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Executive Summary

Ni-Cr-based alloys are regarded amongst the most corrosion resistant variety used in
commercial and industrial applications. This benefit is due to the interaction of Mo alloyed in
synergy with Cr and other minor elements (i.e. W). The role of Mo in stabilization and
repassivation is understood, but its role in oxide formation and growth and dopant behavior is
controversial. The exact atomistic mechanism by which electrochemical localized corrosion
initiation is hindered or even prevented has, however, not been thoroughly studied. The first step
towards achieving this understanding can be attained by a more comprehensive investigation of
the role(s) of Mo and W in passive film formation and growth. Understanding the exact fate of
alloying elements is also a challenge in multi-component alloys. The influence of Mo on growth
rate and electronic doping of semiconducting passive films has similarly been limited in previous
literature. The overall objectives of this thesis are to (1) establish an in operando electrochemical
framework for investigating the kinetics of atomic scale aqueous passivation for multi-element
alloys, (2) apply this framework in tandem with in-depth surface characterization in order to
investigate the electrochemical passivation behavior of selected Ni-Cr and Ni-Cr-Mo alloys in
acidic and alkaline sulfate and (3) chloride environments with more complex kinetic processes, (4)
uncover the specific role of Mo dopants during Ni-Cr alloy passivation by promoting film growth
and encouraging repassivation, and (5) demonstrate the influence of solute capture during fast
electrochemical reactions on the electrochemical stability and electronic properties of passive
films.

First, single frequency electrochemical impedance spectroscopy (SF-EIS) was applied for
novel measurements of film growth during potentiostatic and galvanostatic polarization through
analysis of an oxide as an electrical constant phase element. The unique application of online
inductively coupled plasma-mass spectrometry (ICP-MS) for evaluation of element-specific
contributions to dissolution and oxidation was also presented. From both of these techniques, the
oxidation current density was extractable and more in-depth analysis yields the role of individual
elements towards passivation or dissolution reaction kinetics. The material parameters required for
broad and precise application of these techniques were additionally obtained for the alloys in

additional sulfate and chloride-containing environments. The combination of methods enabled in



operando tracking of the total current densities for (i) oxidation, (ii) cation ejection by multiple
paths, and (iii) oxide film growth during non-steady state passivation.

The electrochemical passivation behavior of selected Ni-Cr and Ni-Cr-Mo alloys were
studied in acidic and alkaline sulfate media through application of the previously established
techniques and the addition of surface science methods. Specifically, the influence of Cr and Mo
alloying on passivity and the inhibition of localized film dissolution were probed using the in
operando electrochemical techniques described above. Complementary in situ and ex situ analysis
of chemical and atomic structure were conducted using polarized neutron reflectometry (PNR),
atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), ellipsometry, and 3D
atom probe tomography (3DAPT) to investigate the oxide composition, thickness, and
morphology in detail, along with additional application of Mott-Schottky analysis to EIS data (MS-
EIS) for indication of the variation of electronic properties during potentiostatic growth processes.
The specific roles of pH and Mo on passivation kinetics are presented and the results provide an
increased understanding of both thermodynamics and electronic factors on electrochemical
measurements without the complication of chloride-assisted localized corrosion. The environment
pH was found to have an impact on the relative chemical stability of Ni-Cr passive films but not
noticeably for Ni-Cr-Mo ones. In addition, Mo was observed to act as an electronic dopant,
increasing growth kinetics and modifying the concentration of point defects in oxides.

The initial understanding of Ni-Cr-Mo alloy passivation obtained for sulfate environments
was extended to those containing chloride. There, localized corrosion was significantly increased
via pitting, crevice corrosion, and general film dissolution assisted by chloride anion incorporation
at the film/solution interface. In these environments, the influence of Mo was especially visible as
it bolstered the resistance of films to such corrosion events and, upon their initiation, facilitated
repassivation. The specific roles of pH and Mo during passivation and breakdown kinetics are
highlighted, providing an insight into the fate of the elements which comprise the alloys, and their
effects on passivation behavior. It was observed that early oxidation of both Ni and Cr-species
occurred in the presence of acidic electrolyte. Preferential dissolution of Ni?* at later times enabled
gradual Cr** enrichment within the surface film. However, greater relative stability of NiO and

Ni(OH), was observed in the alkaline condition. Upon alloying with Mo, Cr3* became increasingly



enriched in the surface film during anodic polarization. Oxides were interpreted to consist of non-
stoichiometric solid solutions formed via solute capture.

The specific role of Mo towards increasing an alloy and oxide’s resistance to passive film
breakdown initiation of localized corrosion and promoting repassivation at a constant potential in
acidic, chloride-containing environments was studied in depth. The influence of increasing Mo
concentrations on the chemical, physical, and electronic properties of the passive films grown were
identified through additional application of similar techniques: DC electrochemistry including
metastable pitting analysis, SF-EIS, XPS, and MS-EIS. The results provide an increased
understanding of the influence Mo cations, when acting as substitutional dopants within a passive
film, can have during several stages of passivity: nucleation, growth, breakdown, and
repassivation. The 9 wt% Mo alloy yielded the optimal corrosion resistance and excessive doping
can occur for higher Mo base alloy concentrations. This phenomena results in poor repassivation
due to a decline in the surface enrichment of available, solute-captured Mo*®* cations.

These findings concerning the role of alloying elements toward passivation processes were
extended to examine specifically galvanostatic, or “rate-controlled”, passive film growth and the
implications of passivation kinetics and solute capture on the electrochemical stability, electronic
properties, structure, and early breakdown initiation of passive films. This investigation into the
implications of “fast” versus “slow” passive film growth utilized systematic investigation by
galvanostatic SF-EIS and subsequent metastable pitting analysis, MS-EIS, XPS, and AFM. The
effect of solute capture on modifying the composition and distribution of metal cations within the
passive films, along with the beneficial effect of Mo capture in Ni-Cr-Mo compared to Cr in Ni-
Cr are presented. It was found that the higher valency of Mo dopants enabled greater film
resistivity to breakdown and enabled faster repassivation following any metastable events by
inhibiting the diffusion of detrimental metal cation vacancies. Growth at slower rates produced
films with segregation of Ni?* and Mo*®* to the film/electrolyte interface, leaving Cr®* enriched at
the metal/film interface.

This thesis contributed to the scientific understanding of the passivation mechanisms for
Ni-based alloys in acidic and alkaline chloride-containing environments, and the additional
influence of Mo as a minor alloying element on growth rate and ultimately the corrosion initiation
process through its influence specifically on electrochemical stability, structure, and electronic



properties of electrochemically grown oxide films. This progress shed light on the precise alloying
element attributes which enable passivity and their function in a solute capture-type, or conversely
a phase-separated, oxide.
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behavior, computed using Equation 3.3 as indicated in Figure 3.3 for Ni-22 Cr and Ni-22 Cr-6 Mo,
wt%, passivated at +0.2 Vsce for times up to 10,000 s in 0.1 M NaCl pH 4 and pH 10 (Figure 4.15
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Figure 4.19. Measured reflectivity curves for Ni-20 Cr and Ni-20 Cr-10 Mo, wt%, oxidized
in 0.1 M NaCl pH 4 at various potential steps (Figure 3.5) from OCP, to -0.8 Vscg, and up to +0.2
Vsce in 200 mV steps every 6 hours where the NR measurements started 1 hr after the applied
potential was switched to the set value and each measurement took approximately 90 min to
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Figure 4.20. Measured reflectivity curves for Ni-20 Cr and Ni-20 Cr-10 Mo, wt%, oxidized
in 0.1 M NaCl pH 10 at various potential steps (Figure 3.5) from OCP, to -0.8 Vscg, and up to +0.2
Vsce in 200 mV steps every 6 hours where the NR measurements started 1 hr after the applied
potential was switched to the set value and each measurement took approximately 90 min to
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Figure 4.21. Full SLD profiles for a) Ni-20% Cr and b) Ni-20% Cr-10% Mo, wt%, oxidized
in 0.1 M NaCl pH 4 at various potential steps from OCP, to -0.8 Vscg, and up to +0.2 Vsce in 200
mV steps every 6 hours where the NR measurements started 1 hr after the applied potential was
switched to the set value and each measurement took approximately 90 min to complete. SLD
values for the expected species are given for different film compounds and the spectra, at low
depths, corresponds to the electrolyte layer and at high depths, the alloy layer......................... 176

Figure 4.22. Full SLD profiles for a) Ni-20% Cr and b) Ni-20% Cr-10% Mo, wt%, oxidized
in 0.1 M NaCl pH 10 at various potential steps from OCP, to -0.8 Vsce, and up to +0.2 Vsce in
200 mV steps every 6 hours where the NR measurements started 1 hr after the applied potential
was switched to the set value and each measurement took approximately 90 min to complete. SLD
values for the expected species are given for different film compounds and the spectra, at low
depths, corresponds to the electrolyte layer and at high depths, the alloy layer........................ 176

Figure 4.23. Analysis of the NR profiles given in Figure 4.21 where a sample profile for
the base metal exposed to water on a SiO> substrate was simulated and subtracted from the overall

reflectometry curve in order to obtain that of just the passive film for a) Ni-20 Cr and b) Ni-20 Cr-
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10 Mo, wt%, in 0.1 M NaCl pH 4 where the peak SLD correlates to the Ni?* cation fraction and
the approximate lox is indicated by the peak Width ...........c.ccooeiiiiiiiiii e 177

Figure 4.24. Analysis of the NR profiles given in Figure 4.22 where a sample profile for
the base metal exposed to water on a SiO> substrate was simulated and subtracted from the overall
reflectometry curve in order to obtain that of just the passive film for a) Ni-20 Cr and b) Ni-20 Cr-
10 Mo, wt%, in 0.1 M NaCl pH 4 where the peak SLD correlates to the Ni?* cation fraction and
the approximate lox is indicated by the peak Width ... 178

Figure 4.25. a) Metal cation fraction and b) passive film thickness computed from the peak
SLD in Figure 4.23 for Ni-20 Cr and Ni-20 Cr-10 Mo, wt%, in 0.1 M NaCl pH 4 oxidized at
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Figure 4.27. Topography images taken with AFM after 10, 100, 1,000, and 10,000 s of
passivation of Ni-22 Cr, wt%, in 0.1 M NaCl pH 4 with 500 nm? image insets. The insets are
representative of the area used to measure oxide height (Figure 4.28) and RMS surface roughness
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Figure 4.28. Line scans of the surface topography after exposure to 0.1 M NaCl pH 4 where
the red lines represent the bright protrusion of the electrochemically grown oxide, while the black
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Figure 4.29. Average root mean square (RMS) surface roughness computed for Ni-22 Cr,
wt%, passivated at +0.2 Vsce for various times in deaerated 0.1 M NaCl pH 4. The RMS was
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Figure 4.30. Comparison of surface topography images taken with AFM after exposure of
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Figure 4.31. Focused, deconvoluted XPS spectra for a) Ni 2p%?2, b) Cr 3p®?, ¢) Mo 3d, and
d) O 1s bands collected on Ni-22 Cr-6 Mo, wt%, passivated at +0.2 Vsce for 10,000 s in 0.1 M
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Figure 4.32. XPS spectra using an Al-ko source (hv = 1,486.68 eV) for a) Ni 2p®?, b) Cr
2p2, and c) O 1s obtained at 12 kV with a 20 eV pass energy for Ni-22 wt% Cr, Shirley
background-subtracted, normalized to the corresponding metallic peaks, and offset for clarity
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Figure 4.33. XPS spectra using an Al-ka source (hv = 1,486.68 eV) for a) Ni 2p®?, b) Cr
2p%?2, ¢) Mo 3d, and d) O 1s obtained at 12 kV with a 20 eV pass energy for Ni-22 Cr-6 Mo, wt%,
Shirley background-subtracted, normalized to the corresponding metallic peaks, and offset for
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Figure 4.34. XPS spectra using an Al-ka source (hv = 1,486.68 eV) for a) Ni 2p®?, b) Cr
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Figure 4.35. XPS spectra using an Al-ka source (hv = 1,486.68 eV) for a) Ni 2p®?, b) Cr
2p%2, ¢) Mo 3d, and d) O 1s obtained at 15 kV with a 50 eV pass energy for Ni-22 Cr-6 Mo, wt%,
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Figure 4.36. a,b) Ni 2p®2 and c,d) Cr 2p¥? angle-resolved XPS spectras which were
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Figure 4.37. a) Ni 2p%2, b) Cr 2p%?, and ¢) Mo 3d angle-resolved XPS spectras which were
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Figure 4.38. a) Ni 2p%2, b) Cr 2p%?, and ¢) Mo 3d angle-resolved XPS spectras which were
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M NaCl pH 10. The ratio of the oxide areas for each angle measurement is included for reference.



Figure 4.39. Film cation fraction according to angle-resolved XPS measurements at 90°
and 45° on Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, surfaces following 10 ks of potentiostatic
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Figure 5.19. XPS spectra obtained at 90° using an Al-ka source (hv = 1,486.68 eV) for a)
Ni 2p%2, b) Cr 2p*?, ¢) Mo 3d, and d) O 1s obtained at 15 kV with a 50 eV pass energy for Ni-22
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Figure 5.20. XPS spectra obtained at 90° using an Al-ka source (hv = 1,486.68 eV) for a)
Ni 2p%2, b) Cr 2p*?, ¢) Mo 3d, and d) O 1s obtained at 15 kV with a 50 eV pass energy for Ni-22
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Figure 5.21. XPS spectra obtained at 90° using an Al-ka source (hv = 1,486.68 eV) for a)
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1 Introduction
1.1 Motivation and Overview of Problem

Nickel and nickel-based alloys are the structural materials of choice in a variety of
aggressive corrosive and high temperature environments. They are superior to stainless steels in
terms of corrosion resistance and high temperature stability in certain environments which
historically create vulnerabilities for stainless steels. These include strong, concentrated reducing
acids and chloride-containing environments, and certain molten salts. There are various classes for
nickel alloys, including many single phase, solid solution alloys such as Ni-Cu, Ni-Mo, Ni-Cr, Ni-
Cr-Mo, Ni-Cr-Fe, and Ni-Cr!. Ni-Cr and Ni-Cr-Mo solid solution alloys are particularly corrosion
resistant in a number of natural and industrial environments?. Ni-Cr alloys alloyed with increasing
concentrations of Cr produce stable passive films that persist in harsh aqueous conditions®. A
significant amount of literature has been developed for various applications, e.g. marine*, nuclear
waste repositories®, and in environments of importance to the chemical process industry, such as
concentrated HCI containing Fe®*" impurities®. These studies largely focus on dependencies
associated with effects of alloying and structure in these select applications and environments.

Prior understandings of passivity generally fall into one of two broad categories: (i)
improvements for alloys with a critical concentration of Cr plus minor amounts of Mo, combined
with a homogeneous microstructure free of phases (which deplete beneficial alloying elements and
interfere with passivity) and (ii) local corrosion (mainly crevice), stabilization, and repassivation
at active corrosion sites. Most studies within the former category focus on compositional,
electronic, and physical attributes of the oxide such as the passive film thickness and descriptions
of passivating layers. For instance, Mo is thought to exist as Mo(IV) in inner layers while Mo(V1)
is present in an outer, cation-selective layer on Fe-Cr-Mo alloys’®. Similar layering has been
proposed for Ni-Cr-Mo alloys®. In contrast, most studies concerning that latter alloy focus on
critical temperature, critical potentials, crevice geometry, and dissolution rate parameters which
indicate thresholds for crevice attack versus repassivation. These phenomena are associated with
geometric crevice at the micrometer scale!! and often consider how Mo affects these processes.
This distinction is important because prior passivity studies have focused on benefits conferred
within a nanometer oxide film while localized breakdown occurs by phenomena at active corrosion

sites.



A gap in understanding exists because descriptions of oxide characteristics fall short of
directly linking atomic scale details of how alloying elements such as Mo affect passivity and
inhibit localized corrosion and film breakdown events within actual pits or crevices. Extensive
research efforts have been expended in order to design commercial Ni-based alloys in order to
resist corrosion'?. The process is often Edisonian, relying on trial-and-error or incremental
advances in corrosion beyond CALPHAD?® and E-pH Pourbaix diagram'* predictions of the
optimum concentrations of alloying elements necessary for a set of desired properties and design
restrictions. The type of simplistic predictions of alloy stability in a given environment is provided
in Figure 1.1 for a multi-element high entropy alloy based on the composition of commercial Ni-
Cr-Mo alloys. Notably, only thermodynamics is accounted for in Pourbaix-type models whereas
corrosion phenomena like localized corrosion — and somewhat passivity — are controlled by kinetic
factors. Therefore, the passivity of oxides is complicated, especially when minor alloying elements
come into play, and predicting any long-term stability necessitates a more advanced understanding

of the passive film than what is given in Figure 1.1.

1.2 General Corrosion Improvements via Minor Alloying Additions

Stainless steel alloys are a well-understood material system with respect to the influence
of minor alloying elements on corrosion initiation, and film repassivation'®>®. However, the
precise effects of minor alloying elements in the passive stage are closely tied to those in the Ni-
alloy system and are similarly unclear. From the framework of stainless steel corrosion and
empirical data, the pitting resistance equivalent number (PREN) was developed to predict the
susceptibility of an alloy as a function of its minor element concentration in aqueous chloride
environments. For example, a PREN of 32 is widely considered the minimum for an alloy to
exhibit pitting resistance in seawater environments but this minimum varies for different
metallurgies!’. The PREN (Equation 1.1) is based on empirical data concerning minor element
alloying and is successful in many applications and for generic Fe- and Ni-based alloys:

PREN = [Cr] + 3.3 [Mo] + 0.5 [W] Equation 1.1

When applied to carbon-supersaturated 316L austenitic stainless steel, an alloy which

classically agrees with PREN predictions, the addition of low concentrations of B, Si, W, or even

as been shown to instigate a dramatic increase in the alloy’s corrosion resistance i
Y has b h t tigate a d t the alloy’ t despite all



having the same PREN*, The dependence of corrosion predictions on empirical observations,
rather than a specific atomistic understanding, has generated inaccurate results in other relevant
applications. There are further shortcomings such as lack of predictability for alloy microstructure,
the influence of defects, and the influence of environment.

The beneficial impact of minor alloying elements on corrosion properties has been
somewhat advanced in literature by employing the increased understandings of select sytems®®. In
general, Ni is alloyed with Cr and Mo and small concentrations of W and Fe in order to maximize
corrosion properties?. The best-known Ni-based alloy, Hastelloy C-22 (Ni-22 Cr-13 Mo-3 Fe-3
W, wt%), exhibits exceptional resistance to both oxidizing and non-oxidizing chemicals and
provides protection from pitting, crevice attack, and stress corrosion cracking in even high
temperature and concentrated chloride environments>1%2%-2%, This optimal alloy composition was,
however, reached by adding these previously established beneficial elements using trial-and-error
methods within the framework of the PREN. As a result, there are numerous ongoing studies to
appropriately characterize the passive film on C-22 and model its long-term stability for nuclear

applications?-32,

1.3 Overview of Passivation by Alloying with Cr and Mo

Similar to stainless steels, additions of Cr will decrease the corrosion rate of Ni-Cr alloys
in reducing acid, neutral, and chloride solutions®3. The corrosion rate drops significantly, however,
when a critical concentration is reached (>12 wt% Cr for Fe, >8-11 wt% Cr for Ni) and a uniform,
Cr-rich, passive film layer (often assumed to be Cr.Os or Cr(OH)z) forms across the oxide
surface®3*-3%, This is shown schematically for Fe-Cr alloys in Figure 1.2. Likewise, alloying of Mo
and W encourage a similar decrease in the measured uniform passive corrosion rate in both Fe-Cr
and Ni-Cr-based alloys®’. The classic example of the influence of small concentrations of Mo on
corrosion behavior is SS304 (Fe-19Cr-9.25Ni-0.08C, wt%) when compared to SS316 (Fe-17Cr-
12Ni-2.5M0-0.08C, wt%). The latter is significantly less susceptible to various forms of localized
corrosion and stress corrosion cracking®.

The quantitative effects of alloying Fe with Cr, Ni, Mo, and W on passivation kinetics have
been studied in literature. Both the passivation rate and protectiveness of the film were found to

generally increase with the concentration of minor elements®. A synergistic affect has been



previously observed for both Ni-based and stainless steel alloys, where Mo and W, when alloyed
in tandem, increase the localized corrosion resistance of Cr-rich passive films by improving
passivity, increasing the induction time for pit formation and the pitting potential, and decreasing
the passive current density*101°3940 Similarly, the influences of these alloying additions on high
temperature oxidation were found to be similar, where Cr cation transport controls scale growth®:.
Mo is theorized to impact growth by increasing the passivation rate by an unknown mechanism*,

The influence of Mo on the atomic-scale physical, chemical, and electronic processes
relevant for passive film growth has been proposed”%42-46 put several controversial models have
been proposed. These previous conjectures are indicated in Table 1.1. Notably, the Solute Vacancy
Interaction Model (SVIM) — an extension of Macdonald’s Point Defect Model (PDM) for the
passive state — suggests addition of alloying elements such as Mo have a direct influence on the
transport of point defects necessary for film growth!®. The SVIM indicates that Mo can become
incorporated in oxide films as a charged substitutional defect which can electrostatically interact
with cation vacancies present and reduce their mobility*®4’.

In passive films on Ni-based alloys, Ni typically exists as a +2 charged metal cation (Ni?*),
Cras Cr®*, Mo as Mo*>®*, and W as W*%* °_ In situations where solute capture occurs during film
growth, cations of varying oxidation states can become trapped into a single phase onto certain
oxide sites. For the situation where Mo*® is substituted onto a Ni?* or Cr®* lattice site, the net
positive electrostatic charge results in the aforementioned attraction of negatively charged defects,
such as metal cation vacancies formed at the film/solution interface by halide anion adsorption.
The resulting complex is neutrally charged and will not contribute towards growth of the cation
vacancy condensates which the PDM proposes is a precursor for pit formation*®. This suggested
influence of alloying additions such as Mo on point defect transport across passive films
corresponds well with previous work concerning the inhibition of the earliest stages of crevice
corrosion on commercial Ni-based superalloys where the effect was largely brought about by low
concentrations of Mo**2,

The influence of minor alloying elements on the chemical identity of passive films grown
slowly on Ni-Cr-based alloys by high temperature oxidation*-->3>-° or using applied or open circuit
electrochemical potentials®1%%¢57 has been well-addressed. It has been found that, in general, Cr
and Mo preferentially segregate to the metal/film and film/electrolyte interfaces, respectively®8.
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Ni-enrichment in passive films on various Ni-Cr-Mo alloys similarly occurs at the inner interface,
resulting in the common observation of a distinct “layered” structure of distinct phase-separated
oxides with a thin MoOx outer layer, followed by thick CrOx and then NiOx closest to the metal®.
This analysis might be flawed as it is based on binding energies similar to Mo*>%*, Cr®* and Ni?*
as seen in MoOy, CrOx, and NiOx but chemical characterization findings do not indicate structural

information.

1.4  Effect of Alloying on Polarization Behavior

The significant influence of minor alloying elements on passivity are often illustrated using
E-log (i) polarization plots which report the relationship between the current density and applied
potential®®. The basic details of these diagrams and the implications for passivity are discussed
elsewhere33°%80, For passive materials, there is a potential at which the metal-electrolyte interface
begins to undergo an active to passive transition, E,,, often occurring at a “nose” or peak in the
current density. Following this potential, the measured current density decreases by several orders
of magnitude before reaching a pseudo-constant value which corresponds to the corrosion rate of
the alloy in the passive state, i,,s. Upon adding certain alloying elements such as Mo and
increasing their concentrations, E,, is typically shifted to more negative potentials and i,
decreases significantly. This is evident in Figure 1.3 where i,,,,; decreases as more Cr, Mo, and
W are added to the alloys. Notably, Ni-11 wt% Cr, the least concentrated alloy, has the highest
ipass- Further increases of Cr or Mo and W additions are proposed to suppress ipqss and facilitate
passivity by the (i) formation of continuous, stoichiometric oxide layers such as Cr.Og, (ii) doping
with Mo™ in M™ lattice (where n > m) and the possible inhibition of cation vacancy motion,
and/or (iii) promotion of Cr®* enrichment in the film by Mo and/or W alloying as will be discussed
in greater detail below.

At increasing potentials, the passive films tend to breakdown due to either localized
corrosion (e.g. crevice or pitting) or Cr3*/Cr®" transpassive dissolution®™%* (2Cr3* + 7H,0 =
Cr,02~ + 14H* + 6e~, E(pH 4) ~ +780 mVsyr = +540 mVscg)*. Oz evolution is also
possible at high electrode potentials. Alloying with W further decreases the passive film
dissolution rate at high potentials where Cr transpassivity is offset by Mo and W oxide formation®.

The most evidence of this effect is seen for the Ni-Fe-Cr-Ru-Mo-W high entropy alloy (HEA) in
5



Figure 1.3. Along with decreasing iy, increasing the Mo+W concentration in an alloy will result
in an increased breakdown potential for local corrosion. This effect becomes significant in more
corrosive (i.e. acidic, chloride-rich, or high temperature) solutions. Figure 1.4 demonstrates that
even in an 85°C solution where most alloys would undergo fast, localized corrosion attack at +200

mVocp, increasing [Mo] results in a lower corrosion rate.

1.5 Potential Step Passivation

For alloys under a constant and anodic applied potential above E,,, but below where
transpassive or localized corrosion would occur, the thickness of a passive film increases®. The
Kinetics of this phenomenon have been the subject of several passivation models®®"3, At long
passivation times in aqueous environments, a limiting thickness is typically reached where the
oxidation rate at the metal/oxide interface becomes equivalent to that of oxide dissolution, whether
oxidative or chemical, at the oxide/electrolyte interface’®. Both the chemical dissolution and
chloride-induced breakdown of passive films can be quantified through application of various rate
equations*® 776 Additionally, the initiation and propagation of pitting on the surface of oxides has
been the subject of modeling efforts!**37="° For the case of Ni-based alloys, it has been seen that
increasing the applied potential results in a pseudo-linear increase in film thickness up until
chemical dissolution causes linear thinning®22. Similarly, increasing the alloying ratio of Cr:Mo
results in thicker films at a given potential®. It was also found that W additions in C-276 and C-22
(Table 1.2) further increased the film thickness compared to C-2000, which possesses a similar Cr
and Mo content®,

Several recent studies have investigated the influence of crystallographic orientation on the
competition between passivation and chemical dissolution for Ni-based alloys?*®°. Through the
application of single frequency electrochemical impedance spectroscopy and atomic force
microscopy, a greater propensity for conformal film formation was seen on low index grain
orientations close to (1 0 1) for a Ni-11 wt% Cr alloy, The test was conducted in an acidic NaCl
solution during potential controlled passivation. In the case of Ni-11 wt% Cr-6 wi% Mo,
repassivation was observed at all orientations under potential control®. For a more corrosion
resistant alloy, C-22, it has been shown however that greater dissolution occurs for (1 1 0) grains

during etching in 3 M HCI likely without an oxide, with (1 1 1) exhibiting the least damage?'.
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However, upon etching the surfaces in 1 M HCI where an oxide was likely present, the (1 1 0)
oriented grains were observed to have a lower corrosion rate due to stability of a favorable oxide
and the decreased likelihood of chloride-assisted film breakdown?.,

Pitting and crevice corrosion, especially stabilization and propagation, can be inhibited by
alloying with Mo and W because of lower active dissolution rates and the greater propensity for
repassivation®*498182_ The exact mechanism by which this occurs is not fully understood, but there
are multiple theories that will be discussed below. In general, however, the induction time for
pitting or crevice corrosion events will increase with the combination of higher Cr+Mo+W
alloying content. The crevice corrosion initiation behavior trends for several Ni-based commercial
alloys are given in Figure 1.5. Upon comparing this behavior to the compositions and approximate
PREN values provided in Table 1.2, it is evident that the optimal alloying combination is high Cr
alloying ([Cr] > 21 wt%) with added Mo and W in tandem ([Mo+W] > 16) for the alloys 686, C-
2000, and 59. This results in the highest computed PREN value of 76, with the exemption of the
high strength C-22 alloy which is not included in Figure 1.5. However, there were slight
differences in the breakdown behavior of the alloys that Equation 1.1 was not able to predict. Alloy
686 was marginally better than C-2000, but both were much more corrosion resistant than 59.
Additionally, C-22 had similar compositions of Cr, Mo, and W and yet exhibited poor breakdown
performance at 85°C. This further supports the previous notion that interpolating passivation
behavior from the bulk metallic composition is an inadequate technique and instead, an
understanding of the fate of minor alloying elements in the passive film and their roles at enabling
film growth and resisting breakdown is instead necessary.*’

While in general the empirical corrosion properties of Ni-alloys, especially common
commercial ones like C-22, are well-established?2%83-85 a full understanding of the exact atomic
mechanism by which specific alloying elements function has not yet been achieved®®. The results
are mainly empirical with some mechanistic insights from work on waste repository engineered
container work on specific commercial alloys®102232578  Disagreements in literature even exist
for the growth mechanism, location, and function of minor alloying elements, along with the
structure of passive films formed in electrochemical environments. This disparity is valid
specifically with regards to the role of Mo atoms on promoting passivation and repassivation
reactions through an unknown, synergistic interaction with the major alloying addition, Cr, whose
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single influence is thoroughly understood*”%1943, Because of the uncertainty, the effects of other

dopants as alloying elements cannot be predicted.

1.6 Passive Film Growth Mechanism

The bulk of literature concerning the constant-potential passivation of Ni-based super
alloys, such as C-22, has been accomplished in moderately concentrated NaCl solutions and
reports layered, phase-separated oxides according to XPS and ToF-SIMS measurements where a
Cr203 or Cr(OH)s-rich film is present at the inner interface and an outer NiO or Ni(OH); film?29:46:56,
Segregation of Mo*® and/or Mo*® cations to the oxide/electrolyte interface has also been reported
as a separate MoOx phase. More recent work utilizing 3DAPT has observed similar distribution of
elements throughout the film; however, non-stoichiometric oxide compounds were instead
detected®®. As for the mechanism of film growth, in situ transmission electron microscopy (TEM)
was applied to the early stages of Ni-Cr alloys at 700 °C%3%*, In these studies, the initial stage
oxidation of Ni-10 at% Cr was revealed to proceed by an adatom mechanism involving surface
diffusion of the Ni and O atoms and the nucleation of sub-surface Cr,03>. There was some
nucleation of NiCr.04 islands, but it was observed that secondary NiO “whisker” phases grew out
of the oxide plane and resulted in uneven layering of the different oxides. For the case of Ni-20
at% Cr, the subsurface Cr20sz nuclei are able to coalesce and large NiCr204 islands emerged from
the NiO layer®*. These results are, however, only indicative of film growth in hot, dry conditions.
There will be a significant influence of dissolution during nucleation and growth in
electrochemical environments and thus the mechanism will likely adjust™. This effect of
dissolution has not yet been measured in situ for electrochemical passivation conditions.

The mentioned discrepancies with respect to film properties and the role of individual
minor alloying elements result in broad and often incorrect assumptions of film composition and
chemical reaction efficiency during electrochemical passivation processes’*. Most models of oxide
growth in agueous or gaseous environments are limited to single elements. As such, previously
applied methods for characterizing passive film growth and stability in electrochemical
environments are unreliable and do not reliably indicate the roles of individual minor alloying

elements.



