the highest for the parent alloy. Sharp spikes the current
density measurements for the single-phase L2; CCA may indicate metastable film breakdown and
repassivation. Z” increases with time for all alloys, indicating and stable film growth. Changes in growth
rate, such as those most visible in the step-like behavior of the single-phase L2; CCA, may indicate different

metals and/or passive film layers form at different times.
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Figure 10: a) Current density and b) in-situ Imaginary component of impedance (5 Hz) of CCAs during
potentiostatic passive film growth at -0.25 Vsce in 0.01 M NaCl (pH ~ 5.75) following cathodic pre-
treatment (600 s, -1.3 Vsce). To minimize scatter in the data, a five point moving average is presented.

The film grown within the passive range was also characterized via EIS as shown in Figure 11.
Selected representative spectra were fit to the previously described equivalent circuit model with the
parameters listed in Table VIII. Similar to the case of the air-formed oxides, high a values suggest ideal
capacitive behavior for all three alloys. The L2; CCA shows different time constant behavior, with the
maximum phase angle magnitude obtained at a higher frequency than the other two CCAs. This may
contribute to the higher Z” values during film growth and a higher impedance modulus at 5 Hz, which is
shown by the phase angle plot to be firmly within the capacitive range, despite the comparatively lower
Rer of the single-phase L2; CCA. Low-frequency impedance data tabulated in Table IX confirms passivity
of all three alloys. As in the case of the air-formed oxide, the FCC CCA has the highest mean impedance
modulus, although not at a statistically significant level. This suggest both CCAs, and therefore both
regions over the parent alloy, form a stable protective oxide film. Furthermore, no statistically significant
differences in behavior are suggested between procedures for any of the CCAs, suggesting that the air-
formed and solution-formed passive films may provide similar levels of protectiveness. Therefore, there

is no strong evidence for the passivity of either phase being comparatively weaker.
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Figure 11: a) Bode and b) Nyquist plots of passive films of CCAs formed following potentiostatic
exposure (-0.25 Vscg, 40 ks) in 0.01 M NacCl (pH ~5.75) fit to equivalent circuit model shown in c).

Table VIII: EIS fit parameters for the spectra shown in Fig. 9. Each term is defined by the Randles circuit
shown in Fig. 6c.

Alloy Rer (kQ. Rs (Q. OlcpE Ycre Yw Bw (s%%)
cm?) cm?) (uS.s* (uS.s%5
.cm?) .cm?)
Parent Alloy 270 277.3 0.861 117.4 43.1 37.9
Matrix 561 462.7 0.798 555 91.3 88.1
Second Phase 169 201.4 0.922 35.8 272.5 18.8

Table IX: Impedance modulus at 1 mHz for CCAs obtained during EIS of the air-formed oxide at OCP and
of the solution-formed oxide following potentiostatic oxide growth (-0.25 Vscg, 40 ks). Each value
represents the sample mean and includes a one standard deviation bound.

Parent Alloy Matrix Second Phase
452 +/-284 597 +/- 416 464 +/- 241

3.5 Galvanic Interaction of Constituent Phases

Possible galvanic interaction was evaluated utilizing ZRA. The galvanic couple potentials and net
current measurements at the conclusion of a 40 ks coupling of the constituent phase alloys with air formed
oxides are shown in Table X. The current densities of the coupled system following 40 ks exposure reached
average values below 50 nA.cm™ for both area ratios with maximum values generally below 750 nA.cm™
during the exposure. Such magnitudes are well below those of iyass for the parent alloy obtained during
polarization (Table Ill). Following extended immersion, the current is generally negative for both area
ratios, indicating the FCC matrix (working electrode) may be slightly cathodic or more passive to that of
the L2, passive film (counter electrode). A cathodic FCC phase would suggest the galvanic couple potential
following oxide exposure aging would be slightly above the OCP of the FCC phase. These results indicate

negligible galvanic coupling of consequence. Furthermore, the galvanic couple potential is below Egi
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observed during potentiodynamic polarization of the air-formed oxides for both alloys, suggesting there
is insufficient driving force for galvanic coupling-induced pitting for either phase. The coupled potential
may also be compared to the OCP measurements following 40 ks solution exposure for the parent alloy
shown in Table XI. Both area ratios displayed galvanic couple potentials within the statistical scatter of the
final OCP measurement, possibly indicating the OCP of the parent alloy is representative of the coupling

of its constituent phases.

Figure 12 shows an example plot of coupled potential and current density observed during ZRA.
For the equal area ratio, the current density shows a transition from negative (preferential dissolution of
the FCC CCA) to positive (preferential dissolution of the L2; CCA). Such changes in current sign occurred
across multiple trials, but often occurred at different times. The decreased current magnitudes of the 10:1
area ratio, which was selected to represent the larger area fraction of the FCC phase in the parent alloy,
are not statistically significant across multiple trials despite decreased exposed interface area for the L2;
CCA. Across all trials for both area ratios, the coupled potential generally remains within 100 mV of -0.192
Vsce, the open circuit potential of the parent alloy following 40 ks immersion of the air-formed oxide (Table
XI). Changes in the coupled potential as well as the current suggest changing nature of one or both of the
passive films during immersion. Although potential generally rises for the first 100 s of galvanic coupling
for both area ratios, the time at which potentials begin to decrease and/or increase again are inconsistent

between trials.

Table X: Coupled potential and current measurements of single-phase FCC (working electrode) and L2,
(counter electrode) CCAs with air-formed oxides following 40 ks exposure in 0.01 M NaCl (pH ~ 5.75).
Each term includes the mean value bounded by a one standard deviation range. Current densities are

normalized to the working electrode area (0.784 cm?).