1.7 Influence of Studying Passivation In Operando versus Ex Situ at Steady State
Condition

Very little attention has been given to the implications of growth rate and the “state” of the
solute on the physical, chemical, and electronic properties of these films. The majority of literature
studies on film properties during and following passivation concern the potentiostatic condition
which rarely occurs in engineering applications. Slowly grown films have demonstrated the ability
to anneal out point defects and produce more crystalline structures®. Instead, growth can occur
faster than this idealized case due the presence of oxidizers in aqueous environments which cause
continual breakdown and repair processes and may produce defective films not expected by
thermodynamic considerations. In such a case, the growth interface velocity moves much faster
than diffusion and the resulting film can possess considerably different properties than those
formed slowly, a phenomena called “solute capture”®. Following this process, metal cation
substitutional defects functioning as electronic dopants in passive films and modify many
corrosion and electronic properties®®. The extent of this effect is not yet understood.

The electrochemical techniques used to growth passive films and measure their properties
ex situ are, as such, unrepresentative of in-service conditions. In addition, typical ex situ
characterization methods (i.e. XPS, TEM, ToF-SIMS) likely introduce chemical changes in
passive film structure and identity. Even classic in situ methods such as EIS are only applicable at
steady state where film growth is assumed negligible. These drawbacks present challenges with
accurately characterizing the role of minor alloying elements and electrochemical growth
conditions on relevant passive film properties. The following critical unresolved issues have been

identified that are central to this thesis.

1.8 Critical Unresolved Issues

1.8.1 In Operando Methods

Predominantly, techniques capable of studying electrochemically grown passive films are
applied in situ or ex situ following the completion of the electrochemical processes up to a desired
degree of oxidation. Novel application of existing techniques is necessary for completing such
measurements in operando, or while they are occurring instead of after steady-state has been

achieved (e.g. in situ) or the samples are removed from the relevant environment (e.g. ex situ). The



results will produce a more accurate picture of the exact mechanism by which passive film
nucleation, growth, and the establishment of a quasi-steady state occur on Ni-based alloys in
various environments, along with the individual influence of minor alloying elements. Operando
techniques additionally provide much greater time resolution and as such the early stages of

passivation can be captured.

1.8.2 Atomic Scale Understanding of Corrosion Processes Linked with Meso-Scale

Behavior

Existing and commonly-applied techniques used to characterize passive films often do so
on a meso- to micro- or nano-meter scales in depth, but not laterally. Often, these methods can
only characterize one aspect of the film, i.e. its chemical, electronic, or physical properties. In
order to completely understand the exact atomic scale mechanism for the chemical and
electrochemical reactions occurring at the metal/film and film/solution interfaces, along with those
occurring across the film itself, combinations of advanced and nontraditional techniques for the
field of corrosion must be implemented, i.e. 3DAPT and AFM. Only then can the aforementioned

and complex mechanisms for passivation and the role of individual alloying elements be surmised.

1.8.3 Role of Mo and its Influence on Passive Film Chemistry and Properties:

The role of Mo with regards to its location and influence on electrochemical behavior has
been debated for decades. These confusions and Mo’s specific relationship with Cr in passivity is,
in part, due to the challenge of characterizing small concentrations of Mo. In commercial Ni-Cr-
Mo-based alloys, [Mo] typically ranges from 3 to 16 wt%, with the most corrosion resistant alloys
possessing a concentration in-between. The development of new, in operando, and atomic-scale
techniques provide greater resolution and means of tracking Mo. Application of these tools
provides the opportunity to better understand how certain minor alloying elements facilitate and
improve passivity, repassivation, and resistance to breakdown. More generically, the effect of MP*
dopants in N9 oxides where p > ¢ needs to be more thoroughly explored and the presence of Mo*®*
dopants in Cr3* or Ni?* rich oxides formed on Ni-Cr-Mo provides an excellent alloying system to

pursue this aspect of passivity.
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1.8.4 Influence of Growth Rate on Corrosion and Passive Film Properties:

Predominantly passive films are studied following slow, potential-controlled growth. This
method makes possible the annealing of point defects present in films during growth and the
transformation from pseudo-amorphous structures into compact, crystalline, and phase-separated
oxides®1%%2, As such, the growth rate of passive films has significant implications for both the
corrosion behavior and electronic properties of passive films. In cases where the metal/film
interface moves sufficiently quickly such that atoms are not able to suitably diffuse to form phase-
separated oxides, metal cations can become “solute captured” in films as species not predicted
through thermodynamic or kinetic considerations which exhibit significantly different behavior
from those achieved by slow growth. The impact of minor alloying elements such as Mo on the
corrosion properties of solute captured films is similarly not understood as the films can be become
increasingly doped, resulting in further modification of oxide properties. Most previous studies of
passive oxides theorized phase-separated layers existed, including distinct MoO3z and/or MoO>

phases*’.

1.9 Research Objectives

The exact relationships between alloy composition and corrosion performance are well-
established for the case of the Fe-Cr system. For Ni-Cr, however, fundamental research is still
lacking and the preponderance of literature focuses on the global properties and corrosion
performance of commercial alloys. Very few studies have investigated the atomic-scale processes
which govern corrosion behavior as a function of alloy and environment concentrations using
model alloys. This presents a dearth of prior knowledge on the exact mechanism by which the
minor alloying elements in specifically the Ni-Cr-Mo system enable passivation, repassivation,
and their influence on the structure, composition, and relevant electronic properties of passive
films. The crevice repassivation stage was investigated because of the ease of conducting
experiments and characterization. This dissertation aims to couple the meso- and nano-scale
properties of passive films and explain the effect and fate of Mo dopants on passive film properties
and localized corrosion resistance in both acidic and alkaline sulfate and chloride environments
following both fast, solute-captured and slow, phase-separated oxide growth. In addition, a better

understanding is reached for the influence of growth rate and solute capture on the physical,
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chemical, and electrochemical properties of passive films. A knowledge of these relationships
enhances the understanding of alloying elements in passive films and enable intelligent materials
design and predictions of long-term film stability in harsh environments.

1.10 Thesis Organization

This thesis is organized by the needs, gaps, and opportunities pertaining to the passivation
of Ni, Ni-Cr, and Ni-Cr-Mo alloys in aqueous sulfate and chloride-containing environments.

Chapter 2 introduces an electrochemical framework that will be used in the following
chapters to quantify and characterize passivation processes. Specifically, a novel and
complimentary application of single frequency electrochemical impedance spectroscopy (SF-EIS)
and an atomic emission spectroelectrochemical technique, inductively coupled plasma mass
spectroscopy (ICP-MS), were used in tandem to assess film growth during potentiostatic and
galvanostatic passivation. The use of ICP-MS further advances the understanding of the role
individual minor alloying elements can play regarding film growth by directly measuring any
preferential dissolution, and thus preferential enrichment in passive films. These two techniques
were thoroughly quantified and the former was demonstrated for a non-pH adjusted sulphate
solution (0.1 M Na»SOs4) chosen to provide an initial, simplified system for testing the
applicability.

Chapter 3 develops an in-depth understanding of the atomic-scale passivation of Ni-Cr,
and Ni-Cr-Mo alloys in acidified (pH 4) and alkaline (pH 10) sulphate environments (0.1 M
Na:SOs4). The framework established in Chapter 2, along with in situ polarized neutron
reflectometry (PNR) and ex situ atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS), and 3D atom probe tomography (3DAPT), were applied to characterize the
influence of Cr and Mo alloying on passivity and their enrichment as a function of time. The
specific chemical and electrochemical reaction kinetics were analyzed and divulged the direct roles
of kinetics and thermodynamics during film growth processes. A simplified influence of the role
of pH on passive film stability was additionally obtained. The comprehensive understanding
presented in this chapter directly facilitates the analysis performed in Chapter 4, where the
additional and significant complexity of chloride anion attack and localized corrosion are

introduced.

12



Chapter 4 advances upon the comprehensive understanding presented in Chapter 3 by
introducing the additional and significant influence of chloride anion attack and localized
corrosion during passivation processes of Ni-Cr and Ni-Cr-Mo alloys. Even before the initiation
of pitting or crevice corrosion, chloride-facilitated dissolution at the film/solution interface results
in greatly different chemical, structural, and electronic properties of passive films. Like Chapter 3,
the influence of pH on such properties of potentiostatically growth films was addressed, along with
the effect of the aqueous chloride concentration (0.1 M NaCl) in the context of Ni-Cr versus Ni-
Cr-Mo passivation. The role of Mo on facilitating passivation processes was studied and discussed
in detail.

Chapter 5 specifically investigates the atomistic influence Mo additions have regarding
passive film properties of Ni-Cr-based alloys. Notably, its impact on the morphological (i.e.
surface roughness), chemical (i.e. Mo cations within the film, preferential segregation, film
thickness), and electronic properties (i.e. defect density and flat band potential) were characterized
and compared to various measurable electrochemical parameters such as pitting potential and
metastable pit initiation. Alloys with increasing concentrations of Mo and a constant fraction of
Cr in the bulk alloy were investigated. The coupled understanding of structural, chemical, and
electronic properties helped to elucidate how Mo additions encourage film growth, repassivation,
and resistance to localized corrosion initiation.

Chapter 6 introduces the concept of solute capture and how it pertains to passivation
reactions. This phenomenon was quantified by applying the electrochemical framework from
Chapter 2 but using a constant applied current density to fix the growth rate of passive films. The
preferential enrichment, segregation, and dissolution were quantified using ICP-MS, XPS, and
3DAPT. In addition, the electrochemical corrosion resistance of the film growth at various rates
was studied using metastable pitting analysis to examine what factored were important. Through
measurements of the film electronic properties, solute captured films are shown to be inherently
more defective and prone to localized film breakdown.

Chapter 7 presents the conclusions and key results relevant to understanding the
passivation of Ni-based alloys and the significant functions of minor alloying elements as
electronic dopants and electrochemical stabilizers. The remaining questions and a discussion of
proposed future work are also detailed.
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1.12 Tables
Table 1.1. Summary of the proposed roles of Mo as a minor alloying element present in literature

Theory Proposed Role of Mo | Implication for Passivity Evidence
Highly charged Mo** and
6+ H
Solute N!O cations are e Reduced i,,ss and increased
substitutional defects in : p :
Vacancy 3 films. resulting in a Reduced flux of cations Verie @and tinq for film
Interaction | CF 1IMS, gn from film/solution breakdown'®
net positive charge which . L .
Model form complexes with interface e Reduction in voids observed
(SVIM) negative cation vacancy within films %"
clusters
o Classic anodic
inhibitor for localized e Increased dissolution
film breakdown by current density of 316L.4
resisting incorporation of | e Fast repassivation kinetics
Molybdate | Mo-films preferentially CI- anions following scratch?®40
inhibits dissolves as soluble . Enables e Surface depletion of Mo in
chemical MoO4% compounds repassivation following passive films*088
dissolution which stabilize Cr.03 pit initiation e Formation of
o Increases metal- nanostructured molybdate
metal bond strength and species at the outer part of
thus lowers anodic the passive film*
dissolution
. MoO; and MoOs is stable | Enrichment of Mo cations | ° Increase in tOtgagl Lox With
Protective \ , ; [Mo]
MoOX at low pH_and high CI- ~at the film/solution « Outer enrichment of Mo®56*
films concentrations and form interface protect Cr203 oxides detected using ToF-
to protect Cr203 from breakdown SIMS? and XPS25:%
e Decrease in O adsorption
energy for Cr with an
H 91
The presence of Mo fdjac.em Mo
Promoter allows preferential Greater enrichment of | ° MoO," enrichment at <_)uter
of Cr203 oxidation of Cr3* into passive Cr20s films layer deprotonates OH- and

Cr203

supplies O% for Cr3*
oxidation®
e More Cr20s film growth
with added Mo®10°7.74
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Table 1.2. Common commercial, low-temperature Ni-based alloys present in literature that are
applicable for this review. Included are PREN values computed using Equation 1.1.

Minor Alloying (Mo and W) of Ni-Based Commercial Alloys®12:9394
Alloy UNS Chemical Composition (wt.%) PREN
825 NO08825 | 43Ni-21Cr-30Fe-3Mo0-2.2Cu-1Ti 31
C-276 | N10276| 59Ni-16Cr-16Mo-4W-5Fe 71
625 N06625 62Ni-21Cr-9Mo-3.7Nb 51
C-22 N06200 59Ni-22Cr-13Mo-3W-3Fe 66
C-2000 | N06059 59Ni-23Cr-16Mo-1.6Cu 76
59 N06059 59Ni-23Cr-16Mo-1Fe 76
686 N06686 46Ni-21Cr-16Mo-4W-5Fe 76
C-22HS | NO7022 59Ni-21Cr-17Mo 77
R | N10362 | 62Ni-22Mo-15Cr-2Fe-0.3Al 72
72.87Ni-16.49Cr-9.46Fe-

600 | NO6BOO | rpinsisCuNbTaTIAICOP]<0.4 16
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1.13 Figures

15
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Figure 1.1. CALPHAD-calculated E-pH diagram for Inconel 600 (Ni-15.5 Cr-8 Fe, wt%) in 1 kg
H-0O at 25°C and 1 atm. The red dashed lines are reversible potentials for hydrogen and oxygen
evolutions, and the yellow dashed lines are the metal/aqueous ion equilibrium lines for pure
constituent elements. The red region indicates where oxidized aqueous species are stable, green
where Cr203 is stable, blue where Fe-Ni, Fe-Cr spinels are stable with some overlap with the
green, and orange where oxides are stable®%
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Figure 1.2. Passive current density as a function of Fe-Cr alloy composition (wt%)%’
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Figure 1.3. Upward polarization curve of various Ni-based alloys, with their compositions given
in Wt%, in deaerated 0.1 M NaCl pH 4%’

23



10!

T
P: 1] Rty
g 10 “L
< e~ A
ﬁ N Ty b
2 AN N
G b WA =
b 1044 ——y— 22°C LN T S
= —-— 50°C Mo \\_\
5] =—=—4=— 85°C TN ———
109 ilmmax t"————q
i min
106+ T T
0 3 6 9 12 1€

Mo Content (%)

Figure 1.4. Dependence of the anodic current density, i, at +200 mVocp, on the Mo content for
Ni-22 Cr-x Mo, wt%, model alloys. Tests were performed in deaerated 1 M HCI solution at 22,
50, and 85°C with the calculated mass-transport-limited current density range, i;;,,,, Shown for

comparison.*®

600

500

400

300

200

E, (MVeee)

100

OF

= Alloy 625
= C-4
= C-276
= C-22
Alloy 59
= C-2000
= Alloy 686
e m
\‘“‘:_::':;-:.

1 1 1 1 1

0 1
25 30

Figure 1.5. Localized corrosion breakdown potentials for various commercial Ni-Cr-Mo-W

35 40 45 50 55 6
T (°C)

65 70 75 80 85 90

alloys as a function of temperature measured using galvanostatic polarization for up to 40 hrin 1

M NaCl solution where the shaded region corresponds to alloys with both high Cr and high

Mo+W content®!

24



2. In Operando Measurement of Oxide Film Thickening: Application of Single Frequency
Electrochemical Impedance Spectroscopy and Atomic Emission
Spectroelectrochemistry

A manuscript based on this chapter has been published:
K. Lutton, K. Gusieva, N. Ott, N. Birbilis, and J. R. Scully. (2017). Understanding multi-element
alloy passivation in acidic solutions using operando methods. Electrochemistry
Communications, 80(7), 44-47.

2.1 Abstract

The kinetics of passivation and dissolution of many corrosion resistant engineering alloys
remain incompletely characterized. Clarification of such kinetics and the unique role of alloying
elements were investigated upon select Ni-based alloys in an acidic chloride-free sulfate
environment using simultaneous electrochemistry and single frequency-electrochemical
impedance spectroscopy (SF-EIS). The unique application of online inductively coupled plasma-
mass spectrometry (ICP-MS) for evaluation of element-specific contributions to dissolution and
oxidation was also presented. The material parameters required for broad and precise application
of these techniques were additionally obtained for the alloys in additional sulfate and chloride-
containing environments. The combination of methods enabled in operando tracking of the total
current densities for (i) oxidation, (ii) cation ejection by multiple paths, and (iii) oxide film growth
during non-steady state passivation. An improved and physically accurate interpretation of
passivation processes is presented and demonstrated to be reliable. Further application of the

presented methods will be used throughout the thesis.

2.2 Introduction

2.2.1 Impedance Theory

The investigation of aqueous passivation of metals and alloys under varying experimental
conditions for the purposes of assessing passive film thickness and composition is nominally
carried out by AC or DC electrochemical techniques*, ellipsometry®>”’, neutron reflectometry?,
X-ray photoelectron spectroscopy (XPS)**!!, and surface-enhanced Raman spectroscopy*?. There
is difficulty detecting molecular compounds in situ and ex situ as well as to track in operando film
thickness'?. For instance, in order to apply typical techniques such as Faraday’s law to passivation

data for assessing oxide film kinetics, the oxidation state and current density associated with each
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element contributing to growth versus cation ejection into the electrolyte and film dissolution must
be extracted from the total current density’*%°. Such nuances are particularly relevant to
understanding the passivation (and repassivation) of multi-element corrosion resistant alloys.

In works to date, repassivation studies of passivating metals are predominantly limited to
analysis of single elements in unbuffered or buffered borate electrolytes of alkaline pH, where
single cation-containing passive hydroxylated oxides were assumed to be thermodynamically
stable, and direct cation ejection or film thinning by chemical dissolution was assumed to be
negligible®>!31418 Therefore, the total measured current density and charge were presumed to be
due to oxide growth'*!®. There, however, exists a knowledge gap in the literature regarding in
operando growth, especially for alloys with multiple cation generation in acidic environments
where direct cation ejection, film thinning, and/or chemical dissolution of the oxide film can all
occur simultaneously?’.

The assumption that the measured electrochemical current contributes only toward film
growth containing a single cation may be unjustified. Similarly, the roles of individual elements
in an alloy are often simplified during passivation studies, leading to generalizations such as Cr3*
oxides (or hydroxides) are assumed to form while Ni?* and Fe* dissolve such as from Ni-Cr-Fe'8,
Early in the repassivation process, dissolution occurs due to uneven coverage of oxide
nanoparticles as they nucleate before coalescing into a continuous layer'®?°. Even at extended
times when an oxide has fully thickened, film growth compensated by continuous cation ejection
and/or dissolution can lead to a quasi-steady state or limiting thickness?!. These dissolution sources
thwart attempts to understand passivation of multi-component alloys in acidic solutions where
assuming 100% efficiency in the oxide formation current is invalid. The significant influence of
dissolution on passivation in even a chloride-free environment, most notably after a limiting

thickness has been reached, is demonstrated in Figure 2.1.

Electrochemical impedance spectroscopy (EIS) is often applied to measure bulk corrosion
properties as it is an easy, simple, and automated technique which can characterize both the bulk
and interfacial properties of many material types at even steady state conditions. In addition, EIS
is non-destructive and capable of making measurements in low conductivity electrolytes. Analysis

of passive film thickness is of particular interest to this proposal, but other possible parameters
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include polarization resistance, corrosion current density, double layer capacitance, diffusivity,
electrode morphology, and the structure of various interfaces amongst others?.

Impedance spectroscopy relies on complex variables to analyze a material-electrode
system within the frequency domain. For the purposes of corrosion experiments, a
metal/film/electrolyte system is modeled as a circuit containing any number of resistors, inductors,
capacitors, constant phase elements, and Warburg diffusion elements. For instance, an ideally
polarized metal electrode surface in contact with a Helmholtz double layer in solution can be
modeled as a capacitor and resistor in series, the former corresponding to the double layer and the
latter for the solution resistance???3,

However, perfect capacitors and resistors are often not observed for electrochemically
growth passive films. Instead, impedance spectroscopy is often represented with phasor quantities
where i and V' are in-phase, out-of-phase, or anywhere in-between. A constant phase element is
often used to quantify impedance when the phasor angle, 8, is between 0 and -90° where the real
component indicates resistive behavior while the imaginary indicates capacitive. The complex
plane and corresponding unit vectors for a resistor (Zy), capacitor (Z.), inductor (which are not
relevant for Ni-based alloy passivity and thus outside the scope of this proposal) (Z;), and an
arbitrary constant phase element (Z.pg) phasor at an angle, 8,, between Z, and Z. are shown in
Figure 2.2.

Constant phase elements are used in impedance spectroscopy due to the appearance of a
time-constant or frequency distribution resulting from variations in the electrode reactivity. Time
constants appear in impedance spectra as capacitive loops or perfect semicircles in a Nyquist plot
of quadrant IV in the complex impedance plane (Z,cq; VS —Zimqg) but for a constant phase
element, this loop will be slightly distorted as demonstrated in Figure 2.3. For a perfect capacitor,
the time constant, t, is related to the time needed to decrease the current to approximately 37% of
its initial value and can be given for a simple RC circuit as?:

T=RC Equation 2.1
The angular frequency, w, at which the maximum —Z;,,,,, in the capacitive loop found in Nyquist
plots indicates t as they are inversely related. Additionally, a capacitive loop can be shifted to the

right depending on its corresponding R value, resulting in some overlap of the overall spectra.
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Typically, time constants are embedded within one another and difficult to distinguish
without the use of spectra fitting. This results in a broad curve within the Bode or Nyquist-type
impedance plots. In general, lower frequencies tend to correlate to the impedance of the metal
substrate or metal/film interfaces in passive materials, followed by moderate frequencies which
correspond to the film itself, leaving higher frequencies for the film/solution interfaces and the
solution resistance??. Fitting of this overlapping behavior can be obtained using an electrical circuit
model fit where this and the complication of overlapping time constants for a complicated oxide

layer is shown in Figure 2.4.

2.2.2 Single Frequency Electrochemical Impedance Spectroscopy (SF-EIS) Technique
As previously indicated in Figure 2.2, the imaginary impedance component of a constant
phase element indicates capacitive behavior. The local capacitance, C, of a passive film is directly
correlated to its surface area, A, film thickness, [,., and the film and vacuum dielectric constants,
€ and ¢,, respectively:
£€,4A

C= Equation 2.2

lOX

A constant phase element (CPE), however, exhibits both capacitive and resistive responses
to potential and current fluctuations®. During fitting impedance spectra to electrical circuits, two
parameters are computed: a and Q.pg. For a perfect capacitor, « = 1, whereas for resistors, a =
0. Hence, «a is directly correlated to the CPE phasor rotation angle. Q.pg Similarly is related to the
magnitude of Z.pz%. A constant phase element possesses a similar relationship to [, given as®*:

(eg,)*A
gloxps™®

where ps corresponds to the film boundary resistivity, A the sample area, and g is a function of «

Qcpe = Equation 2.3

and corresponds to%*:
g=1+288(1—a)*37" Equation 2.4
The relationship between a CPE and the imaginary impedance, henceforth referred to as Z", has

previously been established as?:

_sam -1
Qcpp = sin (7) 7 (Znf)" Equation 2.5
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In the complex impedance plane, Z" < 0 for capacitive behavior, resulting in a positive Q. From
equating Equation 2.3 and Equation 2.5, then, Z" can be directly correlated to the film thickness
by?®:
—Z"(t)(2nfee,)*A

aT

pé_a sin (T) [1+ 2.88(1 — a)2375] Equation 2.6

Equation 2.6 gives the essential expression for application of SF-EIS to analysis of passive

lox(t) =

film growth. From measurements of Z” at a specified frequency, f, over a specific amount of time,
l,, variations can be measured across the exposed sample area. The CPE constant, «, is found by
fitting an EIS spectrum acquired across a range of high to low frequencies to a circuit model. In
addition, the frequency chosen to measure Z” must correspond to the characteristic one for the
passive film time constant. These parameters are highly sensitive to the specifics of
electrochemical systems, enabling broad application of SF-EIS for measurements of passive film
growth, but must be correctly characterized in order to ensure accurate calculations. Less
significantly, ps must also be quantified for each alloy and solution environment combination but
Lo (t) is only marginally dependent on this parameter, as [, (t) « p¥~* and « is very close to 1

for a capacitive CPE.

2.2.3 Atomic Emission Spectroelectrochemical (AESEC) Theory

The unique application of AESEC towards measuring partial anodic dissolution rates in
operando was first performed on 304 stainless steel during linear scan voltammetry, the traditional
method for analyzing the overall corrosion behavior of a material at a given potential®’. However,
this more antiquated technique requires the decoupling of anodic and cathodic half cells and it is
only realistically applicable for pure metals, as even binary alloys typically exhibit preferential
dissolution of one element?’. As such, online AESEC methods have been developed. The most
common of these include inductively coupled plasma optical emission spectrometry (ICP-OES)
and inductively coupled plasma mass spectrometry (ICP-MS). ICP emission spectrometry is
advantageous as it is sensitive to most elements in solution, has a linear dynamic range around five
to six orders of magnitude, and can typically detect up to 16 elements at any given time and trace
quantities of elements can be detected at parts per billion concentration levels. In addition, the

oxidative mass gains measured using ICP-OES were confirmed using gravimetric measurements?’.
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Each technique utilizes a flow electrochemical cell connected to a nebulizer and chromator, shown
schematically in Figure 2.5, where the elemental concentration transients are measured
downstream throughout the experiment time at relatively short intervals.

The major limitation of the technique is the temporal resolution and hydrodynamic range
due to the fast, low volume flow from the cell and the limits presented by the aspiration-
nebulization system present within the spectrometer!’. This has been thoroughly characterized and
modeled’?® by, first experimentally later computationally, using high current galvanostatic or
potentiostatic pulse to quickly dissolve a metal or alloy, followed by measuring the shape and
width of the temporal concentration profile. An example of this process is given in Figure 2.6
where the respective experimental setup has a resolution of T ~ 15 s. Another characteristic
parameter of the residence time distribution, 5, can be determined from the full width-half max of
the Gaussian peak. This setup characterization provides measurements of the residence time
distribution as a functional of various experimental parameters (i.e. flow cell volume and flow
rate). The Gaussian velocity distribution profile during the laminar flow produced by the flow cells
causes this observed spread of data evident in Figure 2.7, and as such it must be computed. The
time resolution, given by t, can be improved by increasing the flow rate, but doing this excessively
can result in heterogeneous electrolyte flow across the surface?. This relationship, along with the
effect of flow rate on B is given in Figure 2.8. Once the solution hits the nebulizer, the solution is
aspirated and processed through a spectrometer to produce the emission spectra. By comparing
these spectra to those produced by aqueous standards of known concentrations, the exact
concentration of each element within the flow can be determined as a function of time®.

As mentioned previously, there are two common types of flow cell AESEC applied in
literature and each has its own advantages: ICP-MS and ICP-OES. ICP-MS is often used for
applications with more dilute constituents as it can often detect to the previously mentioned limit
of 1 part per billion. The mass-sensitivity of the spectrometer can also distinguish between unique
isotopes. While the incredibly high resolution is only possible for a few elements using ICP-AES,
it typically has faster acquisition than its counterpart and the resulting spectra have less matrix
effects due to the aspiration of molecular compounds. Additionally, the systems themselves are
less expensive?®. For this thesis, all AESEC work presented was obtained using an online ICP-MS

located at Monash University in Melbourne, Australia through a collaboration with the Materials
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Science and Engineering Department. MS was selected over OES for its optimal concentration
resolution, as the dilute Mo concentrations and minimal Cr dissolution commonly observed for
Ni-based alloys would be otherwise difficult to detect. The AESEC experiments and the results

are included in Chapters 3-6.

2.2.4 Application and Analysis of Online AESEC

The application of AESEC for analysis of individual element dissolution and oxidation
kinetics is as computationally complex as previously discussed for SF-EIS. The concentration of
a specific element can be directly calculated from the emission spectra:

Cu(t) = k[L(©) = 7] Equation 2.7
where k is a proportionally constant obtained by measuring the emission intensity of several
standardized solutions of known and varying concentrations, I; is the emission intensity at any
given time and wavelength which corresponds to the desired element, M, and I} is the background
intensity. Both of these are shown schematically in Figure 2.6. From this concentration profile, the
dissolution current density measured by the ICP-MS setup can be directly obtained:

. zF fo Cy (8)
Lgiss(t) = —7\/1 Equation 2.8
M

where z is the metal cation valency, F is Faraday’s constant, f, is the electrolyte flow rate, and
M,, is the molar mass of element M. The total dissolution current density is then the sum for all

elements in an alloy:

Laiss(t) = Z Eqiss (t) Equation 2.9
The novel application of this technique comes from the computation of the individual
oxidation contribution for a given element: i} (t). Equation 2.8 and Equation 2.9 give only the
current flux corresponding to dissolution. The total electrochemical current commonly measured
using a potentiostat, iz, includes iy;ss and the current density corresponding to oxidation, i,,:
igc(t) = lox () + iaiss(t) Equation 2.10
Analysis of the oxidation current is possible through the derivation of [,,(t) through
Faraday’s law:

npoxF dlox .
M, dt Equation 2.11

iox(t) =
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where n is the cation valency for the molecules present in the passive film, p,, is the average film
density, and M,, is the average molar mass, all approximated from ex situ film composition
measurements. From either the SF-EIS or ICP-MS methods, the oxidation efficiency of the current
can be computed:

Lox

n= irc Equation 2.12
However, Equation 2.11 only gives the global rate of film thickening, not the coveted contribution
of individual elements towards passivation. In order to obtain selective % (t), the average, total
electrochemical current was assumed to be approximately that caused by congruent dissolution
based on the alloy composition:

icong aiss(t) = (at% M)igc(t) Equation 2.13

This approximation will be shown in later chapters to be valid for the passive film,

especially at short times due to the solute capture of the bulk metal into non-equilibrium oxides.
Based on Equation 2.13, the rate of metal cation accumulation in the passive film, i (¢), can be
obtained:

iore (8) = ifong aiss () — idiss(t) Equation 2.14
The surface accumulation of metal cations (atom/cm?) is directly related to this oxidation flux by

the expression:
t

Ny Na (.
Ny = ﬁqggc = ﬁf i (t)dt Equation 2.15
0

where N, is Avogadro’s number and g% is the integrated oxidation charge for element M. The
concentration (at%), then, of a given cation is given by:

Nu(t)

Cu(t) = S Ny (O Equation 2.16

A general schematic of the relative oxidation and dissolution for individual alloying elements is

given in Figure 2.9.

2.3 Objective
The primary objective of this chapter is to develop an electrochemical framework for

analyzing operando film growth during potentiostatic and galvanostatic passivation experiments.
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Single frequency electrochemical impedance spectroscopy (SF-EIS) is used to measure variations
in the imaginary impedance of a passive film during growth by superimposing an AC signal onto
a constant applied DC potential or current density. The SF-EIS technique enables accurate
measurement of the film thickness changes with time and the relevant oxidation current density
independent from the total electrochemical one typically measured using electrochemistry. This
chapter aids in analyzing the growth rate independently from dissolution and cation-ejection
reactions and enables accurate analysis of growth kinetics by disregarding the currents

corresponding to film thinning or localized corrosion events.

2.4 Application of the SF-EIS Framework

2.4.1 Determination of a(t)

The metallic samples used for this study were polycrystalline Ni-based alloys prepared by
induction arc-melting, followed by casting, cooling, sectioning, and annealing to produce fine-
grained microstructures. The compositions (wt%) for the investigated alloys are as follows: Ni,
Ni-11 Cr, Ni-11 Cr-6 Mo, Ni-22 Cr, and Ni-22 Cr-6 Mo. Before electrochemical testing, these
samples were sequentially ground to 1200 grit using SiC paper and rinsed in deionized water
before being inserted into the conventional three-electrode electrochemical cell used for
experiments, shown schematically in Figure 2.10. This setup included a Pt mesh counter electrode
and either a saturated calomel (SCE) or mercury-mercurous sulfate (MMSE) (Vyuse =
—210 mVscg) electrode for the aqueous NaCl and Na>SOs-containing environments, respectively.
Crevice corrosion was mitigated by using a new Teflon O-ring before each experiment, allowing
the impedance measurements to correspond only to the film and not any localized corrosion
processes.

The solutions were prepared using reagent-grade NaCl and Na SO4 and acidified to pH 4
using HCI or H2SOa4, respectively. The chemistries are given as: 0.1 M Na>SO4 and 0.1 M NaCl.
These chemicals were dissolved in ultra-high purity deionized water dispensed from a Milli-Q
(resistivity of 18.2 MQ-cm) and during experimentation, the solutions were deaerated using high-

purity N2 gas.
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An initial cathodic reduction step at -1.3 Vsce! for 10 min was used before all
electrochemical experiments in order to minimize the existence of air-formed oxides on the alloy
surface. During this step, gaseous Hz was evolved on the surface due to the high cathodic applied
potential and collected at the surface due to the presence of the O-ring. The bubbles were
periodically removed during the reduction step via an added pipette filled with same solution as
the cell body. This enabled the metal electrode to remain in contact with the electrolyte. Following
this, rapid EIS scans were obtained at frequencies from 1,000 to 1 Hz at an applied DC potential
of +0.2 Vsce with a superimposed AC amplitude of +20 mVms. This enabled one spectrum to be
obtained approximately every 32 s. In addition, the use of a passivating potential results in the
nucleation, convergence, and thickening of the film layer to be captured by the evolution of the
EIS spectrums. The impedance measurements were performed sequentially until 300 spectra were
recorded. It is worth noting that this results in passivation for just under 10,000 s.

From these numerous spectra, fitting to a simplistic circuit containing a CPE in parallel
with a resistor, R,, in series with another resistor, Ry, where the former corresponds to the
polarization resistance of the passive film and the latter the solution ohmic resistance. This circuit
is indicated below in Figure 2.13. For the sake of simplicity, such analysis was only performed

and plotted for certain scan numbers. Fitting was performed using Gamry Echem Analyst software.

2.4.1.1 Evolution of the Bode plot

For comparison, Bode-type plots of the first 10 spectrums obtained on the most and least
corrosion-prone alloys, Ni and Ni-22 Cr-6 Mo, during passivation in the Na>SO4 and NaCl
environments are given in Figure 2.11 and Figure 2.12. The last spectra are additionally provided
to demonstrate the steady-state condition that is merely approached during the first several hundred
seconds. The results demonstrate a clear influence of solution chemistry. In only 0.1 M NaCl at
pH 4, Ni is unable to uniformly passivate at all times. The slight increase in Zphz up until scan 5
indicates some increasingly capacitive behavior, but it declines after this short time interval.

The effect of alloying additions can be similarly seen by comparing the sets of spectra. In

Na>S0s, both the film thickness, as indicated by an increase in Zmod, and the capacitive behavior,

! This potential was chosen based on Pourbaix predictions for the stability of Cr and Ni metal phases versus their
oxides in pH 4 and 10 environments®®
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due to the slight increase in Zphz, were greater for the more alloyed material. This trend was
consistent with the spectrums measured for Ni-11 Cr, Ni-11 Cr-6 Mo, and Ni-22 Cr where the film
improved in a similar manner as the % Cr and % Mo increased. Evident in the chloride solutions,
the addition of Mo greatly enabled the film to remain passive at the low scans and the final one.
Only Ni-22 Cr-6 Mo exhibited a continued increase in Zmod and a decrease in Zphz during the

entire passivation time as a result of its strong alloying.

2.4.2 Evolution of Q(t) and a(t)

The calculated CPE parameters, Q(t) and a(t), were calculated by fitting the full spectra
(e.g. Figure 2.11 and Figure 2.12) to the simple circuit model shown in Figure 2.13. The results
are given in Figure 2.14 and Figure 2.15 for the acidified Na>SO4 and NaCl environments,
respectively. In the former solution, there was a general decrease in Q(t) as the concentration of
alloying elements increased. This indicates a thicker film, as Q and [, are inversely proportional
in Equation 2.3. The drop between Ni and Ni-11 wt% Cr was most notable, demonstrating the
strong effect of Cr as a passivation promoter as 11 wt% is past the predicted concentration where
a continuous Cr-oxide/hydroxide layer can form3°-33, From the results, it can also be surmised that
at early times, the passive films nucleate and grow until they converge and form a conformal layer
at approximately 70 — 100 s. This nucleation and growth processes is apparently faster for the more
alloyed materials due to the lower initial Q value measured.

In the chloride environment, a similar trend in Q versus [Cr + Mo] was observed. The
influence of the minor alloying elements was much greater, as there is a discernable difference
between Ni, the Ni-11 Cr-based, and the Ni-22 Cr-based alloys. This is due to the greater passivity
of the high [Cr + Mo] alloys in the corrosive chloride environment. The films, in general, exhibited
a thicker film than in the sulfate environment, evident by the decrease in Q when comparing Figure
2.14a and Figure 2.15a. After a few hundred seconds of passivation, there is a clear leveling off in
Q due to the limiting thickness being reached for the passive films. At this point, the chloride-
assisted dissolution becomes equivalent to that of passivation and there are no discernable gains
in l,,. This is very different from what can be observed in Figure 2.14a, where Q continues to

decrease even at long times as the limiting [, is not reached for the less harsh environment.
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The trends in a(t) are similar to those previously explained, where a clear increase is
observed for the more alloyed materials (Figure 2.14b and Figure 2.15b). This is most notable at
early times, where Ni and Ni-11 Cr had very low measured values of a that rapidly increased after
70-100 s. This was the same observed time to presumably nucleate and grow sufficiently such that
a conformal film can be achieved. The binary and ternary alloys all showed increasing values of
a with a later plateau after a few hundred seconds. The difference between them was very slight,
with Ni-22 Cr exhibiting the greatest a at almost all times. Ni, however, decreased after 300 s.
This can be attributed to film dissolution in even the chloride-free environment. Due to the acidic
nature and the lack of Cr-rich species in the film, the film becomes more resistive after reaching
the limiting thickness observed in Figure 2.14a. Finally, the more alloyed materials had the greatest
measured « initially due to favorable nucleation, especially when Mo was synergistically alloyed
in tandem with Cr34,

As for the NaCl environment, there was once again a strong observed effect of alloying
content. The higher [Cr + Mo] materials had a higher initial « but very quickly became overtaken
and the order flips, with Ni being the highest after approximately 300 s. This suggests the greater
capacitive behavior of the Ni-rich films compared to the more resistive Cr and Mo-rich ones. The
a for NaCl is higher than that in Na2SO4 for all times, presumably due to greater Cr-enrichment
versus Ni. This phenomenon has been observed in previous literature on Alloy 22, where

increasing [CI] results in a corresponding increase in the film’s fraction of Cr** cations0-%,

2.4.3 Determination of pg

In the original formulation of the Power-Law CPE fit?4%, the boundary resistivity constant,
ps, Was provided with no justification of its physical significance. Instead it is used to better equate
the thickness computed using a CPE fit for a given oxide to its true thickness. The closest literature
constant is given as 450 Q-cm for the film on stainless steel®”. As such, this parameter needs to be

evaluated to more accurately analyze SF-EIS results. From Equation 2.6, ps can be obtained as:

1

2 azll ]
ps = |- (2mee,f) Equation 2.17

g(a)l,, sin (a %)
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Most evident from Equation 2.18 is the exponential dependence of ps on all the experimental
constants. Since the assumption @ = 0.95 for most of this thesis, ﬁ = 20. Small variations in

l,, and Z" will result in significant changes in ps.
Independent computation of [, is necessary to determine ps. This is most commonly done

using through fits of XPS spectra®:

Ny Al
loy = A, sin 6 In |—= m°+1]

N AL, Equation 2.18

where 1,, A,, = the inelastic mean free path of the appropriate photoelectrons in the oxide and
metal, respectively; 6 = the electron take-off angle with respect to the sample surface; N,, N, =
the volume free density of metal atoms in the oxide and metal, respectively; 1,, I,,, = the total
integrated peak area intensities of the oxide and metal photoelectron peaks, respectively. The
relevant constants are included below in Table 2.1. This expression assumes a single uniform over-
layer so that the signal attenuation is appropriately characterized by the ratio in peak areas®®%,
For many of the alloys in this thesis, dilute minor additions (e.g. Cr and Mo) can experience
depletion within the metal at the metal/oxide interface. This will result in their observed I, being
lower than it would be for the bulk as the probing depth of an XPS is approximately 5 nm. Because
of this, the area of the Ni-metal peak was often used as a reference to correct for the depletion of
other elements. To obtain the true, undepleted peak intensity, I,,, the metal composition of the

minor element (in at%) and the atomic sensitivity factor, 4,,, of it and Ni were used*°:

In

Iyi Ay (at% M
= An; (at% Ni) Equation 2.19

Combined application of Equation 2.17 - Equation 2.19 result in measured values of p;s.

The values calculated for the passive films formed on Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, following

potentiostatic holds at +0.2 Vsce for 10 ks in several environments are given in Table 2.2. The

XPS results will be presented later, but the measured final film thicknesses, [,,, from the SF-EIS

results and the XPS spectra analysis are included for reference.
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2.4.4 Application of Potentiostatic Single Frequency Electrochemical Impedance

Spectroscopy (pSF-EIS)

Gamry Instruments possesses a potentiostatic SF-EIS (pSF-EIS) experiment in their
commercial framework. In it, an applied DC potential (E,,,), AC voltage (typically 10 or 20
MVms), frequency, and total acquisition time are required. The output data includes the time of
measurement, Z', Z", the impedance phasor’s modulus (Z,,,4) and phase angle (Z,,,), and the
total electrochemical current density (ig.), as shown schematically in Figure 2.16. Initially, the
frequency of the AC signal was established for the electrochemical cell opening used (A =
0.1 cm?) through modeling of the impedance for only the oxide layer (Figure 2.18) and inspection
of a full EIS spectrum (Figure 2.19). The maximum in Z,,,, was interpreted as the frequency best
corresponding to the time constant for capacitive passive film behavior at steady state (assumed to
be seen after 72 ks). The frequency approximated as 1 Hz from this method. While 10 Hz may
also seem like a suitable choice, it often corresponds to a buried interfacial time constant and thus
is not as reliable for extensive application. For changes in areas, a corresponding change in the SF-
EIS frequency will occur (i.e. 100 Hz for A = 0.1 mm? wire samples).

A typical three-electrode flat cell was used for the SF-EIS experiments with a Pt mesh
counter electrode and a mercury-mercurous sulfate reference electrode. The still solution was
identically deaerated and air-formed oxides were cathodically reduced at -1.3 Vsce for 10 min341,
A Gamry Reference 600 potentiostat and the SF-EIS script was applied at +0.2 Vsce with 1 Hz
frequency and a 20 mV AC amplitude. Following SF-EIS, an EIS spectrum was acquired from
100 kHz to 1 mHz for correlation of imaginary impedance, Z"(t), to an oxide thickness, [, (t),
using an equivalent circuit model for Ni-alloys® (Equation 2.6).

An example of pSF-EIS data produced using Gamry’s script is given in Figure 2.20. It is
evident that film growth observations typical nucleation and growth processes over the first few
hundred seconds before hitting a limiting thickness. Because of small fluctuations in the measured
Zimag due to application of an AC signal, the pSF-EIS data will need to be smoothed before
calculating a derivative. The i,, curves computed from the data in Figure 2.20 are shown in Figure
2.21.
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2.4.5 Application of Galvanostatic Single Frequency Electrochemical Impedance

Spectroscopy (gSF-EIS)

Similar to pSF-EIS, galvanostatic SF-EIS (gSF-EIS) is possible using a Gamry Framework
script which sets constant, applied DC and AC currents and measures variations in the real and
imaginary impedance components with time. The major distinction between potentiostatic and
galvanostatic film growth is that the final thickness is fixed and the current changes in response to
the film thickness increase for the former method whereas its growth rate is controlled by the latter
and the measured potential changes are in response to film thickening'>#243, Equation 2.11 will be
similarly applied to gSF-EIS data in order to measure passive film growth under galvanostatic
conditions. An example of the influence of applied current density on film growth is shown in
Figure 2.22.

Because of the potential for rapid passivation rates at high applied current densities, in
operando gSF-EIS is necessary to measure film thickening. Measurement of impedance spectra
during galvanostatic polarization is possible, as shown in Figure 2.23. Data acquisition is,
however, time-consuming and the results are very scattered. As such, overall trends can only be
predicted. Application of gSF-EIS can remediate this issue and produce curves more representative
of the in operando passivation process under galvanostatic-control (Figure 2.24) via the same
correlation of the imaginary impedance to an oxide thickness previously established for the
potentiostatic case (Equation 2.6). As with pSF-EIS, a constant frequency (1 Hz) and AC
fluctuations (isc = 0.05 pA/cm?) were applied.

As previously done for pSF-EIS method, gSF-EIS was applied to the same materials to
characterize passivation in a 0.1 M Na>SO4 environment. A periodic current was imposed during
current-controlled passivation up to +0.2 Vsce (Figure 2.25) in order to measure the impedance,
as shown in Figure 2.26. The same analysis of [,,, i,,, and n was applied as demonstrated in
Figure 2.20 and Figure 2.21. Notably, the i in Equation 2.12 is interpreted to be i,,,, in this case
as it is the overall reaction rate of oxidation and dissolution for the system.

The results demonstrate that thicker films are achieved at lower rates. This is likely caused
by an increase in dissolution during fast passivation at a high i,,,, and the challenging kinetics

necessary for nucleation and growth of oxide films. In Figure 2.26b, it is evident that all alloys
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nucleated and grew passive films around -500 mVsce. This is often interpreted as the critical
passivation potential, E,,. Similar to potential-controlled passivation (Figure 2.20), a pseudo-
limiting thickness was reached for each i,,,. Upon analysis of i,, (Figure 2.27ab), i, also goes
towards 0 at long times (or high potentials). However, fluctuations in —Z" as shown in Figure 2.26
resulted in negative values for i,, when thinning is predicted. Within the passive region from -500
to +200 mVsce, however, it remains positive for the most part (Figure 2.27b). Based on the
computed i,, and the corresponding is,,, 1 also appears to be initially higher for lower i,
(Figure 2.27cd). At long times however, n — 0.

Following the thoroughly analyzed gSF-EIS passivation, a full EIS spectrum was obtained
in order to compare the films in situ (Figure 2.28). There are slight increases evident in the modulus
and phase of the passive film portion of the impedance spectra around 1 Hz, the frequency used
for gSF-EIS, for slow i, data. This indicates a thicker and more capacitive film as a result of the
slow growth. The differences are, however, slight. There is no shift in the oxide time constant due
to a distinctly different film being formed at fast or slow rates or the emergence of a second time
constant altogether. Additionally, no broadening of the phase modulus is evident as this would
suggest a defective film being formed at high rates. As such, films that can be thought to behave
similarly electrochemically with slight differences in [,, were achieved using current-controlled

passivation and characterized through application of gSF-EIS.

2.5 Discussion

The influence of chloride-assisted film dissolution is significant when passive films are
considered to exhibit constant phase element-like behavior. While the physical interpretation of
CPE behavior has been contested in previous literature, the results presented herein demonstrated
that the presence of chloride anions produced films with greater capacitive behavior and
thicknesses, evident by the increase in a(t) and decrease in Q(t). Increasing surface roughness
has also been shown to result in a greater a exponent**6. This notion supports the observation
that the alloys have higher measured a values in the chloride environment, which has been recently
shown to induce greater RMS as found using AFM following passivation*’. One recent publication
correlated « to the anomalous diffusion power, n, where it was shown that when a =n =1,

diffusion occurs as it does for a perfect capacitor®®, In the case of semiconductors like the expected
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passive film on Ni-Cr-Mo alloys, charge transfer results in slowed subdiffusional processes and
thus n < 1. The increased a and decreased Q directly support faster diffusion and therefore film
thickening in the NaCl environment when compared to the Na;SO4 one.

During the early stages of passivation in either environment, the Mo-containing alloys
exhibited higher measured a values than their Ni-Cr counterparts. In the context of subdiffusion,
this supports the thought in literature that Mo acts in synergy with Cr to promote nucleation and
growth of passive films®*. The same logic applies to the sulfate environment at all times, where Ni
had a much lower « (i.e. slower n) than the alloys containing Cr and Cr + Mo. However, at longer
times in the chloride-containing solution, a decreases with alloying content. As such, Mo is
perhaps slowing the diffusion of point defects necessary for passivation. Literature supports this
notion, where Mo-containing alloys have been found to form a thinner passive film!34%%0,
Additionally, Mo, when incorporated in passive films as a substitutional defect on a Cr3* or Ni?*
site (i.e. Mo2tor Moyt for a Mo®* defect), has been proposed to slow the migration of cation
vacancies by forming immobile complexes®®!, This idea further supports the decreasing « in
chloride-containing solutions, as local film dissolution generates such point defects®>°3, In aqueous
Na>SOg, such an effect would be minimal due to the low amount of film dissolution induced by
the acidic environment.

The exponential dependence of [, on a (Equation 2.6) is greatly impacted by these factors.
During previous application of the SF-EIS method in literature?®*°%* the a used in Eqg. 3 was
assumed to be constant and the value used was measured using a full EIS spectrum following the
conclusion of passivation. Typically, this would yield values of ~0.95 after 10 ks for the various
Ni-based alloys that have been investigated. However, Figure 2.14b and Figure 2.15b demonstrate
that this is an inaccurate assumption for approximately the first 100 s when nucleation and growth
are still occurring rather than film thickening. As such, there is greater experimental error in the
early stage of passivation. In fact, if the a(t) curves are applied to SF-EIS data, it results in
enormous and unrealistic values of [,, at early times as indicated in Figure 2.29. When a
continuous film is reached, a is approximately constant during the region of film thickening.

It can be argued that using this limiting value of a measured following passivation is not
entirely accurate for describing the behavior of the system as a whole during early film growth,

but it is indeed valid when measuring only the passive film itself. Multi-frequency EIS spectra
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provide a global measure of the system and cannot distinguish the passive film independently from
the double layer, interfaces, or the metal electrode. As a result, the measurements of a are impacted
by these artifacts. Especially during the measurements of a non-continuously covered film layer,
the incredibly resistive and exposed metal surface would decrease the overall a despite the
adjacent, high a oxide nuclei. The a(t) thus does not apply to specifically the oxide layer and
rather fits better for the system as a whole. The low, initial values should then not be used to
calculate [, (t) and the steady-state value can be used as a more accurate representation of the
passive film itself and not the other components of the system.

As for the boundary film resistivity parameter, ps, its measured values for various Ni-Cr(-
Mo) alloys exposed to the environments of interest in this dissertation were highly dependent on
the film thicknesses according to XPS analysis as they varied more than those measured using
pSF-EIS. This is likely caused by the only valid application for Strohmeier’s electron spectroscopy
for chemical analysis (ESCA) method (Equation 2.18) is for distinct layers of the NiO, Ni(OH)z,
Cr203, Cr(OH)s, M0oO2, and MoOs layers®>°. Any non-heterogeneities in the film would result in
the oxide thickness being overestimated and any resulting value of ps to vary greatly. The results
in Table 2.2 suggest the same uncertainties. In general, it was observed that ps was higher in the
sulfate environments and also for Ni-Cr in the alkaline NaCl one due the strong stability of
NiO/Ni(OH). at high pH values®®-°,

These variations in ps will, however, not substantially impact any application of SF-EIS
to potentiostatic or galvanostatic passivation. Notably, Ni-Cr exhibited the highest and lowest
values in 0.1 M NaCl at pH 10 and pH 4, respectively. Since [,, x p¥~* and a is commonly
approximated to be 0.95 for long-term passivation, for the aforementioned values (1,456 at pH 10
and 151 at pH 4) will instead be reduced to 0.70 and 0.78. This suggests that any changes in ps
will not strongly influence SF-EIS. In general, using the literature value, 450 Q-cm?, for every
alloy and environment combination as an average approximation is therefore valid. This is likely
because it was established for stainless steels, which often possess films rich in Ni and Cr oxide
species. With passivation time, ps should intuitively vary as the passive film composition does.
But again, this would be insignificant due to the weak dependence of [,, on ps. Testing the

temporal variations proves challenging because of the need to perform in-depth XPS analysis at

42



each time step and as such, only the steady-state films have been considered?*¢5°61  For the

remainder of this dissertation, however, the values of ps from Table 2.2 will be used.

2.6 Conclusions

Aqueous oxide growth under potentiostatic conditions was investigated in operando using
Single Frequency Electrochemical Impedance Spectroscopy (SF-EIS) in a chloride-free
environment under both potential- and current-control. The oxidation current density, i,,, was
successfully monitored by SF-EIS. The measurement of in operando film thickness in real-time
has revealed the significant impact of cation ejection during all stages of passivation in acid,
especially at longer times, whilst highlighting the contribution of individual alloying elements on
the reactions occurring. Processes governing oxide growth must be taken into consideration in
order to construct accurate growth laws for thin film passivation. The temporal nature of « has a
significant effect on application of SF-EIS as a result of variable film diffusional processes at
different time scales. The variations in a(t) during electrochemical passivation are reported. In
general, it was found that a increased with time as the passive films nucleated, grew, and
converged into a conformal layer. These relatively small changes can result in large experimental
errors at early times, as the common convention is to use the @ measured after passivation and
[, (t) is exponentially dependent on a. However, it is unclear whether the early values are
impacted by the exposed metal surface before the film converges and thickens, resulting in a
validation of using the steady-state a. There was also a strong observed influence of solution
chemistry and alloying content, where the presence of chlorides espouses diffusion and film
growth. The charge transfer inherent to semiconducting films results in « < 1 at all times, but each
alloy exposed to each solution has relative increases or decreases in its diffusion behavior. The
measured ps similarly varied with alloying content and exposure environment, but this influence

on Equation 2.6 was minimal, as demonstrated in Table 2.2.
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2.8 Tables

Table 2.1. Constants used to compute [, from XPS spectra fitting results
AO’ Am NO’ Nm
(A)  (mol/cmd)

Element Compound Ay

Ni 7.3 0.1518
Ni NiO 4044 .o 0.0893
Ni(OH), ' 0.0442
Cr 9.4 0.1383
Cr Cr203 2421 o 0.0687
Cr(OH)s ' 0.0302
Mo 15 0.1071
Mo MoO; 3321 0.0506
MoOs 0.0326

Table 2.2. Computation of ps using impedance and XPS spectra analysis following 10 ks
passivation at +0.2 Vsce for various alloys and environment combinations. The units for ps and
Z" are Q-cm and Q-cm?, respectively. For reference, ps~* is also included to demonstrate the
influence of this parameter on [, in Equation 2.6.

0.1 M NazS0O4 0.1 M NacCl

Method Parameter pH 4 pH 10 pH 4 pH 10

Ni-Cr Ni-Cr-Mo Ni-Cr Ni-Cr-Mo Ni-Cr Ni-Cr-Mo Ni-Cr Ni-Cr-Mo

[Ni(OH), 1.45 1.41 1.26 1.42 0.82 1.52 2.24 0.55

ox

XPS 16T (0H)s 2.92 3.46 2.28 1.51 2.80 3.33 2.17 2.09

ox

loral 437 487 354 293 362 48 441 264

SF-EIS  (Ps=%5° 459 509 343 297 344 491 468 256
Ps 1211 1,060 1154 570 151 543 1456 245
pet 0701 0706 0703 0728 0778 0730 0695  0.760
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2.9 Figures
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Figure 2.1. General estimation of the relative inefficiencies (15.8% overall) of potentiostatic
passivation for 72 ks at +0.2 Vsce on Ni-22 Cr-6 Mo, wt%, in a relatively benign environment,
0.1 M Na>SOs acidified to pH 4 using H2SO4. The black curve corresponds to the thickness
computed by integrating under the total i and assuming 100% whereas for the red curve, EIS

was applied during passivation to more accurately determine [,,,.
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Figure 2.2. Graphical representation of complex impedance plane where quadrant 1V
corresponds to perfect resistors, capacitors, and constant phase elements and thus is most

commonly used in electrochemistry
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Figure 2.3. Simulated impedance spectra for an RC parallel circuit via a) Nyquist plot and b)
Bode plot for a perfect capacitor (Qcpr = 1076 s* Q™1 and & = 1.0) and a constant phase
element (CPE) (Qcpr = 107° s* Q™1 and a = 0.75) produced using Zview
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Figure 2.4. Appearance of an impedance spectra as a result of nested time constants for two RC
circuits in series with each other (shown in the inset) where each capacative loop is indicated
with the red curves
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Figure 2.6. Residence time distribution from an electrochemical flow cell following a 10 mA

pulse applied to pure Cu in 1.2 M HCI and the Cu emission intensity was measured in response.
Three measures were superimposed to show the reproducibility. The lag time, t°, is defined as
the time between the initial pulse and the first point at which the signal rises above the
background (I7) A blowup of the onset near t° is shown in the inset. The residence time
distribution, 7, is defined as the time between t° and the peak maximum.!’
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Figure 2.7. Numerical model of the substance distribution (C) in mole m™2 from the electrode
area following a 107" mole mass pulse for 3 cm® min~* flow rate into the feed capillary after 3,
10, and 30 s (t1, tz, and t3 respectively)?
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Figure 2.9. Schematic of the relative dissolution and oxidation reactions occurring for a Ni-Cr-
Mo alloy with the corresponding current densities indicated®?
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Figure 2.10. Schematic of the vertical three-electrode electrochemical cell used for various in
operando and in situ characterization techniques, where a Pt mesh was used as the counter
electrode and the reference was either a SCE or MMSE electrode for NaCl and Na2SO4
electrolytes, respectively.
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Figure 2.11. Full spectrum EIS measured sequentially on Ni-22 Cr, wt%, in 0.1 M NaSO4 +

H2SO4 pH 4 over approximately 10 ks. Each scan iteration lasted on average 35 s and the first

ten, along with the last, are shown and indicate the increase in the film impedance during the
passivation process.
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Figure 2.12. Full spectrum EIS measured sequentially on Ni-22 Cr, wt%, in 0.1 M NaCl + HCI
pH 4 over approximately 10 ks. Each scan iteration lasted on average 35 s and the first ten, along
with the last, are shown and indicate the increase in the film impedance during the passivation
process until film dissolution initiated after the 7" scan (i.e. approximately 250 s).
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Figure 2.13. Circuit model used to fit the CPE parameters Q and « and their evolution with time.
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Figure 2.14. a) Q and b) a CPE parameters used in Equation 2.6 to calculate [, and measured as
a function of time for various Ni-based alloys (wt%) passivated in 0.1 M Na>SO4 + H.SO4 pH 4
by fitting the sequential, full EIS spectra to a simple CPE in parallel with a resistor (Figure 2.13)
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Figure 2.15. a) Q and b) a CPE parameters used in Equation 2.6 to calculate [,,, and measured as
a function of time for various Ni-based alloys (wt%) passivated in 0.1 M NaCl + HCI pH 4 by
fitting the sequential, full EIS spectra to a simple CPE in parallel with a resistor (Figure 2.13)
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Figure 2.18. Comparison of the total —Z” spectra of Ni-22% Cr-6% Mo, wt, after 10 ks of

potentiostatic polarization at +0.2 Vsce in 0.1 M NaCl pH 4 versus a ZView simulation using a

simplified circuit fit containing only a constant phase element and a resistor with the same

measured Qcpg, @, and R, from fitting the total spectra (Figure 2.17), as indicated in the inset
model where the red outline indicates the oxide portion, demonstrating that using -Z” at 1 Hz

correlates to the oxide properties
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Figure 2.19. Full spectrum EIS obtained following 10 ks of passivation at +0.2 Vsce on various
Ni-Cr-Mo alloys in 0.1 M Na>SOs solution, where the chosen frequency for SF-EIS (1 Hz) is
shown and suggests that Z,,,, is near its maximum and between the two nested time constants

corresponding to the oxide for all alloys
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Figure 2.20. Film growth curves obtained on various Ni-based alloys during passivation at +0.2
Vsce for up to 10 ks in 0.1 M Na2SOs solution using @ = 0.95 in order to directly compare —Z"
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during the potentiostatic passivation at +0.2 Vsce
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Figure 2.23. In situ impedance measurements using fits of full EIS spectra (Figure 2.17 and

Equation 2.2) to obtain [,, during ordinary DC galvanostatic polarization of Ni-22 Cr-6 Mo at 30
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Figure 2.22, but vastly different times due to the direct proportionality between i,,, and
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Figure 2.25. Potential changes during current-controlled passivation of Ni-22 Cr-6 Mo, wt%, at
varying rates dictated by ig,,, in 0.1 M NazSO4 (pH 5.5).
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Figure 2.27. Analysis of i,, and the corresponding n for each applied galvanostatic passivation
rate (Figure 2.26) according to Equation 2.11 and Equation 2.12. The curves are provided as a
function of a,c) passivation time and b,d) potential to demonstrate their influence on the
competition between oxidation and dissolution kinetics.
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Figure 2.28. Electrochemical impedance spectra Bode plot of the impedance magnitude and
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Figure 2.29. Comparison between [, (t) on Ni-22 Cr-6 Mo (wt%) during 10 ks of potentiostatic
SF-EIS passivation at +0.2 Vsce in 0.1 M Na2SOa4 pH 4 calculated using the fixed, steady-state a
measured using a full EIS spectrum fit and a(t) given in Figure 2.14b
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3. Potential-Controlled Passivation and Surface Characterization of Ni, Ni-Cr, and Ni-Cr-
Mo — Part I. Sulfate Environments
A manuscript based on this chapter has been published:

K. Lutton, K. Gusieva, N. Ott, N. Birbilis, and J. R. Scully. (2017). Understanding multi-element
alloy passivation in acidic solutions using operando methods. Electrochemistry
Communications, 80(7), 44-47.

3.1 Abstract

The instantaneous Kkinetics of passivation during potential control by oxide formation, film
thickening, passive film dissolution, and breakdown via localized corrosion were investigated for
Ni-22 Cr and Ni-22 Cr-6 Mo, wt%. Experiments were conducted in specific acidic and alkaline
sulfate environments using simultaneous electrochemistry, on-line inductively coupled plasma-
mass spectrometry (ICP-MS), and single frequency-electrochemical impedance spectroscopy (SF-
EIS) along with in situ neutron reflectometry (NR), and ex situ X-ray photoelectron spectroscopy
(XPS), atomic force microscopy (AFM), and 3D atom probe tomography (3DAPT) following
electrochemical testing. The specific roles of pH and Mo on passivation kinetics are presented and
the results provide an increased understanding of both thermodynamic and kinetic factors
governing passivation without the complication of chloride-assisted localized corrosion.
Specifically, it was found that pH has an impact on the relative chemical stability of Ni-Cr passive
films but not noticeably for Ni-Cr-Mo ones. In addition, oxidized Mo was observed to function as
an electronic dopant within the passive film, increasing growth kinetics and modifying the
concentration of electronic defects.