Area Ratio Potential (Vsce) | Current (nA.cm?)
Equal Areas -0.217 +/- 0.052 -22.6+/-77.4
Larger FCC Matrix (10:1) -0.187 +/-0.014 -34.9 +/-10.8

Table XI: Open circuit potentials of CCAs following 40 ks exposure of the air-formed passive film in 0.01
M NaCl (pH ~ 5.75). Each term includes the mean value bounded by a one standard deviation range.

Alloy OCP (Vsce)

Parent Alloy -0.192 +/- 0.085
Matrix -0.099 +/- 0.003
Second Phase -0.131 +/-0.029
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Figure 12: a) Potential and b) current density of galvanic couple formed between FCC and L2; single-
phase CCAs with air-formed oxides in 0.01 M NacCl (pH ~ 5.75). Current densities are normalized to the
working electrode area (0.784 cm?)

3.6 Oxide Film Chemistry, Oxidation State, and Homogeneity

The passive film is suggested by XPS to contain passivated species for many constituent elements,
aided by the stability of multiple passive species including Al(lIl), Cr(lll), and Ti(IV) oxides at the -0.25 Vsce
potential in the ~5.75 pH environment for which the passive film was grown [65]. Figure 13 shows the
deconvolutions of high resolution spectra collected over Al 2p, Cr 2ps/2, Fe 2p1/2, Ni 2pss2, and Ti 2psj, core
spectra into for both single-phase CCAs compared to previously obtained [12] measurements of the
parent alloy. Detected surface cation fractions are reported in Table XIl. The XPS spot size (100 um) was
significantly larger than the L2, regions in the parent alloy (3-5 um) ensures the XPS spectra for the alloy
cover a representative region of the microstructure and are not disproportionately characteristic of either
phase. All films have high concentrations of Ti that were suggested to take the form of Ti(IV) oxide. The
single-phase FCC passive film is dominated by Cr(lll) signal attributable to oxide, hydroxide, and Fe-Cr
spinel presence while also being enriched in Ti(IV) relative to bulk composition. The Al 2p spectra was not
fit due to high noise levels with the surface cation fraction of oxidized species treated as negligible. The
film formed over the L2, phase is enriched in Al(lll), Cr(lll), Mo(VIl), and Ti(lV) relative to the bulk
composition with higher Al(Ill) and Ti(IV) surface cation fractions and lower Cr(lll) surface cation fractions
than the film over the matrix phase. The decreased presence of Cr in the L2, film follows the decreased
Cr composition in the bulk L2, phase. Contrastingly, the high Al(lll) and Ni(ll) signal in the L2; film,
attributable to Al(l11) oxide and Ni(ll) oxide, hydroxide, and possibly Ni-Cr spinel, respectively, is likely aided

by the higher concentrations of Al and Ni in the bulk L2; phase. Fe, Mn and Mo are present at low
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concentrations over both phases at similar magnitudes, and cannot be established as more enriched over
either phase. The dual-phase CCA has both higher Ti(IV) surface cation fractions than the matrix CCA and
higher Cr(lll) surface cation fractions than the L2; CCA, possibly indicating enrichment of each element
attributable to the higher bulk concentrations in each phase. Although Cr was indexed to low intensity of
spinel in both samples, the companion metal was suggested by the Cr 2ps/, spectra to change from Fe in
films of the parent and FCC alloys to Ni in the L2; film?>. Notably, XPS deconvolution does not provide any
structural information; thus, spinel deconvolutions may merely be indicative of disordered solid solution
oxide nearest-neighbor interactions as opposed to long-range ordered complex oxides [14]. Further
structural characterization that would be necessary to confirm long-range ordering would require further
high-intensity, hard X-ray techniques [66-68].

Table XII: Surface cation fractions obtained following potentiostatic oxide growth (-0.25 Vscg, 40 ks, 0.01

M NaCl) via XPS of the dual-phase and single-phase CCAs. Bolded terms are considered enriched relative
to the bulk compositions of the respective CCA shown in Table I.

Cation Parent Alloy Matrix Second Phase
Al (111) 16.9% 0.0% 24.1%
Cr (1) 15.5% 59.1% 7.5%
Fe (11/111) 9.8% 2.5% 5.3%
Mn (I1) 0.1% 0.2% 0.0%
Mo (VI) 1.9% 2.4% 0.8%
Ni (I1) 1.0% 4.2% 9.2%
Ti (IV) 54.9% 31.6% 53.1%

Figure 14b shows AES maps characterizing the local chemical composition of the passive film
formed. Distinct regions of increased Al, Ti, and Ni signal are present over the L2; phase as indicated by
the secondary electron SEM micrograph. Fe and Cr are more prominent in the passive film formed over
the matrix where higher bulk concentrations were present, while no conclusions were obtained regarding
Mn and Mo, the two elements with the lowest compositions in the bulk alloy. Similar enrichment is
present in the AES line scan (Figure 14c) with Al, Ti, and Ni enriched over the L2, phase, Fe, Cr, and Mn

enriched over the FCC phase, and little Mo signal observed.

25 High levels of scatter within the Fe 2p1/, spectra makes identification of spinel species difficult, particularly in the
case of the film formed over the L21 phase. Thus, proposed species are mainly suggested on the basis of the Cr
2p3/2 series. Thus, despite uncertainty in fitting the Fe 2p1/2 spectra, the replacement of FeCr.04 with NiCr204 is
well supported by fitting of the Cr 2ps/2 and Ni 2ps/2 spectra.
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Figure 13: Selected high-resolution XPS spectra following 40 ks potentiostatic passive film growth at -
0.25 Vsce in 0.01 M NaCl (pH ~ 5.75). Intensities are scaled to maximum counts for each spectra as
guantitative values may vary due to external factors such as surface contamination.
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Figure 14: Auger electron spectroscopy a) schematic of spot size and penetration depth in comparison
to XPS and microstructural morphology, b) elemental mapping and c) linescans of the dual-phase parent
alloy following potentiostatic oxide grown (-0.25 Vscg, 40 ks, 0.01 M Nacl).