3.2 Collaborations

Several collaborations have occurred to perform the broad range of experimental
techniques presented in this chapter. In order of appearance, these include: on-line ICP-MS
experiments were performed by Dr. Noemie Ott at Monash University, NR experiments and initial
analysis were done by Dr. Hung Ha at the Canadian Nuclear Laboratories, AFM measurements
and RMS analysis by William Blades at the University of Virginia, and APT sample preparation,
measurements, and imaging were performed by Dr. Xiao-Xiang Yu at Northwestern University.
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3.3 Introduction
3.3.1.1 Passivation in Sulfate Environments

Aqueous sulfate solutions are often the environment of choice for electrochemical passivity
studies as most films are stable at a wide range of potentials and do not undergo localized
dissolution, such as occurs in chloride-containing solutions. For example, Fe-15 Cr and Fe-25 Cr,
wt%, passivation has previously been studied in 0.4 M NaSOs + 0.1 M H2SO4 using AESEC?.
The results indicated that Fe had strong preferential dissolution independent on alloy composition,
occupying 90% of the total mass dissolved. Upon stepping the potential from 0 mVsne to +800
mVswe, a sharp spike in Fe and a slight increase in Cr-dissolution was observed. The growth
kinetics of the predominantly Cr passive film were measured using an electrochemical quartz
crystal microbalance (EQCM). There was a linear decrease in the film mass during the 0 mVsne
hold, followed by a sharp decrease which leveled back towards a linear trend after stepping to
+800 mVsHe. The EQCM mass loss agreed well with the Fe dissolution observed through
integration of the ICP signal peaks.

The passivation of pure Ni metal®>*2 and Ni-based alloys®>!**3-1" in sulfate environments
has been well-studied in previous literature. On Ni, the passive film is often described by a bilayer
structure due to the appearance of inner, crystalline NiO and outer, porous, and hydrated Ni(OH):
layers. This configuration is observed for acidic sulfuric and perchloric, along with alkaline,
solutions with limiting thicknesses measured on the order of a nanometer®.

MacDougall previously established that in 0.15 N Na>SO4 solution acidified to pH 2.8,
NiO film formation occurs initially through oxygen chemisorption up until a monolayer of
coverage and blocking of active Ni sites has been achieved, followed by lateral and somewhat
defective film growth®. At steady state, additional anodization may result in healing and hydration
of the Ni(OH) layer into a crystalline NiO structure. The mechanism of dissolution differs as a
function of passivation stage. For existing films, the authors found that dissolution often occurs
within the pore structure, followed by penetration to the metal and undermining of the metal/oxide
interfacial cohesion. In another study, MacDougall showed that steady-state, defective films on
NiO are annealed through a balance of dissolution and re-growth of crystalline NiO in the place of
Ni(OH)22.
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3.3.1.2 Fundamental Roles of Alloying Additions in Ni-based Alloys

Electrochemical passivation can be greatly improved with the addition of minor alloying
elements. At lower Cr concentrations, the passive film formed will be predominantly NiO-based
as there is not sufficient Cr present for formation of a continuous film*®#° Previous work has
additionally observed that the addition of a few at% of Cr to Ni alters the preferred oxidation
mechanism from one dominated by outward cation diffusion to one where oxygen ingress is
substantial®®. Past approximately 11 wt% Cr, Ni-Cr will preferentially form a continuous Cr-rich
oxide/hydroxide film as those particular compounds are more thermodynamically stable than Ni-
rich ones which are favored kinetically*>*°. In the case of high temperature oxidation, it was
observed that NiO forms first, followed by subsurface Cr.O3z enrichment at the inner interface and
eventually the emergence of large NiCr.O4 islands!’. While in general the addition of Cr to Ni
provides excellent resistance to localized corrosion and increases film stability in acidic, halide-
free transpassive dissolution is possible for Cr-rich passive films in highly oxidizing environments.
This can be remediated through alloying of other elements.

The most common minor alloying element used in the Ni-Cr system is Mo. Alloying of
Mo to pure Ni metal provides a less significant effect on the passive film structure when compared
to the effect of Cr. Ni alloyed with 13 wt% Mo and passivated in 1 N Na2SO; acidified to pH 2.8
has previously been studied using scanning transmission electron microscopy and diffraction
indicated only the presence of crystalline NiO particles with approximately 3 nm diameters!'. Mo
was found to be, however, either finely dispersed in the anodic NiO film or present as an
amorphous species that does not appear in diffraction. While Cr alone increases passivity, Mo
additions have been shown to monotonically increase the passive current density and the film
growth rate?’. Another study proposed that a defective, amorphous (Mo*", Mo®")xOy layer is
produced which increases the defect concentration in NiO, resulting in observed increases in the
passive current density??.

Alloying with a combination of Cr and Mo, however, results in a highly synergistic
relationship with regards to the passivity of Fe and Ni-based systems. While this effect is especially
notable in chloride-environments, corrosion behavior is additionally reinforced in acidic sulfate
ones. Alloy 59 (Ni-22.5 Cr-15.5 Mo0-0.9 Fe, wt%) has been studied in sulfuric acid solutions
through potentiodynamic electrochemistry, EIS, Mott-Schottky (MS), XPS, and Auger depth
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profiling?®. The results indicate the substantial increase in passivity through alloying of high
concentrations of Cr and Mo when compared to pure Ni and its binary alloys. Films grown in air
exhibited (Cr,Ni)-oxide films whereas those in solution were hydrated (Cr,Ni)-hydroxides?:.
Additionally, the air-oxidized films were thicker by approximately a nanometer due to the
influence of sulfuric acid on the competition between film growth and dissolution. The structure
of the passive film was not found to exhibit a bi- or multi-layered structure; instead, depth profiling
revealed that the aforementioned oxide species were distributed throughout the film with no

preferential segregation to the inner or outer interfaces?.

3.4 Objective

The objective of this chapter is to couple ICP-MS with SF-EIS measurements of elemental
contributions to film growth rate in both acidic and alkaline sulfate environments to provide in
operando analysis of film growth. During film growth at a constant applied potential, independent
XPS, MS, and 3D atom probe tomography (3DAPT) was be utilized for evaluation of film
composition, thickness, electronic properties, and their variations with passivation time. In
addition, the role of pH will be investigated through direct comparison of an acidic (pH 4)
condition with an alkaline one (pH 10). The passive film surface was additionally studied using
AFM local probe measurements of surface structures and roughness resulting from
electrochemical processes. Finally, this chapter aids in revealing the fate of the elements during
electrochemical passivity without the added influence of localized halide attack. The results helped
to establish an understanding of the role of Mo during acidic and alkaline passive film growth and

the specifics of its synergistic relationship when alloyed with Cr.

3.5 Experimental Methods

A variety of characterization techniques have been used for the evaluation of passive films
grown electrochemically on the Ni-based alloys. In particular, ICP-MS and SF-EIS, whose
application was previously discussed in Chapter 2, were be used in tandem for independent
measurement of i,, from the total and dissolution current densities, iz and iy;s. In addition, the
fate of individual elements can be comprehended with the assistance of partial elemental
dissolution current densities measured through ICP-MS. This alloying element-specific tracking

aids analysis of overall film growth and composition as a function of time. The information
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produced by the supplementary surface techniques will inform analysis of SF-EIS and ICP-MS

trends, as the calculation of i,, is dependent on certain film properties (e.9. z, My, Poyx)-

3.5.1.1 Materials

The samples used for this study were polycrystalline, solid solution Ni-alloys that model
common Cr and Mo concentrations found in commercial Ni-superalloys with the following
compositions: Ni-22% Cr and Ni-22% Cr-6% Mo, wt%. The E-pH diagrams for a generic Ni-Cr-
Mo alloy in a dilute NaCl environment is given in Figure 3.1. The materials were arc-melted, cast,
rolled, solutionized, recrystallized, and sectioned. The characteristic microstructures for each alloy
were obtained using electron backscatter diffraction analysis (EBSD) and are provided in Figure
3.2. Prior to each experiment, the samples were wet-polished up to 1200 grit using SiC paper,
ultrasonically cleaned in alcohol, and rinsed with deionized water (resistivity of 18.2 MQ-cm)
before being placed into the flat cell window. In the case of highly surface-sensitive techniques
such as AFM or EBSD, subsequent polishing using polycrystalline diamond suspensions on felt
microcloth pads down to 1 or 0.25 um and a final ion polishing step for 20 min.

The solution used was 0.1 M Na>SO;4 acidified to pH 4 using 1 M H2SO4 and 0.1 M NaxSO4
pH 10 prepared using 1 M NaOH for pH adjustment. All prepared solutions used reagent grade
chemicals dissolved in deionized water dispensed from a Milli-Q and were deaerated using ultra-

high purity N2 gas during electrochemical experimentation.

3.5.1.2 Fundamental Electrochemical Characterization

To initially test the electrochemical passivation behavior of the Ni-Cr and Ni-Cr-Mo alloys
in the sulfate environments, cyclic polarization scans were performed. This was done by initially
mechanically grinding the samples to 1200 grit using successively finer SiC papers. Then, the
materials were rapidly placed into the window of a vertical three-electrode electrochemical cell
(Figure 2.8) which was then filled with the appropriate solution. Upon insertion of a mercury-
mercurous sulfate (MMSE, +0.41 V vs SCE) electrode, the solution was then deaerated with N>
gas through a glass bubbler. Potential and current control was accomplished using a Reference 600
Gamry potentiostat.

An initial cathodic reduction step at -1.3 Vsce for 10 min was used before all

electrochemical experiments in order to minimize the existence of air-formed oxides on the alloy
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surface. Then, the sample was potentiodynamically polarized from -1.3 Vsce up to 0.8 Vsce and
back to -1.3 Vsce in 1 mV steps/s. While this speed is higher than what is typical for passivity
studies performed to ASTM standards®* (0.1667 mV/s), a faster sweep was necessary to prevent
the agglomeration of Hz gas bubbles evolved at the metal electrode surface when the potential was
sufficiently cathodic. Unlike during the reduction step, their removal was not possible using the
pipette attachment as the electrolyte stirring greatly impacted the current measurements. By
comparing the current response to the cyclic applied potential for the alloys in different pH
environments, the relative improvements via the effects of minor alloying additions and solution
chemistry can be inferred. However, these findings are not absolute and as such, the following

characterization techniques have been additionally applied.

3.5.1.3 SF-EIS

The details of the sample preparation and experimental set-up for the SF-EIS experiments
are the same as that discussed above. Following the reduction step, the Gamry SF-EIS script was
applied at +0.2 Vsce with 1 Hz frequency and a 20 mV AC amplitude. This enabled the
measurement of the impedance components Z’ and Z" of the oxide film during passivation
(Chapter 2). The measurement time was chosen to be 10,000 s as a pseudo steady-state in [, was
achieved at this point. In order to apply Equation 2.6 to the SF-EIS results, a full frequency EIS
spectrum was acquired from 100 kHz to 1 mHz to obtain « via a circuit model fit?®® (Figure 2.15)
and correlate Z"(t) to an oxide thickness, 1, (t). From these results, i, (t) could also be calculated

(Equation 2.11) for each alloy and electrolyte condition.

3.5.14 ICP-MS

In operando ICP-MS experiments? were carried out using an experimental setup that have
been detailed previously, along with the relevant limits of detection: 2.70 + 0.30 pg/L for Cr®,
0.27 + 0.12 pg/L for Ni®® and 0.074 + 0.013 pg/L for Mo®® %5, In terms of the dissolution current
density limit of detections, this corresponds to approximately 7.0x10”7 A/cm? for Cr3*, 4.1x10°8
Alcm? for Ni?*, and 2.1x10® A/cm? for Mo®* (Equation 2.8). Only concentration data above the

detection limits were considered. The electrochemical control was conducted using a Bio-Logic

2 Due to experimental challenges with the AESEC setup at Monash, the ICP-MS experiments were limited to 0.1 M
Na2SOs (pH 5.5).
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SP-150 potentiostat. An initial cathodic reduction step to minimize the contribution of an air-
formed oxide was conducted by holding the working electrode at -1.3 Vsce for 10 minutes 2>2°.
Following this, a potentiostatic step to +0.2 Vscg, was implemented to grow the oxide within the
passive region for times up to 10,000 seconds. At this potential, the stable oxidation states are Ni®*,
Cr¥*, and Mo®" 1. The element-specific current density contributions for cation species, M",
released into solution and not retained in the oxide as determined by the ICP measurements,
i (), were computed and summed to obtain iy (t), the total current density for dissolution
and cation ejection reactions (Equations 2.7 to 2.9). The total ICP current was then subtracted from
the total electrochemically measured DC current density, i;,;, associated with the total metal
oxidation and dissolution in order to compute the total oxide formation current density, i,,
(Equation 2.10).

In order to evaluate the contribution of a specific element, M, towards passivation rather
than direct cation ejection or film dissolution, the expected, element-specific dissolution current

density based on congruent alloy dissolution® where E,,,,, is well above E,,,, for each element was

computed and the oxidation contribution was similarly obtained using i%. . (Equation 2.13 and
2.14). The film’s overall atomic composition, C,;, can then be calculated from ICP-MS using
Equation 2.16. It is recognized that this computed composition does not account for potential
layering. A general schematic of the relative oxidation and dissolution for individual alloying

elements is given in Figure 2.8.

3.5.1.5 Mott-Schottky Impedance Analysis

The measurement of electronic property variation was measured during film growth
through application of in situ MS-EIS. This was accomplished by changing the voltage of the
semiconductor artificially through application of a potentiostat, where the semiconductor Fermi
levels separate and band-bending is induced. This triggers either charge depletion or accumulation
in the semiconductor depending on if the potential is in the n-type or p-type regimes as indicated
in Figure 3.3%". These shifts in the electronic properties of the semiconductor correspond to the

capacitive behavior, C, shown schematically in Figure 3.4. According to Poisson’s equation in one

3 Congruent dissolution is a starting point and a reasonable assumption when there are large thermodynamic driving
forces for dissolution of each alloying element, i.e. iy;s > oy
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dimension, the relationship between the charge density, p, and the potential, ¢, across a

semiconductor is given generally as:

2
a_¢ __P Equation 3.1
0x? g,
This can be solved to produce the Mott-Schottky equation:
1 2 kgT .
= —(E — Epp — L) Equation 3.2
C?  &g,qNp 4A? q

where ¢ is the film dielectric constant, €, is the vacuum permittivity, g is the electron charge, Nj,
is the density of n-type defects (e.g. electrons and oxygen vacancies), N, is the density of p-type
defects (e.g. metal cation vacancies and holes), A is the sample area, E is the applied potential, Ezp
is the flat band potential, kg is Boltzmann’s constant, and T is the temperature. Based on this
equation, the capacitance data can be linearized to measure Erg as approximately the x-intercept
when E = 0 (Figure 3.4) and N, or N4 are proportional to the slope in the n- and p-type regimes,

respectively:

2 (dc~2\*! :
S Equation 3.3
Nb.a _eeoqA2< dE >

The capacitance can be obtained by measurements of Z" at a specific frequency, f:

—-Z"(E) = Equation 3.4

2nfC(E)
where f is sufficiently high that the passive film and space charge layers will not vary during the
potential sweep. A typical frequency used in this dissertation and previous literature is 1,000 Hz?"-
36_

For these experiments, fast MS impedance sweeps were performed at 1,000 Hz following
film growth at +0.2 Vsce from +0.3 Vsce down to -0.6 Vsce with 20 mV steps, resulting in
sufficiently rapid data acquisition. This was accomplished in situ following any amount of
experimental passivation, at various times from 0 to 10,000 s. As mentioned previously, this scan
rate was selected in order to measure the impedance variations as a function of potential without

the possibility of the space charge layer adjusting.
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3.5.1.6 X-ray Photoelectron Spectroscopy Analysis

The variation of film composition and thicknesses will be additionally characterized using
XPS spectra obtained periodically throughout potentiostatic passive film growth. This technique
is well-established in literature for analysis of the identity, concentration, and thicknesses of
individual compounds present in films®’, especially in the case of Ni-based alloys?>3:3°, All XPS
spectra were obtained using a monochromatic Al-ka photon source (E = 1,486.7 ¢V) with surface
characterization following various durations of oxide growth. The angle between the sample and
detector was adjusted to 30 and 90°, whereas that between detector and the X-ray source was fixed
at 54.7° (Figure 3.5). Spectra were calibrated to the 4f”? binding energy of a metallic Au reference
(B.E. = 84 eV) measured at the same time. Survey spectra were recorded on all samples using a
pass energy of 200 eV, followed by high resolution spectra of the Ni 2p, Cr 3p, Mo 3d, and O 1s
regions using a pass energy of 20 eV.

Commercial CasaXPS software was used to perform Shirley background corrections and
spectra fitting based on the peaks and parameters for the expected oxide species (Table 3.1)%42,
The concentrations of Ni?*, Cr®*, and Mo*®* cations in the passive films were computed by fitting
the spectra to their observed metallic and oxide/hydroxide peaks, as established in previous
literature®3942-45 and correcting these integrated peak areas to atomic sensitivity factors for Ni,

Cr, and Mo (4.044, 2.427, and 3.321 for this detector and source configuration, respectively)*?:

tot
AR + ANion),
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0 0
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3.5.1.7 Neutron Reflectometry

NR results can be similarly analyzed to produce information regarding the molecular
identity and layering of passive films. This is made possible using an in situ NR experimental set-
up at the D3 beamline at the National Research Universal (NRU) reactor (Chalk River, Ontario,
Canada), shown schematically in Figure 3.6. This setup allowed NR measurements performed
concurrently with electrochemical experiments. For the purpose of these experiments, thin films
were prepared by an electron-beam evaporation system (Angstrom, Ontario, Canada) to produce
approximate 25 nm thick Ni-Cr and Ni-Cr-Mo alloys on 100 mm diameter x 6 mm thick polished
Si(111) wafers. XPS analysis following thin film preparation yielded bulk compositions of Ni-20
Cr and Ni-20 Cr-10 Mo (wt%).

The thin film samples prepared for NR were stored in a vacuum desiccator and, prior to
experiments, were cleaned with methanol and dried in air. Figure 3 shows a schematic of the in
situ NR experimental setup at the D3 beamline at the National Research Universal (NRU) reactor
(Chalk River, Ontario, Canada). This setup allowed NR measurements to be performed
concurrently with electrochemical experiments®. A conventional three-electrode electrochemical
cell with a Pt thin foil counter electrode and a KCl saturated Ag/AgCl reference electrode (V agiagel
= +47 mVsce) was used. A Solartron 1287A potentiostat and a Solartron 1255 frequency analyzer
were used in electrochemical experiments. A cathodic potential of -1.2 Vsce was applied for 5 min
to reduce the air-formed oxide, followed by steps from -0.8 Vsce up to +0.2 Vsce in 0.2 Vsce steps
every 6 hr, shown schematically in Figure 3.7. The thin film samples, Pt foil, and reference
electrode were connected to the corresponding terminal of the potentiostat for potential control
and electrochemical measurements and the neutron beam travelled to the metal/electrolyte
interface through the Si water. The NR measurements started 1 hr after the applied potential was
switched to the set value and each measurement took approximately 90 min to complete.

D3 uses a collimated neutron beam with a wavelength of 2.37 A. The neutron beam
travelled through the Si wafer before it reached the metal/film interface at a small grazing angle.
The intensity of the specular reflected beam was recorded at different grazing angles and the

reflectivity curves were plotted as a function of the scattering vector, Qpeqm, Whose magnitude is

4 Because of the unfortunate shutdown of the D3 neutron beam line, in situ passivation measurements were only
performed for 0.1 M Na»SO, acidified to pH 4.
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related to the incident beam angle, 8, and the neutron wavelength, A, by the following
expression?4’:

4 .

The thickness, roughness, and scattering length density (SLD) profile of the layers in the thin film
sample were obtained by fitting the reflectivity curves to a thin film model using a least square fit
algorithm which includes a recursion algorithm developed by Parratt*6-4°.

For analysis of the passive film composition and thickness, the profiles for the unoxidized
alloys deposited on SiO> and H20 exposed to a vacuum environment were simulated using GenX
software using the experimental interfacial roughness and SLD values (Figure 3.8)*. The SLD for
the simulated base metal and environment were then subtracted from the experimental profiles at
the first deviation from the alloy SLD, as indicated in Figure 3.8, in order to extract the SLD versus

depth data for only the passive films.

3.5.1.8 Atomic Force Microscopy

Following electrochemical passivation, the samples were removed from the cell, rinsed
with deionized water, and sonicated in ethanol to remove any residual salt from the surface that
would obstruct imaging. The surface morphology of each sample was captured using an AFM with
NT-MDT Solver Pro. The AFM tip, ETALON HA/NC with a radius of curvature less than 10 nm,
was kept in tapping mode during imaging. The surface roughness of the samples was ascertained
from deviations in the root mean square (RMS) of local surface areas. The RMS data in this study
was found using Gwyddion®°, an open source software package used for surface probe microscopy
analysis. To obtain consistent and physically meaningful RMS values, each image was planarized
by mean plane subtraction. The variations caused by the contact between the tip and sample along
the horizontal scanning directions were also corrected by leveling the horizontal line directions

with linear or quadratic polynomials depending on the magnitude of the deviations.

3.5.1.9 Three-Dimensional Atom Probe Tomography (3DAPT)

More in-depth sample preparation steps were required in order to produce tips appropriate
for analysis in TEM or 3DAPT®!, A standard electropolishing step was used to pre-thin alloy bars
(0.5mmx0.5mmx2cm) in an electrolyte of 10 vol% perchloric acid in acetic acid using 12-20 Vpc.
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Afterwards, 2 vol% perchloric acid in a butoxyethanol electrolyte and 12-15 Vpc were used to
accomplish the final sample thinning. A CAMECA Local Electrode Atom Probe 4000XSi with an
ultrafast detector capability was used for APT experiments. Picosecond pulses of a UV laser were
utilized to evaporate individual atoms at a repetition rate of 250 kHz with a pulse energy of 20 pJ
and an average detection rate of 0.005 ions/pulse. The specimen tip temperature was maintained
at 25 K. Data analysis was performed on the 3D reconstructions of the specimen utilizing IVAS
V/3.6.1 software.

It is established that the oxide compositions measured using APT depend on the laser
energy/pulse, with more accurate results achieved at lower energies. To calibrate the data, a tip of
pure Ni was prepared, oxidized, and used as a calibrant. This sample indicates that the detection
efficiency of O atoms was 0.67. All data herein has been corrected for this inefficiency.

3.6 Results

3.6.1 Fundamental Electrochemistry of Ni-Alloys in Aqueous Sulfate Environments

The E-log i passivation behavior of Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, in the acidic and
alkaline solutions of concern for most of this study was established initially (Figure 3.9a). The
impedance was then measured at 1 Hz to assess the imaginary component of the film impedance
and its corresponding capacitance across the same range of applied potentials during a
potentiodynamic sweep from -1.3 Vsce to +0.8 Vsce at 1 mV/s (Figure 3.9b). The significant effect
of minor alloying additions and pH can be inferred using cyclic voltammetry (Figure 3.9a). Both
Ni-Cr and Ni-Cr-Mo exhibit strong passivity in the environments. Notably, even Ni-Cr remains
stable at the highest potential, +0.8 Vsce. Adding another 6 wt% Mo results in even greater
passivity. In Figure 3.9, the approximately constant, passive corrosion rate decreases by half due
to the synergistic effect of Mo and Cr when alloyed in tandem. In Figure 3.9b, —Z" is increasing
up until +0.5 Vsce where transpassive dissolution of the film occurs for both alloys. At the potential
of interest, however, there is thicker film and faster thickening rate evident for Ni-Cr-Mo.

Comparable passivity of Ni-Cr and Ni-Cr-Mo around +0.2 Vsce is evident in the alkaline
environment (Figure 3.9). At lower potentials, slight improvements in the corrosion rate and film
thickness are observed for the Mo-containing alloy due to the effect of the minor solute on

inhibiting dissolution. The films formed during cyclic polarization were, in general, thicker in the
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pH 10 environment when compared to the behavior in the acid. Both alloys also exhibited similar
film thickening and thinning rates in terms of nm/V, with film formation and dissolution initiating
sooner due to, again, the effect of Mo and its low electrochemically stability in alkaline

environments?.

3.6.2 In Operando Passivation

3.6.2.1 AESEC in 0.1 M Naz2SOq4

The dissolution current densities, i%..., for each element determined by ICP-MS for the
binary Ni-Cr (Figure 3.15) and ternary Ni-Cr-Mo (Figure 3.16) alloys are shown by solid lines
with a comparison to the partial electrochemical current densities for all elements (i’cvfmg diss)

obtained assuming congruent dissolution of the alloy. The differences between the i ;¢ versus
time behavior for each element (iYL, iS%, i42.) and iz indicate the element-specific individual
contributions towards film growth and element dissolution into solution by either direct injection
or film dissolution. The physical processes dominating each stage of passivation are annotated in
Figure 3.15 and Figure 3.16.

The comparison of i ;. t0 igc indicates that there is a very high efficiency for oxide growth
versus dissolution at early times, notably for Ni over the first 60 s and later Cr. A significant role
of cation ejection during passivation in acidic sulfate solutions is indicated at all times. In the case
of the binary alloy, Ni-22 wt% Cr, the ICP-MS data shown in Figure 3.15 indicates that there is
first significant Ni formation, likely hydroxylated Ni?* oxide or Ni(OH), followed by an increase
in the preferential dissolution of Ni while a passive, Cr-rich oxide film builds up continually over
the first 1,000 s (i.e. i,, > O for Cr). At longer times, however, the total anodic current density,

igc, levels off which indicates that the oxide film has reached a limiting thickness. In this stage,

iV is nearly zero while ST, approaches the measured iz
The ternary alloy, Ni-22% Cr-6% Mo, wt%, shown in Figure 3.16 has similar early
kinetically favorable hydroxylated Ni(OH). formation over the first 50 seconds followed by Ni

dissolution during subsequent Cr-enrichment of the passive film. From 60 to 1,000 s there are

Ni
diss

Mo

equivalent rates of Ni and Mo dissolution which dominate ig., indicated by i and ;o6

compared to ig. A gradual decrease in the Ni ICP signal, iy, nearly matches ig. whereas Cr,

iSrs, and Mo, %2, remain constant and below i at long times. At longer times, however, there
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is ejection of all elements as a quasi-limiting thickness is attained. However, a Cr-rich oxide has
formed over the first 700 s while Ni was dissolving equal to total Ni production after 50 s. The
behavior of i} indicates that, after early Mo release during Cr-film enrichment, it likely becomes
incorporated in the oxide at small concentrations. At longer times during the quasi-steady state
stage, Mo®" is ejected somewhat congruently with Cr3* into solution.

Figure 3.17 shows a comparison of the total electrochemical DC and ICP-measured
currents, igc and iz, plotted versus time for Ni-22% Cr-6% Mo, wt%. The difference between
igc and ig; indicates i, the total oxide growth rate for the alloy. The measured iz and computed
i, from the SF-EIS method are plotted for comparison. There is reasonable agreement between
igc and i,, obtained from either operando SF-EIS or ICP-MS. Additionally, ,, calculated from
both methods in Figure 3 are in good agreement with previous values obtained in literature for Ni-
based alloys using EIS?®, XPS*#° and time-of-flight secondary ion mass spectrometry®. Both the
ICP-MS and SF-EIS results indicate a high current efficiency for oxide growth over the first 60 s
evident by the small difference between ig- and i,,. The efficiency decreases with time and after
60 s, igc is nearly equivalent to i,;,s and the oxide reaches a limiting thickness with continued film
formation balanced by cation ejection. Continued oxidation and net gains in film formation no

longer occur globally at times when the efficiency is low.

3.6.2.2 SF-EIS Application in Varying Environments

Potentiostatic passivation of Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, at +0.2 Vsce was
investigated in acidic (pH 4) and alkaline (pH 10) 0.1 M Na>SO4 and monitored using SF-EIS and
ICP-MS to investigate the varying thermodynamic and kinetic favorability of oxide species in
these environments. The measured increases in [, in the acidic environment for Ni-Cr and Ni-Cr-
Mo using the former technique at 1 Hz and +0.2 Vsce are given in Figure 3.10. The measured
—Z"(t) and the corresponding [, (t) appear to decrease with alloying content for all times. This
includes at early time, where Ni-11 Cr had slightly improved initial oxidation over Ni-22 Cr and
Ni-22 Cr-6 Mo.

Pourbaix-like thermodynamic predictions given in Figure 3.1 suggest that pH will have a
significant effect on passivation'°>-*°, The passivation of Ni-22 Cr (Figure 3.11) and Ni-22 Cr-6
Mo (Figure 3.13), wt%, in 0.1 M Na>SO4 solution adjusted to various pH values were studied. The
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film thicknesses on both Ni-Cr and Ni-Cr-Mo appear to generally increase with pH due to the
increased chemical stability of oxides. This was confirmed through analysis of the oxidation rate,
i,x, and the efficiency, n, for the alloys, given in Figure 3.12 and Figure 3.14.

As predicted by the faster passivation with increasing pH values, n also improves for each
alloy. There is also no discernable effect of Mo in the sulfate environments due to the minimal
preferential Ni dissolution and Cr enrichment (Figure 3.15 and Figure 3.16). The use of specifically
pH 4 and 10 for the in-depth studies herein are justified by the in operando passivation results
using SF-EIS, as very different thermodynamics and kinetics can be inferred. Therefore, the

general effect of pH can be understood by comparing these two environments.

3.6.3 In Situ Characterization
3.6.3.1 Mott-Schottky Analysis

During passivation in the 0.1 M Na>SOs environments, Mott-Schottky analysis of fast
impedance sweeps was applied at times during passivation to characterize the electronic properties
of the film and their evolution with time. Noticeably in Figure 3.20, the films predominantly
behave as n-type semiconductors within the passive potential region. However, at the passivation
potential, +0.2 Vscg, the films exhibit p-type behavior. This suggests that at lower potentials, the
dominant electronic point defects are electrons and/or metal cation vacancies. However, it seems
that during the previous in operando passivation experiments, it is likely ionic oxygen vacancies
that control the oxidation process and the relevant kinetics. The flux of the latter was the point
defect within a passive film that has been previously theorized to be the rate determining step for
passivation®®-8, Overall, a clear decrease in the capacitance (and therefore an increase in the oxide
thickness) was observed during the passivation time. The shift from n-to-p-type behavior remained
around +0.2 Vsce, however. The impedance sweeps in the alkaline environment (Figure 3.21)
exhibited very different behavior with primarily p-type semiconductance being observed at early
times before the transition potential shifted to higher values and mostly n-type behavior was
measured. Based on the observed magnitude differences in €2, it appears the films were thicker
and more resistive in the alkaline environment.

Mott-Schottky analysis of these impedance spectra enabled computation of the n- and p-

type point defect concentrations, N, and Ny, respectively, (Figure 3.22) along with the respective
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flat band potential (Figure 3.23). The concentrations do not appear to vary significantly, with a
few exceptions. In the acidic environment, the concentration of n-type and p-type defects appear
to initially decrease as the film forms. There is a significant drop in the concentration of defects in
Ni-Cr in this environment. The alloys otherwise appear to have similar electronic properties based
on Figure 3.22.

Analysis of the passive film flat band potentials provides additional insight into the
different behavior of the alloys exposed to acidic and alkaline sulfate environments (Figure 3.23).
Ni-Cr-Mo tended to have a higher n-type and p-type Erz than Ni-Cr in each condition. At early
times in 0.1 M Na>SO4 pH 10, however, Ni-Cr was measured to have a higher p-type EFB and
thus higher corrosion resistance. This is likely caused by the fast dissolution of Mo as it is not
thermodynamically stable in alkaline environments. After 1,000 s when a thick passive film is

achieved, the dissolution of Mo is slowed and Eg for Ni-Cr-Mo increases.

3.6.3.2 Neutron Reflectometry

The reflectivity curves for the two alloys in 0.1 M Na>SO4 pH 4 are given in Figure 3.24.
These data sets were fit using an algorithm developed by Parratt*®° to produce neutron SLD
profiles versus depth (Figure 3.25). At low depths, the SLD corresponded to the electrolyte layer,
followed by a steep, almost linear increase upon reaching the oxide layer. Finally, the SLD of the
base metal alloys was reached at still greater depths. Annotated on Figure 3.25 as horizontal lines
are the theoretical SLD of several stoichiometric oxides. Based on the figures, the profiles suggest
films rich in Ni-oxide species. There is no clear layering within the passive film as a plateau within
the pseudo-linear region would be evident, and instead there is a continuous increase between the
theoretical value for Cr(OH)z and either the SLD peak (for Ni-Cr) or the base metal (for Ni-Cr-
Mo).

Simulated SLD profiles were produced using GenX software for a non-equilibrium film
with varying Cr3* content or a bilayer oxide composed of varying thickness NiO and Cr,Os layers
(Figure 3.26). Upon comparing Figure 3.25 to Figure 3.26, it is evident that the SLD profiles agree
with non-stoichiometric, solid solution oxides, as shown in Figure 3.26a. It could be argued that

the layered NiO and Cr.O3 appear to agree when there is a small [, for the latter species, but it is
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apparent in the ICP-MS results (Figure 3.15 and Figure 3.16) that this would not accurately apply
to the observed film composition.

Upon subtraction of the metal and electrolyte SLD (Figure 3.8), the oxide peaks do not
demonstrate any layers (Figure 3.27). These results additionally allow for the estimation of [, and
the Cr3* cation fraction using the width and height of the profile, respectively (Table 3). Films with
an SLD closer to the value of NiO (8.7 x 10 A?) will have a lower % Cr3" compared to those
near the value of Cr.03 (5.1 x 10°® A2), and the non-stoichiometric film possessing an SLD in-
between the two. There is some Ni-enrichment apparent at the metal/film interface, as previous
work has reported3°%%° pbut for Ni-Cr-Mo the outer SLD decreases with applied potential as Ni%*
undergoes selective dissolution in favor of Cr-enrichment (Figure 3.27b). Since the fraction of Mo
cations in the film is insignificant compared to Ni?* and Cr®" (Figure 3.16), any substitutional
Mo*®* defects within the oxide would not result in the observed, substantial decrease in the SLD
for passivated Ni-Cr-Mo. There is also a rough, outer interface of the passive films that is very
highly hydrated. The thickness of this region is estimated to be approximately 1 nm, which is on
the order of the experimental passive film surface roughness®®.

Analysis of the Cr3* metal cation fraction and the passive film thickness using the profile
width and peak SLD values in Figure 3.27 in Figure 3.28. As suggested previously, Ni-Cr-Mo
exhibited greater Cr-enrichment across all potentials than Ni-Cr (Figure 3.28a). The film thickness
was also consistently greater on Ni-Cr-Mo at every potential, suggesting the effect of Mo on
promoting Cr-oxidation. There is minimal variation in both the Cr®* cation fraction and the film
thickness with applied potential due to relatively slow dissolution kinetics in sulfate environments.
The slight thinning of the film at higher potentials can be attributed to transpassive oxide
dissolution. At higher potentials (e.g. +550 mVsce)?, fast transpassive dissolution of Cr** would

result in more noticeable thinning®2.

3.6.3.3 Exsitu Characterization
3.6.3.4 Atomic Force Microscopy

At various times throughout the passivation processes, AFM imaging provided additional
details concerning the influence of solution chemistry on the development of the surface

topography. Once the oxide was electrochemically grown, the alloy surfaces were measured
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immediately after exposure to reduce the effect of ambient conditions on the surfaces. Several area
sizes were measured using AFM (e.g. 5x5 and 2x2 pm?), with smaller areas (e.g. 100x100 to
500x500 nm?) used to provide representative topography measurements between polishing marks.
Figure 3.29 shows a representative set of the AFM images captured after different passivation
times for Ni-Cr in 0.1 M Na>SO4 pH 4. The inset images give an accurate representation of the
areas used to perform the RMS surface roughness measurements. The coverage of the oxide
particles increases with exposure time to the environment (Figure 3.29). This can also be
represented using line scans across the inset images as given in Figure 3.30. Individual particles
are evident after 10 s, and as the passivation time increases, these apparently grow and coalesce to
form a continuous layer after 1,000 s. The surface after 10 ks appears to be the smoothest, with
some particles evident due to nucleation of new oxide particles at the continuous film surface. The
topographies of the air-oxidized surface are given separately from the electrochemically oxidized
ones in Figure 3.30. The significant difference in each of these topographies measured using line
scans demonstrates that the images and the relevant changes in surface morphology in Figure 3.29
are caused by electrochemically passivation and not any underlying roughness of the metal
following polishing.

The RMS values for Ni-Cr following passivation in the aqueous environment are given in
Figure 3.31. The average value consistently decreases with exposure time as the oxide particles
grow laterally and coalesce into a conformal layer. After this occurs around 1,000 s, the film
continuously smooths out any surface perturbations and the RMS values further decrease. The
variability across the surface, indicated by the error bars in Figure 3.31, also decreases with time.
This suggests that less morphological oxide features remain at longer passivation times and only
smaller undulations indicative of the conformal passive film persist®3.

Ni-Cr-Mo, however, has a noticeably different surface topography after the same
passivation conditions (Figure 3.32). Numerous perturbations exist at the surface, causing the
measured RMS to be greater for Ni-Cr-Mo (2.64 nm) than even the initial measurement for Ni-Cr
after 10 s of passivation (1.06 nm). This surface roughness can be attributed to the effect of Mo
and provides evidence of it likely being enriched at the surface. Previously, Mo has been observed
to repassivate at the film surface in low pH environments in the form of polymeric species

containing Mo®" %264 While no localized breakdown is occurring in this sulfate environment,
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dissolution of the passive film is still occurring and redeposition of Mo cations on the surface can

still occur and produce the rough morphology evident in Figure 3.32.

3.6.3.5 XPS Analysis

An example of the XPS spectra deconvolution for Ni-Cr-Mo passivated for 10 ks in 0.1 M
NaCl pH 4 is shown in Figure 3.33. The fitted peaks indicate each observed metallic, hydroxide,
and oxide species. Based on the spectra peaks, the consistent hydroxide and oxide species included
were Ni(OH)2, NiO, Cr(OH)3, Cr203, M00O., and MoOz with the utilized spectral fitting parameters
given in Table 3.1. It should be noted that previous literature has additionally identified spinel
compounds (e.g. NiCr204)'®1785-67 put they were found during peak fitting to constitute an
insignificant fraction (~1%) of the total integrated area and as such was excluded from analysis.
The integrated peak areas for the aforementioned passive film species are directly compared to
each other, and the ICP-MS measurements of film metal cation composition for both alloys
passivated at +0.2 Vsce in 0.1 M NaSO4 (pH 5.5) are given an approximate comparison to the
acidic XPS results in Figure 3.18.

In the acidic environment, Ni-Cr-Mo exhibited greater enrichment of Cr-species, resulting
in a higher cation fraction of Cr3* according to the peak areas and Equation 3.6 (Figure 3.35 and
Figure 3.37). This result agrees with the previous observation that Ni-rich films form first,
followed by the slower growth of Cr-rich ones (Figure 3.15 and Figure 3.16 and Figure 3.34-Figure
3.37)°187, Additionally, the result supports the previous theory®® that Mo alloying promotes the
oxidation of Cr. Upon comparing passivation in an acidic environment (Figure 3.18) to that in an
alkaline one (Figure 3.19), there is an apparent difference between the films. Notably, the fraction
of Ni?* as measured using XPS peak fitting and ICP-MS analysis remained steady for Ni-Cr,
whereas there was minor enrichment of Cr®* within the film on Ni-Cr-Mo throughout the
passivation time. For all times, there was additionally a slightly greater fraction of Cr* within the
film on Ni-Cr-Mo than on Ni-Cr after 10 ks (Figure 3.18). Finally, the calculated enrichment of
Mo*®* cations was lower for pH 10 (Figure 3.19) than that observed at pH 4 (Figure 3.18), due to
its likely selective dissolution in the alkaline environment as MoO4?".

In the alkaline environment, some NiO peaks were discernable at 10 s, but afterwards the

measured spectra was essentially representative of only Ni metal and Ni(OH)2 (Figure 3.36 and
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Figure 3.37). The same applied for Cr, where Cr.Oz and Cr(OH)z formed quickly and the former
became quickly hydrated. There was clear oxide species present at all times in the acidic
environment because of the influence of its favorable thermodynamics over the hydroxides,
whereas both were stable at pH 10 and the oxides remain hydrated as Ni(OH)2 and Cr(OH)s. Less
Mo*®* was found within the passive film and, as explained previously, this can be attributed to its
poor thermodynamic stability in high pH environments. The low oxide concentration and
corresponding depletion of Mo at the surface of the base alloy caused a weak Mo 3d signal,

requiring more cumulative scans to produce Figure 3.37.

3.6.3.6 3D Atom Probe Tomography

The atomic resolution of APT enables a more detailed representation of the physical and
chemical properties of nanometer-thick passive films on Ni-Cr (Figure 3.42) and Ni-Cr-Mo
(Figure 3.43). At first glance, there is no apparent layering of any Ni or Cr-oxides within the film
layer formed on Ni-Cr following passivation in the sulfate environment. Rather, the atomic fraction
of Ni- and Cr-oxides remains approximately constant, 45 and 20 at%, respectively, until increasing
at the metal/film interface as the fraction of O decreases significantly in unoxidized area of the tip
(Figure 3.42). There is additionally no noticeable segregation within the film despite the assertions
in previous literature of this phenomena®°%, Instead the oxide appears to be more akin to a solid
solution of both NiO/Ni(OH). and Cr20s/Cr(OH)s based on the valence states detected by XPS
(Figure 3.34). This observation is indicative of a solute-captured passive oxide forming, which
will be explained in more detail in Chapter 6.

The APT results for Ni-Cr-Mo appear very similar to those included for Ni-Cr (Figure
3.43). No segregation of the passive film composition is apparent with the exception of Mo, which
appears to have noticeably enriched at the oxide/solution interface (Figure 3.43). Similar behavior
has been proposed in previous literature based on angle-resolved XPS and ToF-SIMS38:5969-73,
However, the peak concentration was only 10 at%, approximately the same as Cr* and much less
than O% and Ni%*. The formation of a distinct Mo-oxide layer is therefore unlikely. Otherwise, a
similar mixture of NiO/Ni(OH). and Cr.03/Cr(OH)s was evident within the passive film with an
approximately constant concentration of Ni?* and Cr3* throughout the thickness. The total

thicknesses for Ni-Cr (Figure 3.42) and Ni-Cr-Mo (Figure 3.43) appear similar, with the former
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being slightly greater. This is however, speculative, because the interface between the metal and
oxide is rather diffuse.

Overall the APT findings confirm several of the previous assertions made using in
operando, in situ, and even the ex situ XPS results. The passive films are enriched in Ni?* relative
to Cr3* and, for Ni-Cr-Mo, Mo*®*. There is no apparent cation segregation within the oxide layer
and instead, the ratio between Ni?* and Cr®* remains approximately constant (Figure 3.42 and
Figure 3.43). While there is enrichment of Mo*®* at the film/electrolyte interface (Figure 3.43), it
is likely insufficient to form a distinct phase and rather the cations are operating as substitutional

defects in the Ni-rich oxide.

3.6.4 Film Breakdown Following Passivation

To test the electrochemical stability of the passive film formed by oxidation in these sulfate
environments, the surface of Ni-Cr generated following 10 ks at +0.2 V'sce in 0.1 M NaSOs4 pH 4
was exposed to 1.0 M NaCl pH 4 at the same potential for a subsequent 10 ks. The variations in
the current during these steps are given in Figure 3.44. Only some slight fluctuations in iz were
observed, suggesting that no metastable pitting or crevice corrosion occurred. The film instead
remained stable in the concentrated NaCl environment and did not undergo breakdown. The
subsequently obtained AFM topography images, also included in Figure 3.44, suggest that no
additional roughening of the film occurred as a result of chloride-assisted dissolution at the surface.
Rather, the RMS did not vary: 0.180 £ 0.02 nm after 10 ks in NaCl compared to 0.183 £ 0.03 nm
after 10 ks in Na,SO4. Had the pretreated film been physical or electronically defective, localized

breakdown could have initiated upon the adsorption of chloride at any of these local sites.

3.7 Discussion

3.7.1 Chemical Identity of the Passive Films
The results allude to an early dominance by hydroxylated NiO or Ni(OH). possibly
containing Cr followed by steady formation of a Cr-rich passive film. Later from 1,000 s until the
end of the experiment, the electrochemical oxidation rate becomes equivalent to the rate of cation
ejection into solution. This is substantially different from literature observations which often
assume a stable Cr,O3 film at all times as it is more thermodynamically stable than Ni-based
hydroxides (AGPc,,0, = —1,058-——=, AGf yyom), = 2162, and AGP yicy,o, = —1257 -2).
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Here we observe instead that Ni?* oxides form early possibly due to faster growth kinetics 274,
Moreover, NiO or dehydrated Ni(OH)., has a strong cube-on-cube epitaxial relationship with FCC
surfaces such as Ni-based alloys’. This plays a significant role on growth of NiO islands on the
surface as they will introduce a lower metal/film interfacial strain energy than NiCrOz or Cr203
which have a hexagonal corundum structure®, The early kinetic favorability leads to rapid growth
of conformal NiO cubic crystals and their subsequent hydration into Ni(OH).. The higher kinetic
barriers for NiCrOs, Cr203, and NiCr.04 growth lead to the earlier Ni-oxide dominance. At longer
times, however, the increased thermodynamic stability of Cr-rich oxides leads to their eventual
enrichment in the film as Ni?* becomes ejected. In fact, the oxide composition of Ni, O, Cr, and
Mo is very consistent with the notion of 50% NiO or Ni(OH)> and 50% NiCrOz and not phase
separated NiO + Cr20s. Finally, Mo is incorporated into the oxide in low concentrations, indicated
by a low 2.

The results performed in the acidic (pH 4) and alkaline (pH 10) sulfate environments
demonstrate very different characteristics of the passive film. Notably, less preferential Ni-
dissolution and subsequent Cr-enrichment was observed in the alkaline environment due to the
increased thermodynamic stability of these oxides (Figure 3.19). This is well supported by
Pourbaix predictions!, where NiO and Ni(OH), should not dissolve past pH 5 (Figure 3.1). This
phenomenon resulted in very different electronic properties of the film, as was observed using
Mott-Schottky characterization. The passive films formed in the acidic sulfate environment
exhibited a distribution of cations that exemplifies the principle of nonequilibrium solute capture
(Figure 3.41 - Figure 3.43), where a mixed oxide (e.g. Ni1-xCrxOy) was observed instead of the
traditionally expected, phase-distinct, bilayer structure (e.g. NiO/Cr203/Ni-Cr(-Mo)) (Figure
3.26). For the film formed in the alkaline sulfate environment, however, angle-resolved XPS
exhibited some outer enrichment of predominantly NiO (Figure 3.41). The difference was, albeit,
slight but the stability of Ni* in the film resulted in some segregation to the film/solution interface.
Interestingly, Mo was not observed to vary in composition throughout the film formed in either
environment as a result of solute capture. Due to the low concentration within the alloy, no
segregation was observed.

The competition between cation ejection or dissolution and oxidation reactions occurs at

all times during electrochemical passivation. In more acidic or chloride-containing aqueous
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environments, the thermodynamic stability of oxides and hydroxides may become an even less
significant factor than Kinetics, leading to unexpected operando passivation than cannot be
predicted from thermodynamics considerations.

3.7.2 Electronic Properties of the Passive Films

The varying chemical identity of the passive films as a result of various experimental
parameters (e.g. alloy, pH, time) resulted in varying electronic behavior. In general, films with
greater Ni?* content tended to exhibit lower Ny, , (Figure 3.22) and Egp (Figure 3.23). At +0.2
Vsce in the pH 4 electrolyte, the passive films were controlled by n-type defects whereas p-type
ones were governing in pH 10. This was a result of the dominant point defects for each alloy and
environment combination. At +0.2 Vsce, however, p-type defects always dominated. This suggests
that for the operando passivation results shown, oxygen vacancies dictate the relevant oxidation
Kinetics®. The flux of the latter was the point defect within a passive film has been previously
theorized to be the rate determining step for passivation®®8. Greater range of p-type defect
dominance was measured for Ni-Cr-Mo due the substitutional doping of Mo as a positively-
charged defect.

The effect of Mo was minimal besides some slightly favorable enrichment of Cr3* within
the film. This resulted in slight increases in Exp and decreases in Nj, 4 with the exception of the
alkaline environment where, despite the lower Ni?* content overall, an initially higher
concentration of n-type defects and lower p-type Erp was measured. This suggests that the poor
thermodynamic favorability of Mo*®* at high pH environments results in the formation of some
point defects, possibly cation vacancies produced by ejection of these cations into the solution. At
longer times, the enrichment of Cr past approximately 100 s resulted in improvements in this
electronic behavior, evident by the measured decreases in Np, 4 and increases in Erp.

The combination of smoothing passive film structures (Figure 3.31) and improving
electronic behavior discussed above resulted in more electrochemically stable passive films.
Decreased film dissolution occurred at later times based on measurements of ig.. Notably, upon
introducing concentrated NacCl into the passive environment, film breakdown did not occur due to
this favorable combination of physical, chemical, and electronic properties. Typically, which an

exposure would result in significant film roughening and localized corrosion. This favorable film
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behavior will be especially interesting when compared to the subsequent study of passivation in
NaCl detailed in Chapter 4.

3.8 Conclusions

The passivation and dissolution of Ni-22 Cr and Ni-22-6 Mo (wt%), were investigated
during in operando potentiostatic conditions using electrochemical ICP-MS and SF-EIS in both
an acidic and alkaline Na>,SO4 environment, coupled with in situ NR and ex-situ XPS conducted
during and following film growth. The combination of the techniques utilized enabled
determination of i,, distinctly from iz, with high temporal resolution. It was determined that Ni-
rich films form early during the passivation process, indicating the substantial influence of kinetic
factors. At longer times, Cr®* enrichment was observed when thermodynamics began to dictate the
film composition. Surface films produced during anodic polarization at +0.2 Vsce were consistent
with non-stoichiometric solid solution rocksalt and corundum oxide structures, likely containing
solute captured Ni%*, Cr3*, and Mo*®* cations. No substantial layering was observed during oxide
formation, with the films instead being Ni-rich at the film/electrolyte and Cr-rich at the metal/film
interfaces. Oxides were first formed, with compositions governed by non-equilibrium solute
capture. The electrochemical stability of Cr3* cations also increased with alloying of Mo in the
base metal, noted by the respective dissolution currents being measured below the detection limit
for the Ni-Cr-Mo alloy in each environment. Surface films produced during anodic polarization in
the alkaline environment were found to be enriched in Ni?* cations because of the increased
stability of NiO and Ni(OH)a.
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3.10 Tables

Table 3.1. Spectral fitting parameters used to fit XPS data and obtain film composition analysis
based on previous literature*® where only three most prominent peaks were used

Peak B.E. Peak B.E.

Compound (eV) FWHM? %  Compound (eV) FWHM? %
Ni 852.6° 0.95 81.2 Cr 574.2° 0.90 100
856.3 2.70 6.3 Cr(OH)3 577.3 2.60 100
858.7 2.70 12.5 Cr203 575.7 0.94 40.0
Ni(OH)2 854.9 1.16 8.1 576.7 0.94 38.9
855.7 2.29 49.3 5775 0.94 21.1

861.5 4.65 42.6 Mo 227.9 0.78 60

NiO 853.7 1.02 15.4 231.0 0.78 40

855.4 3.25 47.8 MoO. 229.5 2.70 60

860.9 3.76 36.8 232.6 2.70 40

2 FWHM used were for 20 eV pass energy MoO3 232.4 1.65 60

b Asymmetric CasaXPS peak shape = LA(1.1,2.2,10)

¢ Asymmetric CasaXPS peak shape = LA(1.3,4,5) 2355 1.65 40
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3.11 Figures
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Figure 3.1. E-pH diagrams computed using OLI® for a generic Ni-Cr-Mo alloy exposed to 0.1 M
Na>SO4. The gray regions suggest regions of base metal immunity, whereas green and yellow

indicate passivity and corrosion, respectively, for specific Ni, Cr, and Mo films.
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A o \; 3

Figur3.2. EBSD diffraction atterns for the microstructures of the recrystallized a) Ni-22 Cr
and b) Ni-22 Cr-6 Mo (wt%) alloys used in this dissertation

Accumulation Flat Band Depletion Inversion

CB oooo000Q

Figure 3.3. Schematic of the transition from cathodic bias (charge accumulation) to n-type
(charge depletion) and p-type (inversion) behavior with increasing anodic bias during a Mott-
Schottky potential sweep’’. Holes and electrons are indicated by green and yellow circles,
respectively.
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Accumulation Depletion Inversion

Potential
Figure 3.4. Schematic of the expected Mott-Schottky behavior in the accumulation, depletion,
and inversion conditions’’

Detector
X-ray

Figure 3.5. Schematic of the angle-resolved XPS set-up and effect of sample tilting on the probe
depth.
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Figure 3.6. Schematic of the in situ neutron reflectometry (NR) experiment at the D3 beamline in

the NRL reactor
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Figure 3.7. Schematic of the potential steps used during in situ neutron reflectometry

experiments
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1a) Selected profiles for Ni-Cr-Mo in 0.1 M NaCl pH 4
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< 1 Vacuum/Metal Profile
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Figure 3.8. Sample profile subtraction for passivated Ni-22 Cr-6 Mo, wt%, where SLD profiles
for the unoxidized metal and the H20O were subtracted from the experimental data in order to
isolate the profile for the passive film. The same analysis method applied for all alloys and

environments.

101



1.0
4 a)
0.5
192Veee A [N________]
/LE -
O 00
U) -
7]
>
\>_/ J
054
pH 4:
—— Ni-22 Cr
10 1 —— Ni-22 Cr-6 Mo
] pH10:
—— Ni-22 Cr
—— Ni-22 Cr-6 Mo
'15 ML | T L | L | T MR | T T
10° 10°® 107 10° 10° 10* 10°®
10,000
b) 124
8,000
- 3 —
—~ =
N
c
g 6,000 =
£ o
e X
o 129
2, 4,000 =
N L
o
X
O
41
2,000
o———7——F—————t—7————0
-15 -1.0 0.5 0.0 05 1.0

E (V vs SCE)

Figure 3.9. a) DC current and b) AC impedance variations during upward potentiodynamic
polarization of Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, in deaerated 0.1 M Na>SOs at pH 4 and 10
with the potential used in this study (+0.2 Vsce) indicated
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Figure 3.10. Measured increase in —Z" at 1 Hz during passivation of various Ni-alloys at +0.2
Vsce in deaerated 0.1 M NaxSO4 pH 4 for 72 ks with a subsequent full EIS spectrum obtained
and fitted in order to compare [, for each method at the end of passivation time
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Figure 3.11. Influence of electrolyte pH on the measured film thickness, n, computed using
Equation 2.6 for Ni-22 Cr, wt%, in 0.1 M Na;SO4
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Figure 3.12. Influence of electrolyte pH on the measured i,,, and i,, computed using the pSF-
EIS results in Figure 3.11 and Equation 2.11, and the current efficiency, n, computed using
Equation 2.12 for Ni-22 Cr, wt%, in 0.1 M Na>SO4
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Figure 3.13. Influence of electrolyte pH on the measured film thickness, ,,, computed using
Equation 2.6 for Ni-22 Cr-6 Mo, wt%, in 0.1 M NaxSO4
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Figure 3.14. Influence of electrolyte pH on the measured i;,; and i,,, computed using the pSF-
EIS results in Figure 3.13 and Equation 2.11, and the current efficiency, n, computed using
Equation 2.12 for Ni-22 Cr-6% Mo, wt%, in 0.1 M Na>SO4
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Figure 3.15. Calculated ICP-MS current densities for cation emission versus total element
specific current densities for congruent dissolution from Ni-22% Cr, wt%, held at +0.2 Vsce in
0.1 M Na2SO4 pH 5.5
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Figure 3.16. Calculated ICP-MS current densities for cation emission versus total element
specific current densities for congruent dissolution from Ni-22% Cr-6% Mo, wt%, held at +0.2

Vsce in 0.1 M Na>SO4 pH 5.5
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Figure 3.17. Measured ICP-MS and SF-EIS total repassivation i, total dissolution current
density, i4;s, and oxide current density, i,, for passivation at +0.2 Vsce for Ni-22% Cr-6% Mo,
wt%, in 0.1 M Na SO4 pH 5.5
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Figure 3.18. Relative accumulation of metal cations in the passive films during growth until
localized corrosion initiation at +0.2 Vsce according to ICP-MS (lines) and XPS (symbols)
measurements on Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, in 0.1 M NazSO4 (pH 5.5) (ICP-MS) and

0.1 M NazSO4 pH 4 (XPS)
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Figure 3.19. Relative accumulation of metal cations in the passive films during growth until

localized corrosion initiation at +0.2 Vsce according to XPS measurements on Ni-22 Cr and Ni-
22 Cr-6 Mo, wt%, in 0.1 M Na>SO4 pH 10
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Figure 3.20. Evolution of Mott-Schottky spectra with passivation time for a) Ni-22 Cr and b) Ni-
22 Cr-6 Mo, wt%, passivated at +0.2 Vsce for times up to 10,000 s in 0.1 M Na>SO4 pH 4 where
the potential sweeps were performed at 1,000 Hz
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Figure 3.21. Evolution of Mott-Schottky spectra with passivation time for a) Ni-22 Cr and b) Ni-
22 Cr-6 Mo, wt%, passivated at +0.2 Vsce for times up to 10,000 s in 0.1 M Na>SO4 pH 10
where the potential sweeps were performed at 1,000 Hz
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Figure 3.22. Concentration of semiconductor n-type (Np) and p-type (Na) point defects during
passivation, computed using Equation 3.3 and the data shown in Figure 3.20 and Figure 3.21 for
Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, passivated at +0.2 Vsce for times up to 10,000 sin 0.1 M
Na>SOs pH 4 and pH 10
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Figure 3.23. Measured semiconductor flat band potentials for a) n-type and b) p-type behavior,

computed using Equation 3.3 as indicated in Figure 3.4 for Ni-22 Cr and Ni-22 Cr-6 Mo, wt%,

passivated at +0.2 Vsce for times up to 10,000 s in 0.1 M NazSO4 pH 4 and pH 10 (Figure 3.20
and Figure 3.21)
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Figure 3.24. Measured reflectivity curves for a) Ni-20 Cr and b) Ni-20 Cr-10 Mo, wt%, oxidized
in 0.1 M NazSOs pH 4 at various potential steps (Figure 3.7) from OCP, to -0.8 Vscg, and up to
+0.2 Vsce in 200 mV steps every 6 hours where the NR measurements started 1 hr after the
applied potential was switched to the set value and each measurement took approximately 90
min to complete
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Figure 3.25. Full SLD profiles for a) Ni-20 Cr and b) Ni-20 Cr-10 Mo, wt%, oxidized in 0.1 M
Na2SO4 pH 4 at various potential steps from OCP, to -0.8 Vsce, and up to +0.2 Vsce in 200 mV
steps every 6 hours where the NR measurements started 1 hr after the applied potential was
switched to the set value and each measurement took approximately 90 min to complete. SLD
values for the expected species are given for different film compounds and the spectra, at low
depths, corresponds to the electrolyte layer and at high depths, the alloy layer.
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Figure 3.26. Simulated SLD profiles for a) a non-stoichiometric oxide, Ni1.xCrxO, containing
varying % Cr3" and b) a bilayer oxide comprised of Cr,O3 and NiO with varying thicknesses of
each conformal layer. An interfacial roughness of 5 A was used to replicate the experimental

parameter.
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Figure 3.27. Analysis of the NR profiles given in Figure 3.25 where a sample profile for the base
metal exposed to water on a SiO> substrate was simulated and subtracted from the overall
reflectometry curve in order to obtain that of just the passive film for a) Ni-20 Cr and b) Ni-20
Cr-10 Mo, wt%, in 0.1 M Na»SO4 pH 4 where the peak SLD correlates to the Cr3* cation fraction

and the approximate [, is indicated by the peak width
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Figure 3.28. a) Metal cation fraction and b) passive film thickness computed from the peak SLD
in Figure 3.27 for Ni-20 Cr and Ni-20 Cr-10 Mo, wt%, in 0.1 M Na>SO4 pH 4 oxidized at
varying potentials
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Fig

passivation of Ni-22 Cr, wt%, in 0.1 M Na,SO4 pH 4 with 500 nm? image insets. The insets are

representative of the area used to measure oxide height (Figure 3.30) and RMS surface

roughness. All scale bars are 500 nm and the color bars in units of nm.
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Figure 3.30. Line scans of the surface topography after exposure to 0.1 M Na>SO4 pH 4 where
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the red lines represent the bright protrusion of the electrochemically grown oxide, while the

black lines represent the roughness of a fresh surface that has only been air-oxidized for the same

amount of time.

115

11

© N W s 0 N ® ©



14

1.2+

0.2 1

0.0

T
10

1

Time (s)

Figure 3.31. Average root mean square (RMS) surface roughness computed for Ni-22 Cr, wt%,

passivated at +0.2 Vsce for various times in deaerated 0.1 M Na,SO4 pH 4. The RMS was

calculated at various areas across the electrochemically oxidized surface to obtain the average

0.0 ym

RMS value and error bars.

0.5

4566 1
4565

4564

4563

4562

4561

4560

4559

4558

4557

4556

4554

Figure 3.32. Topography image taken with AFM after 10,000 s of passivation of Ni-22 Cr-6 Mo,

wt%, in 0.1 M NaxSO4 pH 4 (RMS = 2.64 nm). The color bars in units of nm.
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Figure 3.33. Focused, deconvoluted XPS spectra for a) Ni 2p*?, b) Cr 3p*2, ¢) Mo 3d, and d) O
1s bands collected on Ni-22 Cr-6 Mo, wt%, passivated at +0.2 Vsce for 10,000sin 0.1 M
Na>SO4 pH 4 where the solid black and magenta lines indicate the Shirley background and
overall fit to the spectra, respectively
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Figure 3.35. a) Ni 2p*?, b) Cr 2p%?, ¢) Mo 3d, and d) O 1s peaks normalized to the metal peaks
for Ni-22 Cr-6 Mo, wt%, passivated at +0.2 Vsce for various times up to 10 ks in 0.1 M NazSO4

pH 4
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Figure 3.36. a) Ni 2p*?, b) Cr 2p%2, and c) O 1s peaks normalized to the metal peaks for Ni-22
Cr, wt%, passivated at +0.2 Vsce for various times up to 10 ks in 0.1 M Na>SO4 pH 10
120



a) Ni 2p** b) Cr 2p**

Passivation Time:

—=—10s

—e— 100s
- —4A— 1,000 s -

]
8 —v— 10,000 s S
2 2
‘D ‘0
k= £
e} e}
s g
© ©
S S
S S]
z pd
i T — 7T T T T 1 T T 1T 1
864 862 860 858 856 854 852 B850 580 579 578 577 576 575 574 573 572
Binding Energy (eV) Binding Energy (eV)
¢) Mo 3d v d)O1s
5 5
8 8
= 2
‘0 ‘0
[ c
(O] [0
= IS
e) e]
(0] (0]
= N
© ©
E E
o (o]
z pd
T T T T T T T T x

Zé4 252 ZéO 2&8 I 2&6 536I 5é5 I534 533 532 531 530 529 528
Binding Energy (eV) Binding Energy (eV)
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Figure 3.38. a,b) Ni 2p¥2 and c,d) Cr 2p*? angle-resolved XPS spectras which were normalized
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Figure 3.40. a) Ni 2p%2, b) Cr 2p%? , and c) Mo 3d angle-resolved XPS spectras which were
normalized to the metal peaks for Ni-22 Cr-6 Mo, wt%, passivated at +0.2 Vsce for various times
up to 10 ks in 0.1 M Na>SO4 pH 10. The ratio of the oxide areas for each angle measurement is
included for reference.