Local passive film compositions taken over each phase are shown in Table XIIl. Although both the
XPS and AES point scan data indicate the film formed over the L2; phase has more Al, Ni, and Ti than that
which is formed over the FCC phase, quantitative cation fractions severely differ. This may be attributable
to the XPS-obtained cation fractions only presenting signals attributed to oxidized features (e.g., oxides,
hydroxides, and spinels). AES point scans signal were obtained from within the photoelectron escape
depth of approximately 10 nm. However, AES did not have the necessary resolution for deconvolution
and thus surface cation fractions include both metallic and oxidized features. For example, the surface
cation fraction for Ni is higher over both phases when measured by AES than by XPS, but this may be
inflated by the high intensity of the Ni metal peak indicated by the XPS deconvolutions. Alternatively, for
elements where the majority of escaped photoelectrons observed by XPS may be fit to oxidized features

such as Cr and Ti, the majority of AES signal is likely attributable to passivated features.

Table XllI: Surface cation fractions obtained following potentiostatic oxide growth (-0.25 Vsce, 40 ks, 0.01
M NaCl) via AES point scans over individual phases within the dual-phase CCA. Each term includes the
mean value bounded by a one standard deviation range. Bolded terms are considered enriched relative
to the bulk compositions of the respective CCA shown in Table I. Ni cation fractions are suggested to be
inflated by signal attributable to metallic species enrichment near the metal-oxide interface.

Element | Matrix Second Phase

Al 10.8 +/- 1.5% 26.1 +/- 1.6%
Cr 14.7 +/- 1.1% 3.1 +/- 0.8%
Fe 26.1 +/- 0.7% 6.1 +/- 0.8%
Mn - -

Mo 3.0 +/- 0.8% 2.0 +/- 0.4%
Ni 37.2 +/- 1% 46.8 +/- 2.1%
Ti 8.2 +/- 0.7% 15.9 +/- 0.8%

The passive film chemistry was also evaluated with the HAADF-STEM image and STEM-EDS

mapping shown in Figure 15. High-angle annular dark-field (HAADF) imaging reveals an oxide layer with a
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thickness of 2-3 nm. Both the HAADF image and the O EDS map indicate the film thickness is fairly
consistent across the FCC-L2; interface. EDS mapping shows the differing phase chemistries in both bulk
microstructures. Fe and Ni show high signals in the FCC and L2; phases respectively and in the passive
films grown above each phase, where a Cr-dominated passive film over the FCC phase is suggested in
contrast with a Ti- and Al-dominated film formed over the L2; phase. Differences in compositional
homogeneity of the passive film are confirmed by the line profile in the horizontal direction. The
concentration of Al and Ti decreased when crossing the FCC-L2; interface while the concentration of Fe
and Cr were higherin the film grown over the FCC phase. The changes in passive film composition occurred

over a 5-10 nm lateral distance before leveling out. O concentrations were similar across both phases.

Line profiles in the perpendicular direction, from each bulk microstructure phase to the platinum
deposition, illustrate the enriched elements in the passive film relative to the bulk microstructure. In the
film grown over the L2, phase, Al and Ti concentrations were higher in the oxide region of the profile than
in the metal region, signifying enrichment. Increasing Cr and Fe signal was also observed with the highest
signal observed nearest the oxide/platinum interface, suggesting outer-layer enrichment, whereas inner-
layer enrichment was suggested for Al and Ti. Ni was also shown to be present in the passive film, although
at concentrations steadily decreasing with distance from the metal/oxide interface. The Ni concentration
in the FCC region of the metal sharply increased near the interface but before a strong O signal was
present, demonstrating enrichment in the metal near the oxide interface. In both line profiles, limited Pt
signal in the outer regions of the passive film was observed but is not expected to affect comparisons

between constituent element cation fractions.
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Figure 15: a) Schematic of FIB lift-out, STEM micrograph, and STEM-EDS line integrations relative to
passive film and microstructural morphology. b) HAADF-STEM micrograph and STEM EDS mapping of
phase interface of the dual-phase parent alloy following potentiostatic oxide grown (-0.25 Vscg, 40 ks,
0.01 M NaCl). Quantitative line integrations are shown for the metal-oxide interfaces over the c) L2,

second phase, d) FCC matrix phase, and e) the lateral line integration across the phase interface of the
passive film.

4.0 Discussion
4.1 Thermodynamics and Kinetics Governing Passive Film Composition

Independent passive films are formed over each phase. The composition of the passive film tracks

with the bulk microstructure composition over which the film was grown, as summarized in Table XIV,
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which follows trends previously established models for passive film chemistry from bulk composition [61].
For example, the passive film formed over the FCC phase is suggested to have higher surface cation
fractions of Cr, Fe and Mo, while the film formed over the L2, phase has higher surface cation fractions of
Ni, Al, and Ti (Figures 14c, 15e, Tables XII, XllI). Passive films form quickly in solution. Z”, and therefore
film thickness, rises rapidly for the first 100 s before reaching near-steady state values after 10 ks (Figure
10). The distinct phases within the passive film along with rapid film formation suggest surface diffusion
is minor compared to cation flux perpendicular to passive film.
Table XIV: Summary of highest element in the measured composition for each single-phase CCA

compared to passive film cation fractions identified via XPS following potentiostatic oxide growth (-0.25
Vsce, 40 ks) in 0.01 M NaCl (pH~5.75).