124



100

—a—Ni —=—90°
1 ——Cr -og- 45°

— —<4— Mo
S 80 -
)
= |
.S
D 60—
©
LL
- |
i)
T 40 -
O .
-uc_g 1 ~ ~
g ~ Ny ~ - - —
= 20 T~ T~
E -

0 T T T T

pH 4 pH 10 pH 4 pH 10
Ni-22 Cr Ni-22 Cr-6 Mo

Figure 3.41. Film cation fraction according to angle-resolved XPS measurements at 90° and 45°
on Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, surfaces following 10 ks of potentiostatic passivation at
+0.2 Vsce in 0.1 M Na2SO4 at pH 4 and 10

I N ] M 1 1 I ¥ 1 ¥ | T I 1 T 1 T N I ¥ 1

80 |-

70 i S~ —%—%
—— B _-
g. J
fof o |
§ :
£ aoll '
g [ T %_‘_J‘_y__‘_g_»i
§of——bd—r

10 |- _

ol

1 " 1 " 1 N 1 1 1 " 1 " 1 " 1 1 1 N 1 1 1

T T T

R R o 1 2 3 4 5 6 7 8 9 10
. 4 (nm) Distance (nm)

Figure 3.42. APT result for Ni-22 Cr, wt%, with a 12 at% O isosurface corrected for detection
efficiencies where the included 1D composition profile through the center of the tip shows the
relative Cr-enrichment following a 10 ks exposure to 0.1 M NaxSO4 pH 4 + 1 mM K2S20s (Eocp
=+0.2 Vsce)

no

125



-30 -20 -10 (o] 10 20 30 nm 80"
% l —o—.-—'-""-l'.—. l
nm O (8 at.%) o e o l
1. 4 . - L |
isosurface #% = e I N
v BOSO0L |—e—ni% | N1
10 3 £ 40 0% |
S Wl =M% ! )
20 5 ?:“éﬂ E 2 .~-7-7l~ [ S :
§ 20f e S
30 . § 10} A
o ! o
0 :7—1—'—1—V+'—I—1—'-1.,_'~J ]

5 4 3 2 4 0 1 2
Distance (nm)

Figure 3.43. APT result for Ni-22 Cr-6 Mo, wt%, with a 12 at% O isosurface corrected for
detection efficiencies where the provided 1D composition profile through the center of the tip to
show the enrichment of each species following a 10 ks exposure to 0.1 M Na;SO4 pH 4 + 1 mM

K2S20s (Eoce = +0.2 Vscg)

10° 5 Sulfate Surface
1 10 ks passivation in 0.1 M Na_SO, pH 4

. 2
i (Alem”)
g
1

8 } I
10" v A . .
] 10 ks film stability in 1 M NaCl pH 4
1079 L T TorTTTTT T L T o
10' 10° 10° 10°

Time (s) :
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4. Potential-Controlled Passivation and Surface Characterization of Ni, Ni-Cr, and Ni-Cr-
Mo — Part Il. Chloride Environments
A manuscript based on this chapter has been published:

K. Lutton Cwalina, H. M. Ha, N. Ott, P. Reinke, N. Birbilis, and J. R. Scully. (2019). In
operando analysis of passive film growth on Ni-Cr and Ni-Cr-Mo alloys in chloride solutions.
Journal of the Electrochemical Society, 166(11), C3241-C3253.

4.1 Abstract
The instantaneous kinetics of passivation by oxide formation and passive film dissolution

were investigated for Ni-22 Cr and Ni-22 Cr-6 Mo, wt%. Experiments were conducted in specific
acidic and alkaline chloride specific environments using simultaneous electrochemistry, on-line
inductively coupled plasma-mass spectrometry (ICP-MS), and single frequency-electrochemical
impedance spectroscopy (SF-EIS) along with in situ neutron reflectometry (NR), Mott-Schottky
(MS), and ex situ X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and
3D atom probe tomography (3DAPT) following electrochemical testing. The specific roles of pH
and Mo during passivation kinetics are highlighted, providing an insight into the fate of the
elements which comprise the alloys, and their effects on passivation behavior. It was observed that
early oxidation of both Ni and Cr-species occurred in the presence of acidic electrolyte.
Preferential dissolution of Ni?* at later times enabled gradual Cr3* enrichment within the surface
film. However, greater relative stability of NiO and Ni(OH). was observed in the alkaline
condition. Upon alloying with Mo, Cr®* became increasingly enriched in the surface film during
anodic polarization. Oxides were interpreted to consist of non-stoichiometric solid solutions

formed via solute capture.

4.2 Collaborations

Several collaborations have occurred to perform the broad range of experimental
techniques presented in this chapter. In order of appearance, these include: ICP-MS experiments
were performed by Dr. Noemie Ott at Monash University, NR experiments and initial analysis
were done by Dr. Hung Ha at the Canadian Nuclear Laboratories, AFM measurements and RMS
analysis by William Blades at the University of Virginia, and APT sample preparation,

measurements, and imaging were performed by Dr. Xiao-Xiang Yu at Northwestern University.
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4.3 Introduction

4.3.1 Influence of Chloride Chemisorption

The consequences of specifically chloride anions on varying the properties of passive films
and their eventual breakdown have been the subject of numerous studies due to the significance of
seawater environments for the engineering applications of Ni-based alloys’. Notably,
chemisorption of chloride at the surface of passive films can initiate pitting or crevice corrosion*.
This effect becomes even more significant at elevated temperatures and chloride concentrations®
°_ In general, breakdown is inhibited by solid solution alloying minor elements such as Mo and W,
but as mentioned previously the exact mechanism by which they inhibit chloride-assisted
dissolution and/or localized corrosion is not understood%*,

The initiation, propagation, and repassivation of corrosion pits is driven by the initial
chemisorption of deleterious chloride anions to the surface of an oxide or exposed base metal*'%-
18, On a defect-free NiO (111) surface, it was found that the chloride anions substitute hydroxyl
groups via an exothermic reaction and this absorption not only encourages more surface coverage,
but also induces local thinning of the passive film as chloride-containing compounds (i.e.
Ni(OH)CI or NiClz) were observed to detach from step edges!’. Greater chloride-attack and
chemisorption occurs at greater [Cl7] and pH, resulting in further reductions of the surface energy
of the oxide, as shown in Figure 4.1. These factors facilitate film dissolution and breakdown, as
will be discussed in more detail below.

The reduction in surface energy following halide chemisorption can be inhibited upon the
minor alloying of certain beneficial elements®. Figure 4.2 demonstrates the favorable formation
of oxides versus metal salt species. Notably, Mo has a substantially lower energy required to form
MoClx compared to MoOx. This will result in the facilitation of oxide chemisorption rather than
chloride and, thus, oxidation is encouraged. As a result of the predicted formation energies in
Figure 4.2, the ability for a given minor element to facilitate passivation or block chemical
dissolution in chloride environments can be inferred (Figure 4.3). Mo should then, theoretically,
have a great effect on inhibiting chloride-assisted dissolution along with the previously discussed

facilitation of Cr-oxidation.
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4.3.2 Film Surface Roughness and Local Dissolution

Recently, the influence of oxide roughness and irregular morphologies on passive film
electrochemical stability has become more understood through the application of the Point Defect
Model (PDM) and the supplementation of the Gibbs-Thomson effect and Vetter dissolution?®-23,
For oxides of a given roughness and perturbation amplitude and wavelength, k, can be modeled.
The latter parameter is shown schematically in Figure 4.4. Unstable morphologies occur at high
values of k and these are ideally removed in favor of lower energy surfaces.

The inclusion of the Gibbs-Thomson effect results in preferential dissolution at these
unstable morphologies possessing a high k and oxidation at low k perturbations (Figure 4.5)%°. The
amplitude of the oxide layer increases significantly with time due to this increased dissolution at
high k, but the distribution in k decreases with the more stable modes being favored. This
phenomenon results in an unchanging overall roughness during electrochemical passivation,
despite the decreasing local k?*. Such incongruent oxidation and dissolution results in local
thinning of the film that can initiate breakdown, as has been previously suggested?>.

As was previously mentioned, any initial chemisorption of chloride results in a reduction
of the oxide surface energy”. This finding has significant ramifications for the competition between
oxidation and dissolution across film perturbations. As is shown in Figure 4.6, increasing chloride
chemisorption results in an even lower oxide surface energy, y. This produces an increase in the
range of stable k values and morphologies that were unstable at unmodified oxide surfaces. An
even rougher oxide surface will be produced as a result of the perturbations that can be formed and
will be capable of growing. This is evident by the overall increase in the dissolution rate, ¢, and
range of k wavelengths where ¢ > 0. Such inhomogeneous surfaces are inherently more
susceptible to localized breakdown as a result of this local roughening in the presence of

chloride?:%2,

4.3.3 Preferential Dissolution and Passive Film Composition

There is an abundance of literature on the passive behavior for commercial Ni-based super
alloy films in aqueous NaCl environments>26-3, In general, it was found that C-22, in particular,
behaves extraordinarily well and exhibits passive behavior across a broad range of potentials, pH’s,

and temperatures due to its high Mo and W concentrations®!. In addition, its oxide defects are less
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mobile and numerous than Ni-Cr alloys due to the influence of minor alloying additions on
electronic properties?’. It was also observed using potentiodynamic curves that the breakdown
potential of Ni-alloys is nearly independent of the Mo concentration, whereas that for repassivation
is directly dependent®. As for the overall film chemical composition in chloride versus sulfate
environments, it is often reported in literature that a significant fraction of the films is attributed to
Cr,03 and/or Cr(OH)3s?%%. This is remarkably different from the strong predominance of NiO
and/or Ni(OH), observed for Ni-based alloys passivated in Na,SO4 environments®. This suggests
the complexity of alloy passivation in chloride-containing environments, in particular Ni-Cr alloys
where Cr-enrichment is made possible by chloride-assisted dissolution of Ni?*.

Additions of other minor alloying elements, such as Mo, can further impact growth by
interacting with the other metals and/or the aqueous solution to promote variations in the film
electronic or chemical properties. Their influence has been addressed with regards to the inhibition
of localized corrosion events, but rarely during the passivation of alloys and before breakdown
initiates. The effect of Mo on film growth is particularly complicated, as previously mentioned,
and is theorized to have crucial importance on only film stability during passivation in chloride by
modifying the Kinetics of various point defect reactions®***. New evidence suggests this may not

entirely be the case.'©

4.4 Objective

In this chapter, ICP-MS and SF-EIS calculations were applied to the elemental
contributions and growth rates with independent XPS, 3DAPT, NR, and MS-EIS measurements
of film composition, thickness, electronic properties, and their evolution during potentiostatic film
growth of Ni-alloys with different Cr and Mo concentrations. The results were analyzed such that
the influence of pH (4 vs 10), the fate of the elements, and the individual role of Mo during

passivation in chloride environments are ascertained.

4.5 Experimental Methods

The analytical framework established in Chapter 2 will again be applied for analysis of
passivation in acidic and alkaline chloride environments. In connection, in situ and ex situ
experiments will be conducted to measure the chemical and electronic properties of the passive

films during and after growth occurs.

130



45.1 Materials

The samples used for this study were polycrystalline, solid solution Ni-alloys that model
common Cr and Mo concentrations found in commercial Ni-super alloys with the following
compositions: Ni-22 Cr and Ni-22 Cr-6 Mo, wt%. The E-pH diagrams for a generic Ni-Cr-Mo
alloy in a dilute NaCl environment is given in Figure 4.7. Prior to each experiment, the samples
were wet-polished up to 1200 grit using SiC paper, ultrasonically cleaned in alcohol, and rinsed
with deionized water (resistivity of 18.2 MQ-cm) before being placed into the flat cell window. In
the case of highly surface-sensitive techniques such as AFM or EBSD, subsequent polishing using
polycrystalline diamond suspensions on felt microcloth pads down to 1 and a final ion polishing
step for 15 min. The EBSD images for the microstructures of these alloys were previously provided
(Figure 3.1).

The various solutions used for testing were 0.1 M NaCl acidified to pH 4 using 1 M HCI
and 0.1 M NaCl pH 10 using 1 M NaOH for pH adjustment. All prepared solutions used reagent
grade chemicals dissolved in deionized water dispensed from a Milli-Q and were deaerated using

ultra-high purity N2 gas during electrochemical experimentation.

4.5.2 Fundamental Electrochemical Characterization

To initially test the electrochemical passivation behavior of the Ni-Cr and Ni-Cr-Mo alloys
in the chloride environments, cyclic polarization scans were performed. This was done by initially
mechanically grinding the samples to 1200 grit using successively finer SiC papers. Then, the
materials were rapidly placed into the window of a vertical three-electrode electrochemical cell
(Figure 2.8) which was then filled with the appropriate solution. Upon insertion of a saturated
calomel (SCE) electrode, the solution was then deaerated with N2 gas through a glass bubbler.
Potential and current control was accomplished using a Reference 600 Gamry potentiostat.

An initial cathodic reduction step at -1.3 Vsce for 10 min was used before all
electrochemical experiments in order to minimize the existence of air-formed oxides on the alloy
surface. Then, the sample was potentiodynamically polarized from -1.3 Vsce up to 0.8 Vsce and
back to -1.3 Vsce in 1 mV steps/s. While this speed is higher than what is typical for passivity
studies performed to ASTM standards® (0.1667 mV/s), a faster sweep was necessary to prevent

the agglomeration of H gas bubbles evolved at the metal electrode surface when the potential was
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sufficiently cathodic. Unlike during the reduction step, their removal was not possible using the
pipette attachment as the electrolyte stirring greatly impacted the current measurements. By
comparing the current response to the cyclic applied potential for the alloys in different pH
environments, the relative improvements via the effects of minor alloying additions and solution
chemistry can be inferred. However, these findings are not absolute and as such, the following

characterization techniques have been additionally applied.

453 SF-EIS

The details of the sample preparation and experimental set-up for the SF-EIS experiments
are the same as that discussed above. Following the reduction step, the Gamry SF-EIS script was
applied at +0.2 Vsce with 1 Hz frequency and a 20 mV AC amplitude. This enabled the
measurement of the impedance components Z’ and Z" of the oxide film during passivation
(Chapter 2). The measurement time was chosen to be 10,000 s as a pseudo-state in [,,, was achieved
at this point. In order to apply Equation 2.6 to the SF-EIS results, a full frequency EIS spectrum
was acquired from 100 kHz to 1 mHz to obtain Q via a circuit model fit?” (Figure 2.15) and
correlate Q to an oxide thickness, 1,,. From these results, i,, could also be calculated (Equation

2.11) for each alloy and electrolyte condition.

454 I1CP-MS

In operando ICP-MS experiments were carried out using an experimental setup that have
been detailed previously, along with the relevant limits of detection: 2.70 + 0.30 pg/L for Cr®,
0.27 + 0.12 pg/L for Ni*® and 0.074 + 0.013 pg/L for Mo®® %, In terms of the dissolution current
density limit of detections, this corresponds to approximately 7.0x10”7 A/cm? for Cr3*, 4.1x108
Alcm? for Ni?*, and 2.1x10® A/cm? for Mo®* (Equation 2.8). Only concentration data above the
detection limits were considered. The electrochemical control was conducted using a Bio-Logic
SP-150 potentiostat. An initial cathodic reduction step to minimize the contribution of an air-
formed oxide was conducted by holding the working electrode at -1.3 Vsce for 10 minutes?’®.
Following this, a potentiostatic step to +0.2 Vscg, was implemented to grow the oxide within the
passive region for times up to 10,000 seconds. At this potential, the stable oxidation states are Ni®*,
Cr¥*, and Mo®* ¥. The element-specific current density contributions for cation species, M™,

released into solution and not retained in the oxide as determined by the ICP measurements, i'%,,
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were computed and summed to obtain i;.p, the total current density for dissolution and cation
ejection reactions (Equations 2.7 to 2.9). The total ICP current was then subtracted from the total
electrochemically measured DC current density, ig., associated with the total metal oxidation and
dissolution in order to compute the total oxide formation current density, i,, (Equation 2.10).

In order to evaluate the contribution of a specific element, M, towards passivation rather
than direct cation ejection or film dissolution, the expected, element-specific dissolution current

density based on congruent alloy dissolution where E,,,, is well above the Nernst E,. and E,,,, for

each element was computed and the oxidation contribution was similarly obtained using i
(Equation 2.13 and 2.14). The film’s cation composition, Cy,, can then be calculated from ICP-MS
using Equation 2.16. It is recognized that this computed composition does not account for potential
layering. A general schematic of the relative oxidation and dissolution for individual alloying

elements is given in Figure 2.8.

455 Mott-Schottky Analysis

The measurement of electronic property variation was measured during film growth
through application of in situ MS-EIS. This was accomplished by changing the voltage of the
semiconductor artificially through application of a potentiostat. The details of the sample
preparation and experimental set-up for the Mott-Schottky sweep experiments are the same as that
discussed for SF-EIS. Following the reduction step, and various amounts of passivation, fast MS
impedance sweeps were performed at 1,000 Hz from +300 mVsce down to -600 mVsce with 20
mV steps, resulting in sufficiently rapid data acquisition. This was accomplished in situ following
any amount of experimental passivation, at times from 0 to 10,000 s. As mentioned previously,
this scan rate was selected in order to measure the impedance variations as a function of potential
without the possibility of the space charge layer adjusting. The results were analyzed as discussed
in Section 3.5.5.

4.5.6 X-ray Photoelectron Spectroscopy
The variation of film composition and thicknesses was additionally characterized using
XPS spectra obtained periodically throughout potentiostatic passive film growth. This technique
is well-established in literature for analysis of the identity, concentration, and thicknesses of
individual compounds present in films®2, especially in the case of Ni-based alloys?®2"32, All XPS
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spectra were obtained using a monochromatic Al-ka photon source (E = 1,486.7 ¢V) with surface
characterization following various durations of oxide growth. The angle between the sample and
detector was fixed at 90 and 45°, whereas that between detector and the X-ray source was fixed at
54.7°. Spectra were calibrated to the 42 binding energy of a metallic Au reference (B.E. = 84 eV)
measured at the same time. Survey spectra were recorded on all samples using a pass energy of
200 eV, followed by high resolution spectra of the Ni 2p, Cr 3p, Mo 3d, and O 1s regions using a
pass energy of 20 eV.

Commercial CasaXPS software was used to perform Shirley background corrections and
spectra fitting®**!. The concentrations of Ni?*, Cr*, and Mo®* cations in the passive films were
computed by fitting the spectra to their observed metallic and oxide/hydroxide peaks, as
established in previous literature?®3241-44 and correcting these integrated peak areas to atomic
sensitivity factors for Ni, Cr, and Mo (4.044, 2.427, and 3.321 for this detector and source

configuration, respectively)*! (Table 3.1).

4.5.7 Neutron Reflectometry

NR results can be similarly analyzed to produce information regarding the molecular
identity and layering of passive films. This is made possible using an in situ NR experimental set-
up at the D3 beamline at the National Research Universal (NRU) reactor (Chalk River, Ontario,
Canada) (Figure 3.4). This setup allowed NR measurements performed concurrently with
electrochemical experiments. For the purpose of these experiments, thin films were prepared by
an electron-beam evaporation system (Angstrom, Ontario, Canada) to produce approximate 25 nm
thick Ni-Cr and Ni-Cr-Mo alloys on 100 mm diameter x 6 mm thick polished Si(111) wafers. XPS
analysis following thin film preparation yielded bulk compositions of Ni-20 Cr and Ni-20 Cr-10
Mo (wt%).

The thin film samples prepared for NR were stored in a vacuum desiccator and, prior to
experiments, were cleaned with methanol and dried in air. Figure 3 shows a schematic of the in
situ NR experimental setup at the D3 beamline at the National Research Universal (NRU) reactor
(Chalk River, Ontario, Canada). This setup allowed NR measurements to be performed
concurrently with electrochemical experiments. A conventional three-electrode electrochemical

cell with a Pt thin foil counter electrode and a KClI saturated Ag/AgClI reference electrode (Vagiagc
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= +47 mVsce) was used. A Solartron 1287A potentiostat and a Solartron 1255 frequency analyzer
were used in electrochemical experiments. A cathodic potential of -1.2 Vsce was applied for 5 min
to reduce the air-formed oxide, followed by steps from -0.8 Vsce up to +0.2 Vsce in 0.2 Vsce steps
every 6 hr. The thin film samples, Pt foil, and reference electrode were connected to the
corresponding terminal of the potentiostat for potential control and electrochemical measurements
and the neutron beam travelled to the metal/electrolyte interface through the Si water. The NR
measurements started 1 hr after the applied potential was switched to the set value and each
measurement took approximately 90 min to complete.

D3 uses a collimated neutron beam with a wavelength of 2.37 A. The neutron beam
travelled through the Si wafer before it reached the metal/electrolyte interface at a small grazing
angle. The intensity of the specular reflected beam was recorded at different grazing angles, 6, and
the reflectivity curves were plotted as a function of the scattering vector, Q, which is related to the
incident beam angle and the neutron wavelength (Equation 3.9). The thickness, roughness, and
SLD profile of the layers in the thin film sample were obtained by fitting the reflectivity curves to
a thin film model using a least square fit algorithm which includes a recursion algorithm developed

by Parratt*>-2,

4.5.8 Atomic Force Microscopy

Following electrochemical passivation, the samples were removed from the cell, rinsed
with deionized water, and sonicated in ethanol to remove any residual salt from the surface that
would obstruct imaging. The surface morphology of each sample was captured using an AFM with
NT-MDT Solver Pro. The AFM tip, ETALON HA/NC with a radius of curvature less than 10 nm,
was kept in tapping mode during imaging. The surface roughness of the samples was ascertained
from deviations in the root mean square (RMS) of local surface areas. The RMS data in this study
was found using Gwyddion®®, an open source software package used for Surface Probe
Microscopy analysis. To obtain consistent and physically meaningful RMS values, each image
was planarized by mean plane subtraction. The variations caused by the contact between the tip
and sample along the horizontal scanning directions were also corrected by leveling the horizontal

line directions with linear or quadratic polynomials depending on the magnitude of the deviations.
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4.5.9 Three-Dimensional Atom Probe Tomography (3DAPT)

More in depth sample preparation steps were required in order to produce tips appropriate
for 3DAPT analysis®. A standard electropolishing step was used to pre-thin alloy bars
(0.5mmx0.5mmx2cm) in an electrolyte of 10 vol% perchloric acid in acetic acid using 12-20 Vpc.
Afterwards, 2 vol% perchloric acid in a butoxyethanol electrolyte and 12-15 Vpc were used to
accomplish the final sample thinning. A CAMECA Local Electrode Atom Probe 4000XSi with an
ultrafast detector capability was used for APT experiments. Picosecond pulses of a UV laser were
utilized to evaporate individual atoms at a repetition rate of 250 kHz with a pulse energy of 20 pJ
and an average detection rate of 0.005 ions/pulse. The specimen tip temperature was maintained
at 25 K. Data analysis was performed on the 3D reconstructions of the specimen utilizing IVAS
V/3.6.1 software.

It is established that the oxide compositions measured using APT depend on the laser
energy/pulse, with more accurate results achieved at lower energies. To calibrate the data, a tip of
pure Ni was prepared, oxidized, and used as a calibrant. This sample indicates that the detection

efficiency of O atoms was 0.67. All data herein has been corrected for this inefficiency.

46 Results

4.6.1 Fundamental Electrochemistry of Ni-Alloys in Aqueous Chloride Environments

The E-log i passivation behavior of Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, in the acidic and
alkaline solutions of concern for most of this study was established initially (Figure 4.8a). The
impedance was then measured at 1 Hz to assess the imaginary component of the film impedance
and its corresponding capacitance across the same range of applied potentials during a
potentiodynamic sweep from -1.3 Vsce to +0.8 Vsce at 1 mV/s (Figure 4.8b). The polarization
behavior in Figure 4.8a shows a difference between the pH 4 and 10 environments with a lower
passive current density in the latter environment. At +0.2 Vscg, there is a clear difference in the
passive film impedance of Ni-Cr and Ni-Cr-Mo in both solutions and as such, this potential was
selected for the potentiostatic experiments that will be discussed in detail herein. Specifically, this
potential is also near the potential at which crevice corrosion occurs in seawater®>2, Figure 4.8a
shows that +0.2 Vsce is within the passive window of Ni-Cr-Mo in both solutions, and just at the

potential above which the passive film degrades for Ni-Cr. In Figure 4.8b, the magnitude of Z"
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rises at potentials above -1.2 Vsce and peaks at approximately 0 Vsce, beginning to drop
discernably above +0.1 Vsce. Both the E-log i and impedance behavior is improved above +0.2
Vsce upon the addition of Mo. Transpassivity is also shifted to potentials above +0.4 Vsce due to
Mo stabilizing the passive film>°4, —Z" was near a maximum at +0.2 Vsce for Ni-Cr-Mo in both
solutions, whereas the impedance was already declining with potential for Ni-Cr due to film

thinning and dissolution (Figure 4.8b).

4.6.2 In Operando Characterization
4.6.2.1 0.1 M NaCl pH 4

The element-specific dissolution current densities, i?5, as determined by ICP-MS for Ni-
Crand Ni-Cr-Mo are indicated by the total electrochemical current density, iz, and those expected
for each element assuming congruent dissolution of the bulk alloy (i,  aiss = (@t% M)igc)®.
The difference between i, and iﬂfmg aiss Tor each element, M, indicates the specific contribution
towards direct film growth formed by oxidation reactions rather than cation ejection or subsequent
chemical dissolution of oxides initially formed.

In Figure 4.9a, i, iV, and iS%p are smooth and decreasing during the first 300 s. i)} and
iST are similarly decreasing and remain in proportion to the alloy composition. Overall, the Cr-
rich passive film is still thickening (i$,, aiss > ifcp) until ~400 s when igc, iffp, and ifZp all
increase as crevice corrosion initiates for the Ni-Cr alloy. Noticeably, from 100 to 400 s, i%Zp is
below the aforementioned detection limit for Cr®* and as such, Cr is solely contributing to
passivation, whereas there is some detected Ni%* dissolution during the first 400 s. After
approximately 1 ks, iN5 and i, approach their respective currents for congruent dissolution
during crevice corrosion attack which dominates the ICP-MS measurements from this time
onward. There is some detected Cr3* dissolution on Ni-Cr (Figure 4.9a) at early times as i, was
above its corresponding detection limit (7.0x107 A/cm? for Cr®*).

The overall film formation rates for Ni-Cr (Equations 2.7-2.11 and Figure 4.9a) were

compared to calculations completed using the SF-EIS in operando technique (Equation 2.11 and

5 Congruent dissolution is a starting point and a reasonable assumption when there are large thermodynamic driving
forces for dissolution of each alloying element, i.e. iy;ss > oy
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Figure 4.9b). For both techniques, igc, iy, and i;cp initially decreased while [,, increased at a
decreasing rate overall before localized corrosion initiated. At this point, i,, — 0 as both iz, and
i;cp Increased. After crevice corrosion occurs, Equation 2.5 is invalidated because localized attack
contributes an additional impedance to the system, resulting in any measured Z" changes to be
caused by both film and corrosion variations. Equations 2.10 and 2.14 are similarly nullified
following localized corrosion, as an additional current density proportional to the crevice corrosion
rate does not contribute to oxide formation. As such, the [,, obtained using both SF-EIS and ICP-
MS following crevice corrosion initiation were excluded from Figure 4.9b.

There is a noticeable distinction between the behaviors of the alloys in 0.1 M NaCl at pH
4: Ni-Cr exhibited crevice corrosion after approximately 300 s (Figure 4.9a) while Ni-Cr-Mo
remained passive at all times (Figure 4.10a). All three alloying elements in Ni-Cr-Mo contributed

to film formation, as evidenced by i, 4iss > i1¢p Until a steady-state thickness was approached

at approximately 5 ks, indicated by the quasi-steady state level of igc. In particular, i and iM%
were below the relevant detection limits from 400 to 10,000 s and less than i’y ; ;s indicating
that these elements joined the film, whereas selective dissolution of Ni?* occurred during film
growth to compensate for the enrichment of the other metal cations. Because i\, < ié"o"ng diss UP
until 3 ks, there was still some net oxidation of Ni cations into the passive film despite the
simultaneous observation of dissolved species in the electrolyte stream.

Figure 4.10b shows a similar comparison between the ICP-MS and SF-EIS film growth
calculations in the case of Ni-Cr-Mo. Unlike the results shown in Figure 4.9b, Ni-Cr-Mo remained
passive with no crevice corrosion initiation throughout the experiment time as ig¢, i;cp, and i, all
decrease as [,, increases and thus the two sets of film growth agree well with each other over the
entire 10 ks. Overall, Ni-Cr appeared to possess a greater film growth rate until crevice corrosion
initiated and a noticeably higher iz (Figure 4.9). The strong passivity of Ni-Cr-Mo (Figure 4.10)
clearly demonstrates one of the many proposed roles of Mo minor alloying additions® related to
increasing the electrochemical stability of the passive film. Both alloys reached similar maximum
film thicknesses: approximately 2.1 nm for Ni-Cr before crevice corrosion initiated and 2.3 nm
for Ni-Cr-Mo at the end of the passivation time. For Ni-Cr-Mo, [, levels off after 2-3 ks when

i;cp approaches iz, suggesting any oxidation, i,.,, helps to maintain the passive film (Figure 4.10).
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The application of Equations 2.15 and 2.16 to the data shown in Figure 4.9a and Figure
4.10a enabled computation of the film cation fraction during the passivation step (Figure 4.11).
Both alloys become increasingly Cr-rich with time as Ni is preferentially dissolved in the chloride-
containing solution. The results indicate that the passive film on Ni-Cr-Mo is slightly more
enriched with Cr cations compared to Ni-Cr, supporting an additionally suggested role of Mo as a
promoter of preferential Cr-oxidation®. Mo appears to be present only at small concentrations,
reaching a maximum of 2.7% of all cations in the passive film by the end of the experiment. This
small amount of Mo®" is unlikely to result in distinct, stoichiometric MoOx phases unless they are
present as small islands but this is not supported by the constant entrance of Mo cations in the
oxide (Figure 4.10a).

46.2.2 0.1 MNaClpH 10

Potentiostatic passivation of Ni-Cr and Ni-Cr-Mo at +0.2 Vsce was also investigated in 0.1
M NaCl adjusted to pH 10 and monitored using SF-EIS and ICP-MS to investigate the varying
thermodynamic and kinetic favorability of oxide species in acidic and alkaline environments, as
previously suggested by Pourbaix E-pH diagrams (Figure 4.7)%. Figure 4.9a illustrates the
dissolution current densities for specific alloying elements in Ni-Cr with a comparison to the total
current density for electrochemical reactions during passivation. Ni and Cr oxidation are strongly

favored in the case of both alloys at all times (ié\’(fng aiss > IMp and ifgng agiss > iep at all times).

Ni-Cr (Figure 4.12a) appears to undergo increased dissolution as iV, and i, both begin
to increase after 300 s. Since iJ/X and i$T remain positive and there are “sharp” upward spikes of
Ni and Cr dissolution where i, and i, afterwards return to an approximately steady value, it
can be concluded that the film is experiencing periodic localized corrosion, rather than the stable
crevice corrosion evidenced by the increasing i;cp seen for pH 4 (Figure 4.9). It is worth noting
that these peaks only appear sharp due to the logarithmic scale, but they exhibit a residence time
distribution characteristic for flow cell-based measurements when plotted with a linear time axis®.
The spikes are not evident in iz due to the low data acquisition rates. Instead, iz iS Smoother
than i,;-p but exhibits abrupt spikes due to some stage of the breakdown events being sampled.
This results in an increasing iz with small, local increases corresponding to local breakdown. As

was observed in the pH 4 environments, good agreement was obtained between the ICP-MS and
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SF-EIS techniques (Figure 4.12b). There is one distinction, however, because the periodic and
relatively infrequent occurrence of localized corrosion events did not significantly impact the
impedance measurements, and as such SF-EIS was a valid approach during the entire 10 ks. Some
fluctuations in Z" were measured, evident in i5Z (Figure 4.12b).

Figure 4.13a shows that Ni-Cr-Mo has similar favorable Ni and Cr oxidation at all times.
The calculated i)} appears to dominate film growth (i’c"o"ng aiss > i) and the ICP-MS signal

remains above the detection limit. As such, there is still some discernible dissolution, albeit less
than was observed for Ni-Cr in either environment or Ni-Cr-Mo in pH 4, despite the more
significant amounts of oxidation. This agrees with the predicted electrochemical stability of NiO
and Ni(OH); at +0.2 Vsce in pH 10 environments®/°%5", There is no localized corrosion observed
in the ICP-MS data owing to the effect of Mo in Ni-Cr. Ni-Cr-Mo (Figure 4.13a) attains a nearly
quasi-steady state overall thickness after 10 ks at pH 10 and does not exhibit localized breakdown.
The very slight increase in i after long times is, instead, caused by preferential dissolution of
Mo from the passive film, as is evident in Figure 4.13a in which /29 > iﬂ’ff;g aiss arter 1 ks. Mo-
oxides are not predicted to be thermodynamically favorable in the alkaline environment; instead,
soluble MoO.* will form*’,

Figure 4.13b compares the current densities and overall film growth computed using ICP-
MS (Equation 2.11) and SF-EIS (Equation 2.6) for Ni-Cr-Mo. The methods predict similar trends,
as discussed for the previous cases. The measured i;qp is much higher for all times for Ni-Cr than
for Ni-Cr-Mo due to the influence of Mo on facilitating potential step passivation and resisting
localized breakdown. The efficiency of film growth on Ni-Cr-Mo appears very high for all time
(i’6P =~ igc in Equation 2.10). A major distinction between the alkaline data in Figure 4.12b and
Figure 4.13b and acidic in Figure 4.9b and Figure 4.10b is the increased film growth in the latter;
both alloys reached final thicknesses between 5-7 nm in 0.1 M NaCl pH 10, higher than the 2 nm
thickness in pH 4. The average electrochemical current efficiencies (Equation 2.12) were
computed for each alloy and environment and are given in Table 4.1. There is a significant
difference between each alloy and environment. Ni-Cr had a much higher computed oxidation
efficiency throughout the 10 ks potential step in the alkaline environment than in the acidic one.

Notably, this alkaline efficiency was slightly greater than that of Ni-Cr-Mo in the pH 4
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environment due to the increased stability of Ni- and Cr-films. Ni-Cr-Mo had the highest average
efficiency in the pH 10 environment despite the significant selective dissolution of Mo at later
times.

Additional analysis of the film composition was accomplished using Equation 2.16 for the
alkaline data as was previously discussed for the acidic environment (Figure 4.11) and is given in
Figure 4.14. The data in indicates that there is very minimal variability in film composition at all
times at pH 10, with the exception of some slight Ni-depletion after 3 ks. As with the pH 4
environment, Ni-Cr-Mo appears to be slightly more enriched in Cr than Ni-Cr due to Mo
functioning as a Cr oxidation promoter3>°%-63, Mo remains to be captured at small cation fractions
in the film for all times, reaching its maximum overall fraction at the start of experimentation (1.35
at%) and slowly decreasing with time as Mo becomes selectively dissolved.

4.6.3 In Situ Characterization

4.6.3.1 Mott-Schottky Analysis

During passivation in the 0.1 M NaCl environments, Mott-Schottky analysis of fast
impedance sweeps was applied at times during passivation to characterize the electronic properties
of the film and their evolution with time. Noticeably in Figure 4.15, the films predominantly
behave as n-type semiconductors within the passive potential region. However, at the passivation
potential, +0.2 Vsck, the films exhibit p-type behavior. Additionally, the presence of substitutional
defects, notably Cr* on a Ni?* site or Mo*®* on a Cr®* site, will result in greater p-type electronic
behavior. This effect of Mo is evident in Figure 4.15b where a broader range of p-type behavior
was measured. Overall, a clear decrease it the capacitance (and therefore an increase in the oxide
thickness) was observed during the passivation time along with a slight shift of the n-to-p-type
transition to higher potentials. The impedance sweeps in the alkaline environment (Figure 4.16)
exhibited the opposite behavior with primarily p-type semiconductance being observed.
Additionally, less capacitive (i.e. more resistive) behavior was observed for Ni-Cr-Mo, suggesting
a more corrosion-resistant passive film was formed.

Mott-Schottky analysis of these impedance spectra enabled computation of the n- and p-
type point defect concentrations (Figure 4.17) along with the respective flat band potential (Figure
4.17). The concentrations do not appear to vary significantly, with a few exceptions. In the acidic
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environment, the concentration of donor defects, indicated by Np, appears to initially decrease as
the film forms. But after approximately 500 s, it increases. This is likely caused by the formation
of metal cation vacancies within the passive film as a result of chloride absorption at the
film/solution interface. This effect is much less on Ni-Cr-Mo, which only slightly increases after
5,000 s. For both alloys there is an initial increase and then decrease in the concentration of p-type
defects, indicated by Na. This is likely caused by an initial increase in the concentration of
substitutional point defects as the film rapidly grows and at longer times, this results in the
annihilation of holes®. In the alkaline environment, only p-type behavior was exhibited by Ni-
22Cr (Figure 4.17a) due to the high concentration of positive dopants (Figure 4.17). These defects
slightly increased with time before decreasing, likely caused by the same phenomena explained
previously for the alkaline environment. As for Ni-Cr-Mo, for all times the concentration of point
defects decreased as the films did not undergo breakdown and any formed early became
electrostatically neutralized with increasing passivation time. Overall, the total concentrations of
point defects tend to be less for Ni-Cr-Mo than for Ni-Cr in both the acidic and alkaline
environments.

The measured passive film flat band potentials tended to increase with passivation time
independent of alloy or environment pH (Figure 4.18). For both the potential according to n- and
p-type behavior, Ers was higher in the acidic environment and for the Ni-Cr-Mo alloy. This agrees
with previous theories that Erg correlates with the pitting potential, Epit, for a passive film. Adding
Mo as a minor alloying element has been well-demonstrated to increase Epii®>%8%5-8, The effect of
pH is less certain, however. Upon consideration of the previous ICP-MS results (Figure 4.11 versus
Figure 4.14), the increase in Ers could be attributed to increased enrichment of Cr3* within the
passive film in acidic environments. Oxides containing a large amount of Cr2O3 and/or Cr(OH)3
are commonly reported for Ni-based alloys which exhibit phenomenal corrosion resistance632°,

4.6.3.2 Neutron Reflectometry

The reflectivity curves for the two alloys in 0.1 M NaCl pH 4 and pH 10 are given in Figure
4.19 and Figure 4.20, respectively. These data sets were fit using an algorithm developed by
Parratt*>® to produce neutron SLD profiles versus depth (Figure 4.21 and Figure 4.22). At low

depths, the SLD corresponded to the electrolyte layer, followed by a steep, almost linear increase
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upon reaching the oxide layer. Finally, the SLD of the base metal alloys was reached at still greater
depths. Annotated on Figure 4.21 and Figure 4.22 as horizontal lines are the theoretical SLD of
several stoichiometric oxides. Based on the figures, the profiles suggest films rich in Ni-oxide
species. There is no clear layering within the passive film as a plateau within the pseudo-linear
region would be evident, and instead there is a continuous increase between the theoretical value
for Cr(OH)s and either the SLD peak (for Ni-Cr) or the base metal (for Ni-Cr-Mo).

Simulated SLD profiles were produced using GenX software for a non-equilibrium film
with varying Cr3* content or a bilayer oxide composed of varying thickness NiO and Cr,Os layers
(Figure 3.20). Upon comparing Figure 4.21 and Figure 4.22 to Figure 3.20 it is evident that the
SLD profiles agree with non-stoichiometric, solid solution oxides, as shown in Figure 3.20a. It
could be argued that the layered NiO and Cr,Oz appear to agree when there is a small [, for the
latter species, but it is apparent in the ICP-MS results (Figure 4.11 and Figure 4.14) that this would
not accurately apply to the observed film composition.

Upon subtraction of the metal and electrolyte SLD (Figure 3.6), the oxide peaks do not
demonstrate any layers (Figure 4.23). These results additionally allow for the estimation of [,,. and
the Cr3* cation fraction using the width and height of the profile, respectively (Table 3). Films with
an SLD closer to the value of NiO (8.7 x 10 A?) will have a lower % Cr3" compared to those
near the value of Cr.03 (5.1 x 10 A), and the non-stoichiometric rocksalt film has an SLD in
between the two. There is some Ni-enrichment apparent at the metal/electrolyte interface, as
previous work has reported®?""*, but for Ni-Cr-Mo the outer SLD decreases with applied potential
as Ni?* undergoes selective dissolution in favor of Cr-enrichment (Figure 4.23b). Since the fraction
of Mo cations in the film is insignificant compared to Ni?* and Cr3" (Figure 4.11), any
substitutional Mo*5* defects within the oxide would not result in the observed, substantial decrease
in the SLD for passivated Ni-Cr-Mo. There is also a rough, outer interface of the passive films that
is very highly hydrated. The thickness of this region is estimated to be approximately 1 nm, which
is on the order of the experimental passive film surface roughness.

Analysis of the Cr3* metal cation fraction and the passive film thickness using the profile
width and peak SLD values in Figure 4.23 and Figure 4.24 is provided in Figure 4.25 and Figure
4.26 for the acidic and alkaline environments, respectively. As suggested previously, Ni-Cr-Mo
exhibited significantly greater Cr-enrichment across all potentials than Ni-Cr (Figure 4.25 and
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Figure 4.26). Following rapid film dissolution of Ni-Cr at +0.2 Vsce in the alkaline environment
(Figure 4.24a), selective Ni-dissolution resulted in a slightly higher Cr cation fraction than the Ni-
Cr-Mo alloy (Figure 4.26a). The film thickness was also consistently thinner on Ni-Cr-Mo at every
potential, suggesting that despite the increase in dissolution, a greater driving force facilitated the
formation of a thick film on Ni-Cr’2. This difference was less noticeable in the alkaline
environment, presumably because Ni- and Cr-oxide species are both thermodynamically stable®’.
This resulted in a decreased driving force for passivation on Ni-Cr. In comparison to the films
formed during passivation in NaxSOs, there is significantly greater Cr-enrichment for Ni-Cr-Mo
in NaCl (Figure 3.22 versus Figure 4.25 and Figure 4.26). The films also appear thinner due to the

effect of chloride-assisted dissolution.

4.6.4 Exsitu Characterization

4.6.4.1 Atomic Force Microscopy

At various times throughout the passivation processes, AFM imaging provided additional
details concerning the influence of solution chemistry on the development of the surface
topography. Once the oxide was electrochemically grown, the alloy surfaces were measured
immediately after exposure to reduce the effect of ambient conditions on the surfaces. Several area
sizes were measured using AFM (e.g. 5x5 and 2x2 um?), with smaller areas (e.g. 100x100 to
500x500 nm?) used to provide representative topography measurements between polishing marks.
Figure 4.27 shows a representative set of the AFM images captured after different passivation
times for Ni-Cr in 0.1 M NaCl pH 4. The inset images give an accurate representation of the areas
used to perform the RMS surface roughness measurements. The nucleation and growth of the film
during the passivation process can also be represented using line scans across the inset images as
given in Figure 4.28. The topographies of the air-oxidized surface are given separately from the
electrochemically oxidized ones in Figure 4.28. The significant difference in each of these
topographies measured using line scans demonstrates that the images and the relevant changes in
surface morphology in Figure 4.27 are caused by electrochemically passivation and not any
underlying roughness of the metal following polishing.

The coverage of the oxide particles increases with exposure time to the environment

(Figure 4.27). However, the initially rough morphology caused by distinct islands of particles
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which nucleated remains significant even after film growth occurs. This is a stark contrast to the
film topography previously shown for passivation in a sulfate environment, where a smooth,
conformal film was achieved after 1,000 s (Figure 3.22). Instead the local dissolution of the passive
film as a result of chloride adsorption results in a perpetually rough, undulating surface even after
the apparent coalescence of oxide nuclei. Between 10 and 100 s, Figure 4.28 shows a broadening
in the oxides at the metal surface. This continues at longer times despite the chloride-induced
chemical etching of the oxide surface.

The RMS values for Ni-Cr following passivation in the aqueous environment are given in
Figure 4.29. The variability across the surface, indicated by the error bars in Figure 4.29, remains
significant during the entire exposure time. This large deviation is caused by the markedly different
RMS values obtained from a variety of spots on Ni-Cr. This difference can be understood by the
known preferential grain dependent etching chloride displays when reacting with Ni-Cr alloys’.
Interestingly, the RMS value for the chloride is initially lower at 10 seconds than its sulfate
counterpart (Figure 3.24). It is possible that the chloride-induced dissolution of the surface oxides
results in less pronounced oxide heights, yielding a numerically lower RMS value. However, this
effect changes after 100 s and the chloride begins to exhibit a rougher surface (Figure 4.29).

Ni-Cr-Mo, however, has a noticeably different surface topography after the same
passivation conditions (Figure 4.30). Numerous perturbations exist at the surface, causing the
measured RMS to be greater for Ni-Cr-Mo (1.36 nm) than the highest average measured value for
Ni-Cr which occurred after passivation for 100 s (0.75 nm). This surface roughness can be
attributed to the effect of Mo and provides evidence of it likely being enriched at the surface.
Previously, Mo has been observed to repassivate at the film surface in low pH environments in the
form of polymeric species containing Mo®* 34, Dissolution of the passive film in the acidic,
chloride environment can result in the redeposition of Mo cations on the surface, producing the
rough morphology evident in Figure 4.30. For Ni-Cr, however, this repassivation does not occur
and instead, chloride-attack can result in the formation of metastable nanopits at the oxide surface
(Figure 4.30b). These small features range from about 50 to 300 nm in diameter and occur on the
otherwise smooth passive film on susceptible grain orientations’® and contribute towards the high
variability in the RMS. Even with the occurrence of film breakdown in Figure 4.30b, however, the
measured RMS is considerably less than that of Ni-Cr-Mo (Figure 4.30a).
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4.6.4.2 X-ray Photoelectron Spectroscopy

An example of the XPS spectra deconvolution for Ni-Cr-Mo passivated for 10 ks in 0.1 M
NaCl pH 4 is shown in Figure 4.31. The fitted peaks indicate each observed metallic, hydroxide,
and oxide species. Based on the spectra peaks, the consistent hydroxide and oxide species included
were Ni(OH)2, NiO, Cr(OH)3, Cr203, M0O., and MoOz with the utilized spectral fitting parameters
given in Table 3.1. It should be noted that previous literature has additionally identified spinel
compounds (e.g. NiCr204)">7°, but they were found during peak fitting to constitute an
insignificant fraction (~1%) of the total integrated area and as such was excluded from analysis.
The integrated peak areas for the aforementioned passive film species are directly compared to
each other, and the ICP-MS measurements of film metal cation composition for both alloys
passivated at +0.2 Vsce in 0.1 M NaCl adjusted to pH 4 and 10 were given in Figure 4.11 and
Figure 4.14, respectively.

In the acidic environment, Ni-Cr-Mo exhibited greater enrichment of Cr-species, resulting
in a higher cation fraction of Cr3* according to the peak areas and Equation 3.6 (Figure 4.33 and
Figure 4.35). This result agrees with the previous observation that Ni-rich films form first,
followed by the slower growth of Cr-rich ones (Figure 4.9-Figure 4.10 and Figure 4.32-Figure
4.35)°07°  Additionally, the result supports the previous theory®® that Mo alloying promotes the
oxidation of Cr. Upon comparing passivation in an acidic environment (Figure 4.11) to that in an
alkaline one (Figure 4.14), there is an apparent difference between the films. Notably, the fraction
of Ni?* as measured using XPS peak fitting and ICP-MS analysis remained steady for Ni-Cr,
whereas there was minor enrichment of Cr®* within the film on Ni-Cr-Mo throughout the
passivation time. For all times, there was additionally a slightly greater fraction of Cr3* within the
film on Ni-Cr-Mo than on Ni-Cr after 10 ks (Figure 4.11 and Figure 4.14). Finally, the calculated
enrichment of Mo*5* cations was lower for pH 10 (Figure 4.14) than that observed at pH 4 (Figure
4.11), due to its likely selective dissolution in the alkaline environment as MoO4?".

In the alkaline environment, some NiO peaks were discernable at 10 s, but afterwards the
measured spectra was essentially representative of only Ni metal and Ni(OH)2 (Figure 4.34 and
Figure 4.35). The same applied for Cr, where Cr.03 and Cr(OH)3s formed quickly and the former
became quickly hydrated. There was clear oxide species present at all times in the acidic
environment because of the influence of its favorable thermodynamics over the hydroxides,
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whereas both were stable at pH 10 and the oxides remain hydrated as Ni(OH)2 and Cr(OH)s. Less
Mo*®* was found within the passive film and, as explained previously, this can be attributed to its
poor thermodynamic stability in high pH environments. The low oxide concentration and
corresponding depletion of Mo at the surface of the base alloy caused a poor Mo 3d signal,
requiring more cumulative scans to produce Figure 4.35.

The spectra obtained after 10 ks were also characterized at a 45° take-off angle to indicate
any preferential segregation of cations to the metal/film or film/electrolyte interface, along with
the presence of bilayer versus solid solution oxides (Figure 4.36-Figure 4.38)%°82, Comparisons
of the oxide areas at 90° and 45° for each individual metal can suggest relative variations in the
chemical distribution of the passive film. The results for Ni-Cr suggest that after 10 ks of
passivation at +0.2 Vsce, there is slight surface enrichment of Cr3* in the pH 4 environment,
presumably caused by preferential Ni?* dissolution (Figure 4.36ac). However, substantial surface
enrichment of Ni?* was observed in the alkaline environment. There is still some Cr3* present,
however, suggesting that the film composition remains mixed. In Figure 4.36b,d, the metal peaks
are not present due to the thickness of the film and the low probing depth of x-rays at a
photoelectron take-off angle of 45° (approximately 3.5 nm). Because this depth is less than the
film thickness (approximately 6.5 nm), it can be rationalized that a clear Ni(OH)./Cr(OH)s layered
structure is not present as the inner Cr(OH)s would not be present at low take-off angles. Ni-Cr-
Mo, however, has different distributions of cations evident in the angle-resolved spectra as a result
of Mo and its promotion of Cr-oxidation (Figure 4.37 and Figure 4.38). In the acidic environment,
there is enrichment of Ni?* and Mo®* evident at the oxide surface whereas in the alkaline one, there
is only some depletion of Mo®* as a result of its reduced thermodynamic stability, as previously
discussed. These results indicate only, however, relative changes and do not provide true
composition profiles. As such, limited tomography experiments were performed and the results

are presented in the following section.

4.6.4.3 3D Atom Probe Tomography

The atomic resolution of APT enables a more detailed representation of the physical and
chemical structure of nanometer-thick passive films on Ni-Cr (Figure 4.40) and Ni-Cr-Mo (Figure
4.41 and Figure 4.42). Similar to the passive film on Ni-Cr formed in Na>SOa (Figure 3.28), there
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is no apparent layering of any Ni or Cr-oxides within the film layer formed on Ni-Cr following
passivation in the chloride environment. The ratio of Ni- and Cr-oxides remains around 2.5:1,
respectively, until increasing at the metal/film interface as the fraction of O decreases significantly
in unoxidized area of the tip. There is additionally no enrichment within the film despite the
assertions in previous literature of this phenomena®’*%, Instead the oxide appears similar to a
solid solution of NiO/Ni(OH). and Cr,03/Cr(OH)s based on the chemical compounds states
detected by XPS (Figure 4.32). This observation is indicative of a solute-captured passive oxide
forming, which will be explained in more detail in Chapter 6.

While the previous APT results implied very similar passive films for Ni-Cr and Ni-Cr-
Mo in sulfate environments (Figure 3.28 and 3.29), drastically different cation profiles were
measured for Ni-Cr-Mo following passivation in NaCl (Figure 4.41 and Figure 4.42). An outer,
Ni-rich region in the passive film is present and substantially enriched in Mo*®*, as was previously
indicated in the sulfate environment. Beneath this, however, is a Cr-rich region where the ratio of
Ni?* to Cr®* goes closer towards 1:1. The APT results indicate accumulation of Mo*5* at the
metal/film interface and, therefore, some depletion at the metal surface. Based on the compositions
of the apparently chemical layers, there is still no distinct NiO/Ni(OH). and/or Cr203/Cr(OH)s,
however. Ni?* remains enriched throughout the passive film with some solute Cr®* and Mo*5*
present at certain thicknesses. This occurrence is due in part to the effect of chloride-assisted film
dissolution, but also the promotion of Cr-enrichment in the presence of Mo alloying additions.

Unique to the APT results in chloride are the occurrence of oxide fingers penetrating into
the metallic tip (Figure 4.40 and Figure 4.41). This phenomena has been rationalized to occur due
to metastable nanopitting and repassivation within the corroded area®®. These regions were roughly
30 nm deep and 10 nm wide. While there was no metallurgical channels for local breakdown
present (e.g. a grain boundary or secondary phase), some morphological instability?® likely
produced by the sample preparation process was likely attacked preferentially by the chloride
anions in solution and produced the nanopit before the surface was repaired via repassivation. The
oxide fingers into Ni-Cr-Mo are substantially shorter than those on Ni-Cr: 10 nm versus 30 nm.
This is due to the effect of Mo alloying additions on increasing repassivation following film

breakdown in the presence of chloride.
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Chloride-attack at the film/electrolyte interface resulted in some CI signal in the APT
results (Figure 4.40 and Figure 4.42). For Ni-Cr, the chloride concentration was high (~5 at. %) at
the oxide surface and decreases rapidly to zero moving into the oxide (about 1 nm in depth), which
clearly indicates that there is chemical absorption on the surface rather than any incorporation of
chlorine ion into the oxide layers. This would be unlikely, because the chlorine ionic radius is large
and its penetration would be difficult, or rather impossible, according to prior DFT calculations*83,
The adsorption of CI- was apparently less on the surface of Ni-Cr-Mo, perhaps due to local
repassivation at any absorption sites. There was a clear effect of the halide anions on the passive
film compositions, however. Both Ni-Cr and Ni-Cr-Mo exhibited greater, overall enrichment of
Cr¥* in the acidic NaCl environment compared to their counterparts in sulfate (Figures 3.28 and
3.29).

Overall the APT findings confirm several of the previous assertions made using in
operando, in situ, and even the ex situ XPS results. The passive films are enriched in Ni?* relative
to Cr¥* and, for Ni-Cr-Mo, Mo*5*, While there is some enrichment of Mo*®* at the film/electrolyte
interface, it is likely insufficient to form a distinct phase and rather the cations are operating as
substitutional defects in the Ni-rich oxide. Ni-Cr-Mo had greater, relative enrichment of Cr** than
Ni-Cr and the presence of Mo at various locations in the film had strong implications for the local
breakdown of passive films. The influence of dissolution resulted in some cation segregation
within the passive film, but no layering of oxide species was evident as the films remained richest
in Ni?*, with areas of relative Cr®* an Mo*®* enrichment present because of preferential NiZ*

ejection.

4.7 Discussion

4.7.1 Influence of Chloride and pH
The thermodynamic favorability of Cr-rich oxides and spinels relative to NiO and Ni(OH)>

: . kJ kJ
is well known. For instance, AG?y;o =—212—, AGPyyon), = —447 — AGPcry0, —

k] ga
mol

kj kj
1,058— AGFCT(OH)3=—834@, and  AGf yicr,0, = —1,257 Based on both

conventional Pourbaix diagrams®’# (Figure 4.7) and chemical stability diagrams®, the expected
stoichiometric oxides at +0.2 Vsce are Cr.0O3 and Cr(OH)s in acidic and alkaline environments,

while NiO and Ni(OH). are stable at a pH greater than 5°°
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The results in Figure 4.11 appear to differ from these predictions. The film was measured
to predominantly contain Ni?* as a result of slow dissolution Kinetics. At early oxidation times, the
rapidly moving oxidation front results in passive film cation fractions approximate to the bulk
metal composition as a result of non-equilibrium solute capture (NSC), i.e. 22 wt. % Cr®" becomes
frozen into the NiO lattice as non-stoichiometric Cri-xNixO15-x2°°. However, gradual enrichment
of Cr¥* results in the behavior shown in Figure 4.11 and Figure 4.14. Additionally, the SLD profiles
in Figure 4.21 and Figure 4.22 suggest the existence of solute-captured films as no distinct layers
are observed.® The results indicate a very different picture of aqueous electrochemical passivation
than has been previously reported26-28:31-3387-9 Nj and Cr are equally oxidized at the early stages
of passivation in acidic and alkaline chloride solutions according to the ICP-MS (Figure 4.9-Figure
4.14) and XPS (Figure 4.11 and Figure 4.14) results.

Upon passivating the alloys in the alkaline environment, Ni?* cations in the film remain
passive at all times and no preferential ejection occurs, enabling Cr* enrichment (Figure 4.14).
Instead, film thickening continues with notably slower preferential enrichment of the more
thermodynamically stable, Cr-rich species. Similar stability of Ni?*-rich oxides in an alkaline
environment was observed in previous literature®®. The concentrations of Mo** and Mo®" metal
cations, as governed initially by NSC, both increased in the film with passivation time, with the
latter having greater peak areas and thus a greater film concentration (Figure 4.31), albeit both
were low compared to Ni?* and Cr®*. It is possible that Mo*®* substitutes for Cr** in the films, as
will be discussed later.

The interplay between kinetics and thermodynamics apparently results in the nucleation
and growth of NiO/Ni(OH), along with Cr,03/Cr(OH)3®%°. When surface energy is factored into
oxide stability, the Ni/NiO epitaxy may favor NiO and any hydrated, overlying Ni(OH)23391-%,
Later during passivation, enrichment is driven by kinetic factors®>®*. Preferential dissolution of
Ni2* in chloride environments enables further enrichment of Cr* in the film. Following 8+ hrs of
passivation in harsh chloride electrolytes, this enrichment has been previously shown to result in

Cr-rich species dominating the passive film for other commercial Ni alloys of similar alloying

& The existence of NiO and Cr,Os nuclei next to each other could produce similar SLD versus depth curves, but this
nanoscale heterogeneous surface has not yet been observed experimentally and would be prone to localized corrosion
at the Cr-depleted surface areas.
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compositions?6:282932.95 Notably, Ni-20 Cr, wt%, passivated in 1 M NaOH and 0.5 M H;SO4
exhibited a film richer in Cr3* for the latter environment and became increasingly enriched with
time®. At these longer times, significant enrichment of solute Cr®* cations can result in the
formation of non-stoichiometric corundum with a chemical composition of CroxNixOz.y. This
classically Cr¥*-rich film can still contain significant amounts of Ni?* cations until longer times at
which point annealing would produce stoichiometric films not representative of NSC®°. The oxides
evidently first form according to the principles of NSC but then kinetics dominates until a steady-

state has been reached and thermodynamics controls the film structure and composition®3.

4.7.2 Chemical Identity of Passive Films

The passive films on Ni-Cr and Ni-Cr-Mo were predominantly rich in Ni?* during the 10
ks passivation time, with Cr-enrichment occurring continuously and especially for the Mo-
containing alloy. The NR and 3DAPT results suggest that the film on Ni-Cr is more representative
of solute capture than Ni-Cr-Mo, with inner enrichment of Cr** occurring after a steady-state film
thickness has been reached. In the alkaline environment, the chemical stability of Ni species
resulted in substantial Ni-enrichment at the oxide surface which is not dissolved during exposure
to the environment. This was not observed for Ni-Cr-Mo in the same environment as both Ni and
Cr are oxidized during the entire passivation time due to the effect of Mo. This element exists as
primarily Mo®* in the film at longer exposure times, albeit at low concentrations. At pH 4, it and
Ni2* are enriched at the oxide surface but Mo cations are depleted in the outer region of the film at
pH 10.

In previous work, the existence of Mo-oxides within passive films was proposed with no
detailed explanation of the quantity or location'!. Moreover, the cation molecular identity was
attributed to stoichiometric MoO, and MoQ3*"%¢-%8, The presence of Mo alloying additions also
resulted in the increased enrichment of Cr3* within the passive film3%. This phenomenon is
evident in Figure 4.11 and Figure 4.14, where the fraction of Cr3* tends to be higher, especially
after long passivation times. Fundamental density-functional theory (DFT) models have recently
demonstrated that Mo promotes the adsorption of O on Ni-Cr surfaces®. In particular, the
theorized synergistic oxidation of Cr in the presence of Mo was shown to result from the favorable

adsorption energy compared to surface sites containing Ni. In this (Figure 4.11, Figure 4.14, Figure
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4.25, and Figure 4.26) and previous passivation studies®>°2°81% similar behavior has been
observed where Ni-Cr-Mo alloys exhibited greater fractions of Cr** species in their films. Other
recent DFT studies have demonstrated the increased favorability of corundum upon alloying with
Mo, where the driving force for nucleation decreases by 0.64 eV per Mo atom in the oxide formula
unit cell”®. The impact of Mo on encouraging Cr passivation is only one of the several proposed

theories regarding film growth and stability®°.

4.7.3 Electronic Properties of Passive Films

The passive films on Ni-Cr and Ni-Cr-Mo during passivation in an acidic and alkaline
environment exhibited different electronic behavior. At pH 4, the passive films were controlled by
n-type behavior whereas p-type was observed at pH 10. This was a result of the dominant point
defects for each alloy and environment combination. At +0.2 Vsce, however, acceptor defects were
observed to dominate. This suggests that for the operando passivation results shown, oxygen
vacancies dictate the relevant oxidation kinetics!®t. The flux of the latter was the point defect
within a passive film has been previously theorized to be the rate determining step for
passivation!®1%, Greater range of p-type defect behavior was measured for Ni-Cr-Mo due the
substitutional doping of Mo as a positively-charged defect. The effect of chloride resulted in an
increase in n-type defects (i.e. Np) as metal cation vacancies are generated by chloride adsorption
(Figure 4.17). This effect was much greater for Ni-Cr compared to Ni-Cr-Mo in the acidic
environment. In comparison, N, increases early due to the initial defective nature of the passive
films, but at longer times electron holes can be annihilated and produce the observed decrease®.