Phase Matrix Second Phase
Bulk Alloy Dominant Fe, Ni, Cr Ni, Al, Ti
Elements (Table 1)
Passive Film Dominant | Cr(lll), Ti(IV), Ti(IV), Al(I),
Elements (Table XII) Fe(ll) Ni(11)

Phase composition may also be compared to traditionally established metrics for desirable
passive film formation in aqueous corrosion in chloride containing environments. The matrix phase bulk
Cr concentration of 10% is near the ~12 at. % limit traditionally suggested to be a minimum required for
the formation of a stable Cr-dominated passive film in Fe-Cr [69] and Ni-Cr [70] alloys. This is noteworthy
particularly given reports suggesting possible stabilization of Cr passive species at subcritical bulk Cr
concentrations in Al- and/or Ti-containing CCAs [12, 71]. Alternatively, the bulk Cr concentration is much
lower in the L2; phase (Table 1) but the phase has over three times the bulk Ti concentration as the FCC
matrix. Thus, the matrix bulk composition contributes to significantly higher Cr surface cation fractions in
the film formed over the matrix phase (Figures 14c, 15e, Tables XII, XIll). Alternatively, the ~15 at. % limit
necessary for formation of a stable Al-dominated passive film is exceeded for the L2; phase, but not for

the matrix, contributing to the comparatively higher Al surface cation fractions over the L2; phase [72].

Passive film chemistry is influenced by the thermodynamic stability of oxides for each constituent
species. Cr and Ti were present in the passive films of all three alloys at higher concentrations than those
of each alloy’s respective bulk composition, with high levels of Al also present in the dual-phase and L2,
CCAs (Table Xll). High levels of noise in the FCC CCA limit accurate assessment of Al concentration in the
passive film, and therefore of enrichment. The stability of the passivated species is likely aided by
favorable formation energies of the Al, Cr, and Ti oxide species listed in Table XV relative to other

stoichiometric oxides. Similar trends are observed in the surface cation fractions obtained via AES (Table
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XIl), although such values may be influenced by signal coming from unoxidized species in the bulk
microstructure. Extended exposure or aging during the 40 ks film growth procedure may further promote
increasing surface cation fractions of more thermodynamically favorable passive species. Gradual
enrichment of the prevalent oxides may occur through preferential chemical dissolution of less stable
oxides to form metal chlorides [73, 74]. Furthermore, favorable enthalpies of mixing or other beneficial
interactions may contribute to Al, Cr, and Ti stability within the film [12]. Beneficial interactions with Cr
and/or Al may influence the high surface cation fractions of Ti within the passive film of the matrix and
parent alloy, despite comparatively lower bulk concentrations (Tables I, XII, XIl1). Al, Cr, and Ti presence in
the passive film is further supported by the predicted stability of their passive species from E-pH diagrams
of their respective pure metals, while Fe, Mn, Mo, and Ni are predicted to exists in a dissolve state at -
0.25 Vsce in pH 5.75 conditions [65]. For all elements, the applied potential was well above the standard
reduction potentials, indicating a sufficient driving force for passivation and/or dissolution was present.
While E-pH diagrams of pure metals inform the effect of environment on passivity, stability may also be
affected by interactions with other metals in the alloy, either through thermodynamic or kinetic
considerations [16]. For example, despite pure Fe and Ni being suggested to dissolve, the stability of Fe
and Ni in the passive film may be improved through the formation of spinel species. NiCr,04 that is
suggested to form over the L2; phase (Figure 13) has a comparable free energy of formation to pure Cr,0s;
on both a per-atom and per-anion level (Table XV). FeCr,0., which has a less negative free energy of
formation than NiCr,0, is instead suggested to form over the Fe-enriched FCC phase. Therefore, while
free energy of formation may inform prominent chemical species in the passive film, the local composition
in bulk microstructure over which the film is formed also plays a prominent effect.

Table XV: Standard free energy of formation of proposed oxide species within CCA passive films.

Species AG” 298¢ Reference
(kJ.mol?)
Al,O3 -1690.7 [75]
Cr,03 -1050.0 [76]
Fe>03 -742.2 [75]
Mn203 -881.1 [75]
MoQOs; -668.0 [75]
NiO -210.54 [77]
TiO» -959.1 [75]
FeCr,04 -1339.40 [76]
NiCr,04 -1420.92 [78]

The composition of the film varies with depth over both phases. For example, the stability of Fe

species may be improved by enrichment in the outer layers, where the O activity is higher, as observed in
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the STEM-EDS line integrations (Figures 15c, 15d) and previous sputter depth profiling [12].
Comparatively, Cr, Al, and Ti have the highest intensities at similar depths near the metal/oxide interface,
The local enrichment of Ni in the bulk FCC phase near the metal/oxide interface may be influenced by the
epitaxial coherency with the FCC phase may favor early Ni oxidation [79-81] before dissolution of the
unstable species, leaving Ni enrichment in the metal that was not observed in the L2; phase [63, 82]. The
high intensity of Ni metal near the metal/oxide interface revealed by both STEM-EDS and XPS spectral
deconvolution (Figures 13, 15) indicates the AES point scans, which could not be deconvoluted to metal
and oxidized valences, likely include significant signal from Ni metal that accounts for the deviation

between XPS and AES obtained cation fractions (Tables XIlI, XII1).

4.2 Interfacial Contributions to Nature of the Passive Film

The transition between chemically distinct compositions in the passive film scale provides
evidence of a heterophase interface (HI) within a passive film formed over a CCA. Compositions for each
phase are suggested to be uniform beyond a transition region of less than 10 nm show no localized
depletion of passivating elements was indicated near either the FCC-L2; interface of the bulk
microstructure (Figure 1) or passive film phase interface (Figures 14c, 15e), limiting the risk of localized
corrosion at sites hypothetically depleted in passivating elements following solutionizing heat treatments.
The film thickness and limited resolution in the HAADF-STEM image (Figure 15b) prohibit characterization
of the orientation and nanostructure of the oxides and subsequently the structural aspects of the FCC-L2;
interface. Structural considerations may be of note given the miscibility of Fe(lll) and Al(lll) in corundum-
like structures that likely form over the Cr(lll)-enriched FCC film [14], whereas solubility, and therefore
possible synergistic behavior, may be comparatively less likely in Ti(IV) oxides, which are generally
suggested to be of rutile or amorphous structure with other suboxides possibly present in small amounts
[83-85]. It is unclear to what degree the crystallinity of Ti(IV) oxides may affect compatibility with the
corundume-like structures suggested to form over the FCC phases. Despite such limitations, the presence
of a defined HI suggests the applicability of the comparatively well-established study of polycrystalline
oxides [86] to explain electrochemical phenomena. For instance, oxygen vacancies, well established
charge carriers under the point defect model [87], have been shown to congregate near GBs in cerium
oxides and affect local electrical resistivity [88] in addition to their well-established effect on global film-
formation rates [89]. Local structural changes and increased oxygen vacancy concentration may further
alter the local valence of passivating cations such as Ti [90, 91], despite valence changes not being

observed in the global XPS measurements (Figure 13). Such effects may be enhanced by the multi-
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principal cation nature of films formed over CCAs. While the effects of Hls on localized corrosion,

specifically pit initiation, are unclear, the nature of the interface must be considered.
4.3 Relationship between Passivity and Localized Corrosion

Pitting is considerably more likely at phase interfaces and appears to propagate equally in all
directions (Figure 6). It is difficult to determine the connection between interfacial pitting and attributes
of the passive film given no significant depletion of passivating elements was observed at the interfaces
with either AES or STEM-EDS (Figures 14c, 15e). Despite being slightly anodic to the FCC phase, low current
density magnitude observed during galvanic coupling (Table X) and the equal growth of pits in each
direction of the interface (Figure 6) suggest that the L2; phase is not subject to preferential dissolution
from microgalvanic coupling. However, the consistently lower Eyi: and Eqp values for the L2; CCA may
imply inferior resistance to localized corrosion in the absence of galvanic coupling (Figures 5, 9, Tables lll,
VII). The lack of significant microgalvanic corrosion may have been aided by the similar open circuit
potentials following both 1800 s (Figure 9, Table VII) and 40 ks solution exposure (Table XI). Similar values
indicate a reduced driving force for microgalvanic corrosion. Additionally, passivation has been shown to
decrease the current of a galvanic couple [54], indicating the ability of both phases to independently

passivate may contribute to decreased influence of microgalvanic effects.

Individual phases are prone to preferential dissolution in dual-phase alloys when they are
depleted in passivating elements. Passivity of both phases is further justified by similar EIS results for both
the air-formed and solution-formed passive films, with neither phase having a lower low-frequency
impedance at a statistically significant level (Figures 8, 11, Tables V, VI, VIII, IX). In contrast, the Al-Ni rich
BCC phase is strongly depleted in Cr relative to the AlCoCrFeNi CCA, leading to pitting and eventual
preferential dissolution in chloride environments [23]. The partitioning of Cr and Ti to different phases
herein in the evaluated CCA ensures passivity over both phases, and limits preferential dissolution.
Additionally, unlike previously reports for duplex stainless steel [46, 50], the film is suggested to be of
similar thickness on both sides of the HI (Figure 12b), which could additionally contribute to similar levels

of passivity obtained over both phases.
4.4 Implications for Alloy Design

Simultaneous passivation observed over both phases verifies demonstrates that utilizing
combinations of multiple phases capable of independent passivation, such as the evaluated FCC-L2;

microstructure, may be utilized as a strategy for the design of multi-phase corrosion resistant CCAs.
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Therefore, high-throughput methods frequently utilized to narrow a broad CCA compositional space may
filter compositions to target the preset phases with both desirable structures and compositions that
possess the independent ability to passivate as a method to help promote corrosion resistance [92]. Phase
volume fraction in a multi-phase CCAs can be used as a tunable feature within the design process. For
example, predictive measurements of mechanical properties from changing area fractions of constituent
phases have also become well established within the CCA field [7, 21, 93]. However, the effect of changing
phase fraction on passive film chemistry and corrosion behavior must also be considered. The surface
cation fractions (Figure 13, Table Xll), and by extension the corrosion behavior (Figures 5, 9), obtained for
the parent alloy is generally contributed to by both constituent phases, but often not in a quantitative
manner characteristic of the single-phase CCAs weighted by area fractions. This signifies that the phases
may contribute both to passive film composition and corrosion behavior in a manner disproportionate to
area fraction, as in the case of duplex stainless steel [55]. The findings indicate that area fraction may not
be freely adjusted to tailor mechanical properties without regard to the effects on corrosion. Despite
utility in identifying qualitative trends, difficulties remain in predicting corrosion behavior as a function of
phase fraction with the relationship between changing second phase area fractions and overall corrosion

resistance providing opportunities for future study.

The morphology of Hls in the passive film is also likely to significantly alter corrosion behavior.
Grain size, and thus the morphology of GBs in the microstructure, has been shown to strongly affect the
corrosion behavior of CoCrFeMnNi [94], potentially through localized thinning of the passive film [95].
Although a lack of atomic level characterization limits the analysis of GBs in the oxide film, differing passive
film chemistries and polarization resistance indicate a changing oxide layer. Hls, with differing passive film
chemistry on either side of the boundary, initiate more significant cation segregation than single-phase
GBs; however, such segmentation may be limited by the high solubility of constituent elements aided by

the high entropy nature of the passive film [96].

Ensuring the passive film possesses adequate concentrations of passivating elements over both
phases is demonstrated as a viable strategy of the design of corrosion resistant CCAs [13]. While local
characterization of the passive film chemistry remains inefficient, the presence of Hls at similar locations
to microstructural phase interfaces (Figures 14b, 15b) ensures local passive film chemistry is affected by
the local in the bulk microstructure. Thus, microstructural analysis of and/or predictive tools for volume
fraction, location, and second phase regions may be useful as an initial predictive metric for dual-phase

CCA passivity over each phase, allowing for targeting of compositions with global corrosion resistance.
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5.0 Conclusions

The passivity and corrosion behavior of a dual-phase Alo3CrosFezMno2sMog1sNiisTios CCA was
characterized. Individual phases were isolated using both localized techniques on the dual-phase alloy and
global techniques on single-phase CCAs of representative compositions. The following conclusions were

drawn:

e The passive film over a dual-phase alloy consisted of two distinct oxides with similar thicknesses.
The primary passivators in the film formed over the FCC phase was Cr(lll) whilst they were Ti(IV)
and Al(Ill) in the film formed over the L2; phase. Both phases exhibited independent abilities
passivate and form protective oxides in response to external potential.

e The corrosion resistance of the dual-phase passive film was marked by corrosion attributes and
properties weighted to its two constituent phase passive films. Both phases are suggested to form
stable and potentially metastable passive films in NaCl at a neutral pH, with each single-phase
CCA exhibiting high impedance characteristic typical of passivated protective surfaces. Passive
attribute such as low passive current density and critical current density were present for each
single-phase and the dual-phase CCAs at similar magnitudes.

e The dual-phase CCA breakdown potential of was in between the breakdown potentials of the FCC
and L2; single-phase CCAs for both the air-formed and cathodically pre-treated surfaces. The
heterophase interface in the passive film was identified as a preferential pitting sites or weak link
in corrosion protectiveness compared to the oxides formed over each phase.

e Neither galvanic coupling nor dealloying corrosion was suggested to compromise the corrosion
behavior of the alloy. Similar corrosion potentials may indicate a low driving force for
microgalvanic coupling, potentially identifying a targetable attribute for corrosion resistance.
However, the exact relationships between alloy composition, phase partitioning, and corrosion

behavior require further evaluation.
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Chapter 7: Conclusions

1.0 Summary

This work evaluates the microstructure, passivity, and corrosion behavior of complex
concentrated alloys (CCAs) in the Al-Cr-Fe-Mn-Mo-Ni-Ti system. Benefits of CCA design arising from their
multi-principal element nature, including improved distribution of passivating elements, joining of
benefits from individual element additions, and the possibility of elemental synergies not observed in
conventional alloys, are utilized to target improved corrosion resistance, mainly in chloride containing
aqueous environments representing marine conditions. The effects of alloy composition and processing

on density, cost, and mechanical properties are also considered.

Corrosion resistance is often attributed to the formation of stable protective oxide films. Films are
often enriched in multiple elements relative to bulk composition, which is suggested to enhance passivity.
Changing alloy composition affects the composition, and therefore, passivity, of the passive film.
Furthermore, multi-phase microstructures are shown to have a multi-phase passive film form, with local
composition defined by local bulk microstructure composition, with interfaces often contributing as
preferential corrosion sites. For many elements, increasing concentrations may have effects on passivity
that run contrary to their effects on the microstructure, and by extension, overall alloy corrosion behavior.
Therefore, optimal compositions for corrosion resistance beyond simply maximizing or minimizing
concentrations of certain elements may be obtained. Such trade-offs are evaluated in individual chapters
in this work for four elements described further below. Finally, the nature of the multi-phase passive film

is evaluated, characterized, and related to the overall design of CCAs.

In Chapter 2, the effect of Al concentration is explored. CCAs with little to no Al concentration had
a single-phase microstructure, while higher Al concentrations led to the formation of L2, and L2,/BCC
containing microstructures. No consistent trends between metrics representing the ability of the CCA to
passivate were present with Al concentration. CCAs with increasing L2; area fraction and/or the presence
of a BCC phase were shown to have lower breakdown potentials with pitting frequently observed at the
phase interfaces. Decreased resistance to localized corrosion was attributed in part to the lower
composition of Ti in the L2; phase with increasing Al concentration. In addition to acting as a primary
passivator, Ti was suggested to potentially stabilize the presence of Al species in the passive film. Thus,

while Al is shown to be present in the passive film and could contribute to overall passivity in a beneficial



manner, there are limits to allowable compositions before adverse microstructural effects begin to harm

the resistance to localized corrosion.

The addition of and concentration optimization of Ti is explored in Chapter 3. In addition to Al,
the presence of Ti in Fe-based CCAs reduces alloy density while also adding a stable passivating agent.
However, as in the case of Al, excess Ti concentrations leads to the formation of undesirable second or
third phases. Passive films formed for a CCA series with varying Ti concentration were enriched in Ti
relative to bulk concentration. Ti concentration in the passive film did not always increase with bulk Ti
concentration. Increasing bulk Ti concentrations corresponded with improved passivity evidenced by both
potentiodynamic polarization and linear sweep voltammetry. Increasing Ti concentrations led to the
formation of an L2; phase and, at the two highest Ti concentrations evaluated, a third Cr- and Mo-enriched
phase suggested to be of Laves structure. The pitting and repassivation potentials were highest for the
CCAs with moderate concentrations containing an L2; phase in the microstructure, but no Laves. Improved
resistance to localized corrosion with increasing Ti concentrations was attributed to the formation of a
thermodynamically stable passive film whereas the decreasing resistance to localized corrosion at high Ti
concentrations was attributed to the formation of microstructural features such as phase interfaces that
could act as preferential pit initiation sites. As in the case of Al, there is suggested to be an optimal Ti
concentration for localized corrosion resistance. However, such a value is system specific and may be

further altered by the concentration of other constituent elements.

The effect of Mn on microstructural partitioning and overall corrosion resistance was evaluated
in Chapter 4. Unlike Al and Ti, Mn is a comparably less thermodynamically stable passivator and was not
enriched in the passive films formed on the evaluated CCAs. Additionally, in-situ dissolution rates tracked
during electrochemical testing suggests that for high-Mn CCAs, the breakdown behavior may be defined
by Mn dissolution. Both passivity and resistance were suggested to decrease with Mn additions at high
concentrations, however, the overall corrosion resistance increased with the addition of Mn at low
concentrations relative to the Mn-free alloy. The improvement in corrosion resistance was attributed to
decreased levels of partitioning for passivating elements, in particular Al and Ti, between phases. A more
homogenous distribution of passivating elements was theorized to help promote the co-existence and
possible synergies between the three elements, with the microstructural benefits of low Mn

concentrations outweighing the negligible contributions on multi-phase CCA passivity.

While Mo is well-established as aiding resistance to localized corrosion, increasing Mo

concentration increase the degree of Al and Ti partitioning in the evaluated dual-phase CCA series, having
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the opposite effect of Mn. Chapter 5 evaluated the proposed hypothesis that similar to increasing Mn
concentration, decreasing Mo concentrations could similarly improve corrosion resistance. A series of
CCAs with varying Mo concentration, all having an FCC + L2; microstructure, was evaluated for corrosion
resistance. Passivity was suggested to slightly improve with decreasing Mo concentration. However, the
resistance to localized corrosion was shown to detrimentally decrease in Mo-free CCAs, particular in acidic
environments. Thus, while decreasing Mo concentrations may improve the homogeneity of the
microstructure, they are generally not suggested to improve overall corrosion resistance. Thus, Mo
addition is suggested to be beneficial in the design of corrosion-resistant CCAs with the evaluated two-
phase microstructures. The effects of Mo concentration on maximum Al and/or Ti concentrations without

forming a detrimental third phase remain unexplored.

Chapters 2-5 established relationships between corrosion resistance, phase composition, and the
volume fraction of individual phases. However, the precise interplay between the bulk microstructure and
the nature of the passive film has not been previously established for CCAs. Chapter 6 evaluates the
variation in the composition of the passive film formed over different phases in the bulk microstructure.
Two single-phase CCAs with compositions and structures characteristic of the constituent phases of a
representative dual-phase CCA were synthesized. Both phases are suggested to independently passivate
by global electrochemical and surface characterization of the single-phase CCAs and by high-resolution
surface analysis of the dual-phase alloy. Two distinct phases were observed within the passive film. The
film thickness was suggested to be of similar over both bulk microstructural phases. Local passive film
composition was influenced by the bulk microstructure phases, with the passive film formed over the FCC
phase having higher Cr concentrations and the film formed over the L2; phase having higher Al and Ti
concentrations. The single phase CCAs displayed similar electrochemical behavior, with the exception of
the L2; phase having a significantly lower pitting potential. The corrosion behavior of the dual-phase CCA
was a mixture of the two constituent phases, with general corrosion resistance attributed to the ability of

both constituent phases to independently passivate.
2.0 Future Work

The findings provide a strong basis for the incorporation of lightweight elements in the design of
multi-phase CCAs. However, future work remains necessary to continue to build off the established
foundations and improve the overall design process. While repeating many of the methods and
procedures for new alloy systems remains a beneficial opportunity for future improvement, three

suggestions that are suggested to be beneficial across many alloy systems are identified below.
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Many of the evaluated passive film chemistries are suggested to have significant surface cation
fractions of Al, Cr, and Ti, indicating possible coexistence. The interplay between Ti and Al is of interest
given enrichment at similar depths (Chapter 2) as well as in similar areas of the passive film given their
frequent enrichment in the L2; phase (Chapter 6). The increasing Al surface cation fractions for the Fe-Cr-
Al-Ti and CCA series with varying Ti concentrations generally suggest that Ti may in some form stabilize
the presence of Al in the passive film (Chapter 3). However, future study is necessary to establish a

mechanism between the elements. Two possibilities have been proposed in this work.

First, the presence of Al in the passive film may be supported by thermodynamic factors reliant
on interaction with Ti. Possibilities include both the formation of a disordered, solid-solution passive films
between Al,O3 and Ti,O3 or TiO; as well as a long-range ordered complex oxide such as TiAl,Os. The
presence of TiAl,Os could be confirmed via diffraction methods such as glancing incident X-ray diffraction
or transmission electron microscopy selected area diffraction, but experimental determination would be
hindered by the thin nature of the passive film. Alternatively, computational thermodynamic modeling
could predict the nature of the passive film, as has been done for previous CCAs. Such modeling could
compare whether Al is predicted to dissolve in the absence or presence of Ti. Al that is predicted to not
dissolve in the presence of Ti under conditions of dissolution, particularly if a complex oxide or a solid
solution mixed-oxide is predicted to be stabilized by high magnitudes of the enthalpy of formation or
mixing, respectively, would support proposed thermodynamic induced stability of Al species in the

presence of Ti.

Alternatively, presence of Al where thermodynamic stability is not predicted may also be
stabilized by kinetic factors. Mainly, a Ti-rich layer in the passive film may provide a protective layer,
allowing for the presence of a metastable Al-enriched oxide layer. The possibility is further enhanced by
the Al often enriching at depths slightly closer to the metal-oxide interface than Ti (Chapter 2). While
atomic emission spectroelectrochemisty was used to track the time dependence of elemental dissolution
rates (Chapter 4, Chapter 5), the dissolution rates of Ti-free alloys were not tracked, nor were dissolution
rates of alloys in the absence of other passivators such as Cr. If metastable Al species are protected by Ti,
it is expected that Al dissolution would be observed at early times in the presence of an applied potential,
with decreasing dissolution rates as the electron current density decreases due to the formation of a Ti-
rich passive film. The presence of Al and Ti passive species could be verified with X-ray photoelectron
spectroscopy. Alternatively, continued Al dissolution would be expected in a Ti-free alloy with little to no

Al passive species present due to the lack of a protective Ti-film.
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Additionally, the concentration of elements selected for refinement of microstructural
partitioning provide opportunities for future work. It has been shown that Mn (Chapter 4) and Mo
(Chapter 5) concentrations alter the composition of passivating elements, particularly Al and Ti. The
optimal Mn concentration of approximately 5 at. % was used to define compositions in CCA series that
vary both Al (Chapter 2) and Ti (Chapter 3) concentrations, whereas Mo content was preserved to reduce
the adverse effects of pitting (Chapter 5). However, given that compositional partitioning often informs
the corrosion behavior of the CCAs, it is likely that Mn and Mo concentrations may alter the optimal Al
and Ti concentrations. It is proposed that a similar CCA series with increased Mn concentrations would
have higher optimal Al and Ti concentrations, and potentially improved corrosion resistance, although the
degree of Mn on Al and Ti partitioning is less certain at Mn concentrations beyond 5 at. % (Chapter 4). In
a similar manner, the optimal Al and Ti concentrations are predicted to decrease at higher Mo
concentrations, particularly given the adverse corrosion effects of the formation of Mo-rich third phases
at high Al or Ti concentrations (Chapters 2, 3). Evaluation of the optimal Al and/or Ti concentrations in
CCA series with higher Mn or lower Mo concentrations could further verify effects of microstructural
partitioning proposed in this work. First, the systems could be modeled with computational techniques
such as the ThermoCalc or Machine Learning methods discussed in Chapter 1 to determine the degree to
which Mn or Mo concentration may be altered to maximize the Al and/or Ti concentrations without the
formation of a third phase. Computational work would also inform a series of CCAs that could be
experimentally characterized for both microstructure and corrosion resistance. Notably, increased Mn
concentrations and decreased Mo concentrations would be suggested to decrease overall corrosion
resistance given the effects of Mn on dissolution rates (Chapter 4) and of Mo on pitting (Chapter 5).
However, given the additional benefits of Ti on alloy density and of Al on both alloy cost and density,

possibilities of increasing the concentrations of such elements provide merit for future study.

Finally, the effects of volume fraction of phases on the overall corrosion behavior independent of
effects on individual phase composition remains an opportunity for future work. The passive film
chemistry and lateral morphology is defined by the microstructure (Chapter 6). Therefore, a
microstructure with an increasing phase fraction of a second phase can be reasonably expected to
increase the volume fraction of the passive film phase that forms over such a given phase. Many studies,
including this work, have evaluated the corrosion behavior of alloy series with varying phase fractions.
However, the composition of individual phases in each alloy often changes, leading to changes in the
composition of the phases in the passive film. To maintain composition of individual phases in the passive

film, evaluation of the effect of phase volume fraction, and therefore length of heterophase interfaces,
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with fixed phase compositions is proposed. A CCA series has been synthesized with compositions
determined as the weighted average of two single-phase CCA compositions with FCC and L2; structure.
The single-phase compositions were developed from those utilized in Chapter 6, but with Mn and Mo
removed to simplify the alloy space and avoid undesirable third phase formation. Compositions were
weighed proportionally to a series of targeted volume fraction (0%, 5%, 20%, 50%, 80%, 95%, 100%) for
the L2; phase fraction. Following homogenization, the composition of each phase in each alloy was
evaluated, finding the composition of each element to generally be within 1 at. % of the targeted phase

composition from the single-phase alloys.

Each CCA will be potentiodynamically polarized. It is proposed that the dual-phase CCAs will
exhibit composite behavior, with corrosion properties being between the two single-phase CCAs. While
some properties, such as passive current density, are expected to be directly proportional to phase
volume fraction, particularly in the case of multiple phases who have differing abilities to passivate, others
may differ from direct proportionality. For example, given the tendency of pitting to occur at phase
interfaces (Chapter 6), it is unlikely that changes pitting potential will be directly proportional to the phase
volume fraction. It is desired that such work would provide an overview of the effect of phase volume
fraction on corrosion behavior in the absence of phase compositional changes. Phase volume fraction and
morphology could be utilized as an input to corrosion predictive metrics as they frequently are for
mechanical properties, allowing for improved evaluation of corrosion-mechanical trade-offs.
Furthermore, compositions and volume fractions within the microstructure, which may be readily
predictable by computational techniques such as CALPHAD. Thermomechanical processing could also be
integrated to evaluate the effect of phase morphology at constant phase compositions and total volume
fractions. Further incorporation of microstructural aspects into corrosion predictive metrics without
synthesis and experimental evaluation could greatly improve the design efficiency and accelerate the

development of the CCA field.
3.0 Conclusions

This work provides broad implications for the design of multi-phase corrosion-resistant CCAs.
While the work in this study was generally limited to the Al-Cr-Fe-Mn-Mo-Ni-Ti system. It is desired that
the findings may be applied to additional CCA systems in efforts to streamline and allow for effective

integration of corrosion resistance into the design process. The following conclusions may be addressed:
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CCAs which contain multiple elements that are predicted to form thermodynamically stable
oxides may passivate through the formation of a passive film containing multiple passivating
elements. Thermodynamic stability of oxide species may be initially predicted through
combinations of E-pH diagrams, Gibb’s free energy of formation values, and previous
experimental characterization of similar alloys. Possible synergies between passivating elements
in the oxide film remain opportunities for future study both within and beyond the Al-Cr-Fe-Mn-
Mo-Ni-Ti system.

The microstructure of a CCA plays a prominent role in its corrosion resistance. The formation of
undesirable phases often harms resistance to localized corrosion, regardless of the global
concentration of passivating elements. Interfaces created between multiple phases are frequently
shown to be preferential initiation sites for localized corrosion in chloride environments.

Passive films formed over multi-phase material similarly consist of multiple phases with
morphology defined by bulk microstructure. The local composition of the passive film, and
therefore its passivity, is affected by the local composition of the bulk microstructure over which
it is formed. Thus, high-throughput predictive models of alloy microstructure may be used to
inform possible effects of compositional changes on corrosion behavior limiting the need for
experimental characterization.

Many elements in multi-phase CCAs have unexpected effects that may run contrary to their
established roles in single-phase and/or simplified alloy systems. Evaluation of the effects of

individual elements will be most accurate in the context of individual alloy systems.
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