The observed influence of Mo on oxidation processes has also been attributed to the
element acting as a dopant with very high concentrations (at% rather than ppm) and modifying the
electronic properties of the ternary alloy. The addition of small concentrations of Mo®* in the
passive film will result in the formation of substitutional defects (i.e. Moy;, and Mog;.) following
rapid oxidation and solute capture®®®7°, The SVIM suggests this phenomena will result in
improvements in the film’s electrochemical stability following the annihilation of p-type metal
cation vacancy defects (e.g. Vy; and V), which are theorized to be major contributors to the
initiation of localized corrosion®1%. This is posited to occur by the interaction between the

positively-charged substituted Mo site and negatively-charged metal cation vacancies, forming
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less mobile, neutral defects. The diffusion of these defects is not accelerated by the electric field
and, as such, won’t contribute towards film growth and/or breakdown reactions®*1941%° The effect
of Mo is also demonstrated through increases in Erg for Ni-Cr-Mo in comparison to Ni-Cr. The
continued enrichment of Cr3* in the film also increases Exz and the related increase in the pitting

resistance of a passive film®2°8.65-68

4.8 Conclusions

The passivation and dissolution of Ni-22 Cr and Ni-22-6 Mo (wt%), were investigated
during in operando potentiostatic conditions using electrochemical ICP-MS and SF-EIS in both
an acidic and alkaline NaCl environment, coupled with in situ NR and ex-situ XPS conducted
during and following film growth. The combination of the techniques utilized enabled
determination of i,, distinctly from iz with high temporal resolution. Contrary to some previous
work which suggested rapid NiO formation in a chloride-free environment, it was determined that
both Ni and Cr-rich films form early during the passivation process, indicating the combined
influence of thermodynamic and kinetic factors. Surface films produced during anodic polarization
at +0.2 Vsce were consistent with non-stoichiometric solid solution rocksalt and corundum oxide
structures, likely containing solute captured Ni%*, Cr¥, and Mo*®* cations. No layering was
observed during oxide formation, with the films instead being Ni-rich at the film/electrolyte and
Cr-rich at the metal/film interfaces. Oxides were first formed, with compositions governed by non-
equilibrium solute capture. At long times, Kinetic factors enabled enrichment whereas
thermodynamics determined the longer-term passive film behavior. The electrochemical stability
of Cr¥* cations also increased with alloying of Mo in the base metal, noted by the respective
dissolution currents being measured below the detection limit for the Ni-Cr-Mo alloy in each
environment. Surface films produced during anodic polarization in the alkaline environment were

found to be enriched in Ni?* cations because of the increased stability of NiO and Ni(OH)..
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410 Tables

Table 4.1. Averaged oxidation efficiency (%) (Equation 2.12) computed for the results shown in
Figure 4.9 - Figure 4.13) for Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, passivated at +0.2 Vsce in 0.1
M NaCl for 10,000 s with the pH adjusted to either 4 or 10
Electrolyte  Ni-22 Cr Ni-22 Cr-6 Mo

pH 4 4.0 315
pH 10 43.2 90.2
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4.11 Figures
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Figure 4.1. Surface energy of NiO (111) following chemisorption of chloride anions in 0.1 and
0.001 M NaCl at varying pH’s predicted using DFT*. The reference energy for the oxide in a
chloride-free environment is given by the dashed line.
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Figure 4.4. Relationship between the wave vector wavelength of a surface perturbation, k, and
the apparent surface roughness?® where notably, small fluctuations at the metal/film interface
significantly influence the observed oxide morphology
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Figure 4.5. Local dissolution current, j;;s, and oxidation rate, ¢, modeled for morphological
instabilities of varying wavelengths corresponding to k. The resulting model of the perturbed
potential across the peaks and troughs of the film/electrolyte interface is given, where the red line
are equipotentials, meant to give an indication of the direction of the perturbed electric field, and
at the troughs of the interface, the potential drop through the Helmholtz layer in increased.
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Figure 4.6. Effect of increased chloride absorption on the surface energy and resulting oxidation
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Figure 4.7. E-pH diagrams computed using OLI'% for a generic Ni-Cr-Mo alloy exposed to 0.1
M NaCl. The gray regions suggest regions of base metal immunity, whereas green and yellow
indicate passivity and corrosion, respectively, for specific Ni, Cr, and Mo films.
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Figure 4.9. a) Calculated ICP-MS current densities for cation emission or dissolution versus the
total element-specific current densities assuming congruent dissolution and b) ICP-MS and SF-
EIS overall (ig), total dissolution (i;cp), and oxidation (i,,) current densities along with
calculated film growth (l,,) during passivation of Ni-22 Cr, wt%, at +0.2 Vsce in 0.1 M NacCl
pH 4. Instantaneous DC currents had their time convoluted in order to put them on the same
scale as ICP-MS measurements.
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Figure 4.10. a) Calculated ICP-MS current densities for cation emission or dissolution versus the
total element-specific current densities assuming congruent dissolution and b) ICP-MS and SF-
EIS overall (ig.), total dissolution (i;cp), and oxidation (i,,) current densities along with
calculated film growth (l,,) during passivation of Ni-22 Cr-6 Mo, wt%, at +0.2 Vsce in 0.1 M
NaCl pH 4. Instantaneous DC currents had their time convoluted in order to put them on the
same scale as ICP-MS measurements.
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Figure 4.11. Relative accumulation of metal cations in the passive films during growth until
localized corrosion initiation at +0.2 Vsce according to ICP-MS (lines) and XPS (symbols,
results obtained from Figure 4.32 and Figure 4.33) measurements on Ni-22 Cr and Ni-22 Cr-6
Mo, wt%, in 0.1 M NaCl pH 4
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Figure 4.12. a) Calculated ICP-MS current densities for cation emission or dissolution versus the
total element-specific current densities assuming congruent dissolution and b) ICP-MS and SF-
EIS overall (ig.), total dissolution (i;cp), and oxidation (i,,) current densities along with
calculated film growth (l,,) during passivation of Ni-22 Cr, wt% at +0.2 Vsce in 0.1 M NaCl pH
10. Instantaneous DC currents had their time convoluted in order to put them on the same scale
as ICP-MS measurements.
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Figure 4.13. a) Calculated ICP-MS current densities for cation emission or dissolution versus the
total element-specific current densities assuming congruent dissolution and b) ICP-MS and SF-
EIS overall (ig.), total dissolution (i;cp), and oxidation (i,,) current densities along with
calculated film growth (1,,.) during passivation of Ni-22 Cr-6 Mo, wt% at +0.2 Vsce in 0.1 M
NaCl pH 10. Instantaneous DC currents had their time convoluted in order to put them on the
same scale as ICP-MS measurements.
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Figure 4.14. Relative accumulation of metal cations in the passive films during growth until
localized corrosion initiation at +0.2 Vsce according to ICP-MS (lines) and XPS (symbols)
measurements on Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, in 0.1 M NaCl pH 10
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Figure 4.15. Evolution of Mott-Schottky spectra with passivation time for a) Ni-22 Cr and b) Ni-
22 Cr-6 Mo, wt%, passivated at +0.2 Vsce in 0.1 M NaCl pH 4 where the potential sweeps were
performed at 1,000 Hz

T T T
-0.3

T T
-0.2 -0.1 0.0 0.1 0.2

E (V vs SCE)

0.3

171



3.0x10°

a)
—a—0s
2.5x10° —10s
—A—50s
—v—100s
2.0x10° —<—500s
—— 1,000 s
w: —— 5,000 s
" 1.5x10° A —e— 10,000 s
L
©
4 1.0x10° A
5.0x10°
00 T T T T
0.6 0.4 0.2 0.0 0.2
E (V vs SCE)
3.0x10°
X b)

1/C* (cm* F?)

0.0 T T T T T T T T
06 05 04 -03 02 01 00 01 02 03

E (V vs SCE)
Figure 4.16. Evolution of Mott-Schottky spectra with passivation time for a) Ni-22 Cr and b) Ni-
22 Cr-6 Mo, wt%, passivated at +0.2 Vsce in 0.1 M NaCl pH 10 where the potential sweeps were
performed at 1,000 Hz
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Figure 4.17. Concentration of n-type (Np) and p-type (Na) point defects during passivation,
computed using Equation 3.3 and the data shown in Figure 4.15 and Figure 4.16 for Ni-22 Cr
and Ni-22 Cr-6 Mo, wt%, passivated at +0.2 Vsce for times up to 10,000 s in 0.1 M NaCl pH 4

-400

-800

-2,000

and pH 10
1,000
a) b)
%01 0.1 MNaClpH 4:
800 - O - Ni-22Cr
o o ° - O - Ni-22Cr-6Mo
¢ 7004 0.1 MNaCl pH 10 _0-97---0
— o] 4o Ni-22Cr o- "~
8 - - Ni-22Cr-6Mo ,
» 500 _.-0
7] - =z Z---0 ---0-
g  f_a===° ~g----0-0-
> 400-} ------ V""V-v---- _ e _j
-1,200 E Vo v
300
r/’/v/'-/'_—v/v_‘ Luu.
200 A-
- ~ - A-D0
-1,600 100.] /_A AN N
- A’
o4 _--~
T T T -100 T T T
1 10 100 1,000 10,000 1 10 100 1,000 10,000
Time (s) Time (s)

Figure 4.18. Measured semiconductor flat band potentials, Erg, for a) n-type and b) p-type
behavior, computed using Equation 3.3 as indicated in Figure 3.3 for Ni-22 Cr and Ni-22 Cr-6
Mo, wt%, passivated at +0.2 Vsce for times up to 10,000 s in 0.1 M NaCl pH 4 and pH 10
(Figure 4.15 and Figure 4.16)
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Figure 4.19. Measured reflectivity curves for Ni-20 Cr and Ni-20 Cr-10 Mo, wt%, oxidized in 0.1 M
NaCl pH 4 at various potential steps (Figure 3.5) from OCP, to -0.8 Vscg, and up to +0.2 Vsce in 200
mV steps every 6 hours where the NR measurements started 1 hr after the applied potential was
switched to the set value and each measurement took approximately 90 min to complete
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Figure 4.20. Measured reflectivity curves for Ni-20 Cr and Ni-20 Cr-10 Mo, wt%, oxidized in 0.1 M
NaCl pH 10 at various potential steps (Figure 3.5) from OCP, to -0.8 Vscg, and up to +0.2 Vsce in 200
mV steps every 6 hours where the NR measurements started 1 hr after the applied potential was
switched to the set value and each measurement took approximately 90 min to complete
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Figure 4.21. Full SLD profiles for a) Ni-20% Cr and b) Ni-20% Cr-10% Mo, wt%, oxidized in

0.1 M NaCl pH 4 at various potential steps from OCP, to -0.8 Vscg, and up to +0.2 Vsce in 200

mV steps every 6 hours where the NR measurements started 1 hr after the applied potential was

switched to the set value and each measurement took approximately 90 min to complete. SLD

values for the expected species are given for different film compounds and the spectra, at low
depths, corresponds to the electrolyte layer and at high depths, the alloy layer.
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Figure 4.22. Full SLD profiles for a) Ni-20% Cr and b) Ni-20% Cr-10% Mo, wt%, oxidized in
0.1 M NaCl pH 10 at various potential steps from OCP, to -0.8 Vscg, and up to +0.2 Vsce in 200
mV steps every 6 hours where the NR measurements started 1 hr after the applied potential was

switched to the set value and each measurement took approximately 90 min to complete. SLD

values for the expected species are given for different film compounds and the spectra, at low
depths, corresponds to the electrolyte layer and at high depths, the alloy layer.
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Figure 4.23. Analysis of the NR profiles given in Figure 4.21 where a sample profile for the base
metal exposed to water on a SiO- substrate was simulated and subtracted from the overall
reflectometry curve in order to obtain that of just the passive film for a) Ni-20 Cr and b) Ni-20
Cr-10 Mo, wt%, in 0.1 M NaCl pH 4 where the peak SLD correlates to the Ni?* cation fraction
and the approximate [, is indicated by the peak width
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Figure 4.24. Analysis of the NR profiles given in Figure 4.22 where a sample profile for the base
metal exposed to water on a SiO- substrate was simulated and subtracted from the overall
reflectometry curve in order to obtain that of just the passive film for a) Ni-20 Cr and b) Ni-20
Cr-10 Mo, wt%, in 0.1 M NaCl pH 4 where the peak SLD correlates to the Ni?* cation fraction

and the approximate [, is indicated by the peak width
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Figure 4.25. a) Metal cation fraction and b) passive film thickness computed from the peak SLD
in Figure 4.23 for Ni-20 Cr and Ni-20 Cr-10 Mo, wt%, in 0.1 M NaCl pH 4 oxidized at varying
potentials
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Figure 4.26. a) Metal cation fraction and b) passive film thickness computed from the peak SLD
in Figure 4.24 for Ni-20 Cr and Ni-20 Cr-10 Mo, wt%, in 0.1 M NaCl pH 10 oxidized at varying
potentials
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Figure 4.27. Topography images taken with AFM after 10, 100, 1,000, and 10,000 s of
passivation of Ni-22 Cr, wt%, in 0.1 M NaCl pH 4 with 500 nm? image insets. The insets are

representative of the area used to measure oxide height (Figure 4.28) and RMS surface
roughness (Figure 4.29). All scale bars are 500 nm and the color bars in units of nm.
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Figure 4.28. Line scans of the surface topography after exposure to 0.1 M NaCl pH 4 where the
red lines represent the bright protrusion of the electrochemically grown oxide, while the black

lines represent the roughness of a fresh surface that has only been air-oxidized for the same
amount of time
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Figure 4.29. Average root mean square (RMS) surface roughness computed for Ni-22 Cr, wt%,
passivated at +0.2 Vsce for various times in deaerated 0.1 M NaCl pH 4. The RMS was

calculated at various areas across the electrochemically oxidized surface to obtain the average

RMS value and error bars.
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Figure 4.30. Comparison of surface topography images taken with AFM afterxosure of a) Ni-
22 Cr-6 Mo (RMS = 1.36 nm) and b) Ni-22 Cr (RMS = 1.14 nm), wt%, to 0.1 M NaCl pH 4 for

1,000 s. The color bar is given in in units of nm.
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Figure 4.31. Focused, deconvoluted XPS spectra for a) Ni 2p%2, b) Cr 3p¥?2, ¢) Mo 3d, and d) O
1s bands collected on Ni-22 Cr-6 Mo, wt%, passivated at +0.2 Vsce for 10,000 s in 0.1 M NacCl
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pH 4 where the solid black and magenta lines indicate the Shirley background and overall fit to
the spectra, respectively

312

a) Ni 2p R b) Cr 2p™

Passivation Time:
—a—10s

—e— 100s

—4— 1,000 s
—v— 10,000 s

1 — —

Normalized Intensity (a.u.)
Normalized Intensity (a.u.)

865 860 855 850 580 578 576 574 572
Binding Energy (eV) Binding Energy (eV)

c)O1s

Normalized Intensity (a.u.)

T T T T T T
536 534 532 530 528

Binding Energy (eV)

183



1,486.68 eV) for a) Ni 2p*?, b) Cr 2p*7?,

and c¢) O 1s obtained at 12 kV with a 20 eV pass energy for Ni-22 wt% Cr, Shirley background-

Figure 4.32. XPS spectra using an Al-ka source (hv

subtracted, normalized to the corresponding metallic peaks, and offset for clarity following

passivation at +0.2 Vsce for up to 10 ks in deaerated 0.1 M NaCl pH 4
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Figure 4.33. XPS spectra using an Al-ka source (hv = 1,486.68 eV) for a) Ni 2p%?, b) Cr 2p*?, c)
Mo 3d, and d) O 1s obtained at 12 kV with a 20 eV pass energy for Ni-22 Cr-6 Mo, wt%, Shirley
background-subtracted, normalized to the corresponding metallic peaks, and offset for clarity

following passivation at +0.2 Vsce for up to 10 ks in deaerated 0.1 M NaCl pH 4
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Figure 4.34. XPS spectra using an Al-ko source (hv = 1,486.68 eV) for a) Ni 2p%?, b) Cr 2p*?,
and c¢) O 1s obtained at 15 kV with a 50 eV pass energy for Ni-22 wt% Cr, Shirley background-
subtracted, normalized to the corresponding metallic peaks, and offset for clarity following
passivation at +0.2 Vsce for up to 10 ks in deaerated 0.1 M NaCl pH 10
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Figure 4.35. XPS spectra using an Al-ka source (hv = 1,486.68 eV) for a) Ni 2p%?, b) Cr 2p*?, c)
Mo 3d, and d) O 1s obtained at 15 kV with a 50 eV pass energy for Ni-22 Cr-6 Mo, wt%, Shirley
background-subtracted, normalized to the corresponding metallic peaks, and offset for clarity

following passivation at +0.2 Vsce for up to 10 ks in deaerated 0.1 M NaCl pH 10
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Figure 4.36. a,b) Ni 2p®? and c,d) Cr 2p®? angle-resolved XPS spectras which were normalized
to the metal peaks for Ni-22 Cr, wt%, passivated at +0.2 Vsce for 10 ks in 0.1 M NaCl a,c) pH 4
and b,d) pH 10. The ratio of the oxide areas for each angle measurement is included for
reference.
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Figure 4.37. a) Ni 2p%2, b) Cr 2p%? , and c) Mo 3d angle-resolved XPS spectras which were
normalized to the metal peaks for Ni-22 Cr-6 Mo, wt%, passivated at +0.2 Vsce for 10 ks in 0.1
M NaCl pH 4. The ratio of the oxide areas for each angle measurement is included for reference.
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Figure 4.38. a) Ni 2p%2, b) Cr 2p%®? , and c) Mo 3d angle-resolved XPS spectras which were
normalized to the metal peaks for Ni-22 Cr-6 Mo, wt%, passivated at +0.2 Vsce for 10 ks in 0.1
M NaCl pH 10. The ratio of the oxide areas for each angle measurement is included for

reference.
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Figure 4.39. Film cation fraction according to angle-resolved XPS measurements at 90° and 45°
on Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, surfaces following 10 ks of potentiostatic passivation at

+0.2 Vsce in 0.1 M NaCl at pH 4 and 10
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Figure 4.40. APT result for Ni-22 Cr, wt%, with a 10 at% O isosurface corrected for detection
efficiencies where the included 1D composition profile through the center of the tip shows the
relative Cr-enrichment following a 10 ks exposure to 0.1 M NaCl pH 4 + 1 mM H20: (Eocp =

+0.2 VscE)
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Figure 4.41. Overall APT result for a Ni-22 Cr-6 Mo, wt%, tip oxidized for 10 ks in 0.1 M NaCl
pH 4 + 1mM H20; (Eocp = +0.2 Vsce) with a 5 at% O isosurface
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Figure 4.42. a) Detailed chemical data for the oxide on Ni-22 Cr-6 Mo, wt%, for the APT results
in Figure 4.41 including a b) 2D compositional line scan and c) a focus on the slight enrichment
of Mo throughout the oxide thickness

192



5. Understanding the Benefit(s) of Mo in a Ni-Cr Alloy: Linking Passivity to Localized
Film Initiation and Breakdown in Acidic Environments

5.1 Abstract

The passivation and localized breakdown of several solid solution Ni-22 Cr-x Mo alloys,
where x = 3, 6, 9, and 12, wt%, was investigated during potentiostatic passivation at +0.2 Vsck.
Experiments were conducted in acidified 1.0 M NaCl using in operando single frequency-
electrochemical impedance spectroscopy (SF-EIS), in situ Mott-Schottky (MS) analysis, and ex
situ angle-resolved X-ray photoelectron spectroscopy (XPS) following electrochemical testing.
The specific roles of Mo minor alloying additions on promoting the enrichment of Cr*-rich films
across several time scales, along with inhibiting localized breakdown are presented. The results
provide an increased understanding of the influence Mo cations, when acting as substitutional
dopants within a passive film, can have during several stages of passivity: oxide nucleation,
growth, breakdown, and repassivation. Specifically, it was found that 9 wt% Mo yielded the
optimal corrosion resistance and that ineffective doping can occur for higher Mo base alloy
concentrations. This results in poor repassivation due to a decline in the surface enrichment of

available, solute-captured Mo*®* cations.

5.2 Introduction

The benefit of small amounts of Mo in combination with Cr in both nickel-based and
ferrous-based alloys have been known for a quite some time and the existence of a Cr—Mo synergy
is suggested based on empirical evidence, e.g. Figure 5.1. Neither Ni-Mo nor Ni-Cr alloys achieve
the beneficial combined impact of Cr and Mo in combination in acidic chloride solutions
demonstrated in Figure 5.1. A part of the community posits that it is well established that Mo is
operative during the repassivation stage while chromium is effective mainly towards passivation?.
This view largely neglects the role of Mo in the passive film even though evidence of Mo benefits
towards passivation are seen in Fe-Ni-Cr-Mo and Ni-Cr-Mo alloys?. To this end, many works in
the field often concern only repassivation and/or pit stabilization. However, another part of the
research community has argued for many years that Mo operates with benefit towards passivation
and providing resistance towards trigger events and leading to local corrosion breakdown of the

passivating layer3>. This subject was recently debated at a Faraday Discussion of the Royal
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Society of Chemistry®’. Recently, it was also emphasized that highly resistant alloys in relatively
benign environments suffer from pitting® due to the controlling passive film and its breakdown,
while in harsh environments and for alloys containing many defects including detrimental phases,
oxide breakdown is a forgone conclusion and pit stabilization at readily formed initiation sites is
the critical factor responsible for attack.

The role of Mo in the pit stabilization and repassivation stages is well supported by
experimental findings. However, increasing evidence supports the notion that aliovalent Mo cation
oxidation states present in the Cr-rich oxide play an important role towards passivation and
resisting passivation breakdown. This finding was originally proposed by Macdonald in the Solute-
Vacancy Interaction Model® but high fidelity data is lacking. This finding has recently been seen
in a new light due to the high likelihood that Mo is solute trapped or captured in rapidly growing
oxides films dominated by Ni(Il) and Cr(l11) oxides®. Hence, solid solution oxides containing Mo
solute as substitutional impurities at solvent cation sites in super-saturated concentration are likely.

The occurrence of metastable and/or stable pitting along with crevice corrosion can be
prevented by alloying with Mo and W due to their facilitation of film repassivation following any
initial film thinning before fast dissolution occurs*'~23, The exact mechanism by which this occurs
is not fully understood, but there are multiple theories that will be discussed below. In general,
however, the induction time for pitting or crevice corrosion will increase with alloying content.
Figure 5.2 demonstrates this, where the Ni-11 Cr-x Mo, wt%, alloys creviced after only
approximately 100 s, whereas the Ni-22 Cr-x Mo, wt%, remained passive for thousands of

seconds. The W-containing alloy, however, remained passive for the entire measurement time.

5.2.1 Phase-Separated Oxides, E-pH, and Speciation Diagrams

The electrochemical stability of a passive film in aqueous environments is often directly
tied to its thermodynamic stability. By inspecting the standard Gibbs formation energy, AGf, for
individual, stoichiometric oxide or hydroxide species that can be possibly formed, the dominant

compound can be ascertained. The computed AG¢ values can then be converted into chemical

potentials, u, and, for a given electrochemical reaction, the Nernst equilibrium potential, E,4. For
example, when pure Ni metal passivates, it typically forms NiO (AGf ~ —215 %), and/or

Ni(OH)2 in a state of hydration, following any of the various cathodic reactions possible in aqueous
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environments'48, Often for the case of multi-element alloys, there may exist a stable species for
each metal component that contribute towards film growth. In many cases, the most
thermodynamically-stable oxide will form, but there are other situations in which the most

kinetically, energetically, or otherwise favorable oxide will instead be favored'®!®. For Ni-Cr-

based alloys, the most stable species is often Cr-rich (e.g. AGfcy,o, =—1,058% and

AGE nicr,0, = —1,257 %)17. These formation energies support the thermodynamic notion that the

dominant oxides are corundum and Ni spinels.

The thermodynamic stability of pure metals at varying electrochemical potentials and pH’s
are portrayed in Pourbaix E-pH diagrams such as Figure 5.3 which demonstrates the individual
stability regions for Ni, Cr, and Mo species in 1.0 M NaCl**, represented only as individual
elements in passive spinels or stoichiometric, single element oxides. At sufficiently low potentials,
the metallic element is stable for all pH with regions of passivation and corrosion, typically evident
at high and low pH’s, respectively, observed at greater potentials. For some elements (e.g. Al and
Fe), amphoteric dissolution can occur in both highly acidic and alkaline environments4. These
diagrams exist for thermodynamic equilibrium conditions and do not take Kinetics into
consideration. Through overlaying the chemical equilibrium Pourbaix diagrams for each element
present in an alloy, its general stability can be inferred. In practical applications, however, actual
observed passivity extends past what is predicted by Pourbaix diagrams such as those in Figure
5.3 alone due to the existence of kinetically stable films balanced between metastable film
formation and their dissolution. As such, Cr-rich films are often observed to remain passive at pH

3 and below!*#-2! using E-log i polarization curves.

5.2.2 Observed Passive Films and Fate of Minor Alloying Elements
While in general the empirical corrosion properties of Ni-alloys, especially common
commercial ones like C-22, are well-established®2%22-24 a full understanding of the exact atomic
mechanism by which specific alloying elements act has not yet been achieved?. The results are
mainly empirical with some insight mechanistically through work on waste repository engineered
container work and confined to commercial alloys*?326-2°, Similar to stainless steels, additions of
Cr will decrease the corrosion rate of Ni-Cr alloys in reducing acid, neutral, and chloride
solutions't. The corrosion rate drops significantly, however, when a critical concentration is
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reached (>12 wt% Cr for Fe, >8-11 wt% Cr for Ni) and a uniform, Cr-rich, passive film layer
(often assumed to be Cr203 or Cr(OH)3s) forms across the oxide surface3%-32, Likewise, alloying
of Mo and W encourage a similar decrease in the measured uniform passive corrosion rate in both
Fe-Cr and Ni-Cr-based alloys®3. There is also an influence on the preferential oxidation of Cr over
Ni, as shown in Figure 5.4, where the fraction of Ni-rich oxides formed decreased as [Mo+W]
increased between C-22, C-2000, and Alloy 625, all of which have an approximately constant bulk
Cr composition?’. While the single role of Cr on enabling passive film stability is thoroughly
understood, there remains controversy with respect to the additional complexion of minor alloying
elements and their function regarding the growth mechanism, distribution, and structure of passive
films formed in electrochemical environments?. This disparity is valid specifically with regards
to the role of Mo atoms on promoting passivation and repassivation reactions through an unknown,
synergistic interaction with the major alloying addition, Cr39%3 Because of the uncertainty, the
effects of other dopants as alloying elements cannot be predicted and these alloy choices evolve
by trial and error versus scientific understandings.

The bulk of literature concerning the constant-potential passivation of Ni-based
superalloys, such as C-22, is accomplished in moderately concentrated NaCl solutions and reports
layered, phase-separated oxides based on XPS or ToF-SIMS measurements where a Cr,0z or
Cr(OH)s-rich film is present at the inner interface and an outer NiO or Ni(OH)2 film?+%:37 with
reported segregation of Mo*™® and/or Mo™ cations to the oxide/electrolyte interface as separate
MoOx phase. More recent work utilizing 3DAPT has observed similar distribution of elements
throughout the film. However, non-stoichiometric oxide compounds were instead detected®. As
for the mechanism of film growth, in situ transmission electron microscopy (TEM) was applied to
the early stages of Ni-Cr alloys at 700 °C%%, In these studies, the initial stage oxidation of dilute
Ni-10 at% Cr was revealed to proceed by an adatom mechanism involving surface diffusion of the
Ni and O atoms and the nucleation of sub-surface Cr.03%. There is some nucleation of NiCr,04
islands, but it was observed that secondary NiO “whisker” phases grew out of the oxide plane and
resulted in uneven layering of the different oxides. For the case of Ni-20 at% Cr, the subsurface
Cr,03 nuclei are able to coalesce and large NiCr.Ox islands emerged from the NiO layer®®.

Recently*?, it was also found that Ni-Cr-Mo alloys similarly exhibit an epitaxial rock-salt
oxide early during oxidation, but there were no Kirkendall voids found during in situ TEM
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experiments, suggesting the influence of Mo*™ dopants on inhibiting vacancy coalescence into
voids and also increasing the nucleation rate of corundum. Shortly after, metastable corundum-
structured and solute captured Ni>xCrxO3 was formed, given in Figure 5.5.a. For comparison, the
rocksalt-structured oxide formed on Ni-Cr containing Kirkendall voids is shown in Figure 5.5.b.
These results are, however, only indicative of film growth in dry oxidation conditions. There will
be a significant influence of environment and subsequent aqueous dissolution during nucleation
and growth in electrochemical environments and thus the mechanism will likely adjust™®. It has
been shown that water-vapor enhances passivity via the dissociation of protons as they can occupy
interstitial lattice positions in the oxide and consequently lower the vacancy formation energy and
decrease the diffusion barrier of both cations and anions, therefore facilitating oxidation kinetics*..

The quantitative effects of alloying Fe with Cr, Ni, and Mo on passivation kinetics have
been studied in literature and it was found that both the passivation rate and protectiveness of the
film increased with concentration of minor elements. A synergistic affect has been previously
observed for both Ni-based and stainless steel alloys, where Mo increases the localized corrosion
resistance of Cr-rich passive films by improving passivity and increasing the induction time for pit
formation, pitting potential, and decreasing the passive current density®273%4243 However, this
only occurs when Cr and Mo are both present. Kinetic analysis of oxidation through the application
of the Cabrera-Mott model has similarly shown that Mo facilitates repassivation and decrease the
SCC susceptibility of Fe-Cr stainless steels®. Similarly, the influences of these alloying additions
on high temperature oxidation were found to be similar, where Cr cation transport controls scale
growth** and Mo impacts growth by increasing the passivation rate and preventing the formation
of Kirkendall voids at the metal/scale interface presumably through electrostatically interacting
with metal cation vacancies and reducing their mobility °.

The influence of minor alloying elements on the chemical identity of passive films grown
slowly on Ni-Cr-based alloys by high temperature oxidation®®3°4446 or using electrochemical
potentiostatic or open circuit potentials'-26273" has been well-addressed. It has been found that, in
general, Cr and Mo preferentially segregate to the metal/film and film/electrolyte interfaces,
respectively*’. Ni-enrichment in passive films on various Ni-Cr-Mo alloys similarly occurs at the
inner interface, resulting in the common observation of a distinct “layered” structure of distinct
phase-separated oxides with a thin MoOx outer layer, followed by thick CrOx and then NiOx closest
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to the metal®. This analysis might be flawed as it is based on solely binding energies similar to
Mo*>®* Cr3* and Ni?* as seen in MoOx, CrOx, and NiOx layers, often suggested by ToF-SIMS!48,
but chemical characterization findings do not indicate structural information which proves that
these distinct phase-separated oxides exist. If Mo exists as a dopant in some parent oxide, the next
question is its function and relevance towards electrochemical passivation.

Recent modeling work has demonstrated the beneficial impact of Mo alloying on O*
absorption on Ni (111) and Ni-Cr (111) surfaces*. While the first-principles model showed that
absorption was thermodynamically favorable adjacent to Cr and Mo atoms (Figure 5.6). However,
a significant influence of Mo is seen when O is bonded to Ni and/or Mo atoms as it stabilized the
reaction by donating more charge than Ni or Cr. While this model is simplistic for a perfect Ni-Cr
surface, the observation that Mo facilitates O, absorption for various configurations of the atoms
can be broadly applied to understand the general and enhanced passivity of Ni-Cr-Mo alloys.

5.2.1 Mechanism for Localized Breakdown

Chloride environments are well-known to complicate passivation reactions through
chemical dissolution across the film layer'32%°0-57 " As previously mentioned, surface instabilities
may be produced which trigger an abrupt breakdown event. Sub-surface penetration can be
achieved but is unlikely for non-defective terraces in the passive film. The presence of defects in
the film would only mediate halide anion absorption and subsurface penetration. This is evident
for preferential depassivation at grain boundaries, for example!®. Absorption becomes further
complicated upon the introduction of multi-element alloys. The PDM indicates that the dissolution
of individual minor alloying elements during passive film growth can result in a modification of
the oxide chemistry*°®. In particular, the selective dissolution of a specific element can result in
the enrichment of others. This phenomenon has been studied previously for Al-based alloys in 3%
NaCl solution using AESEC®. Competitive formation and chloride-assisted dissolution of both
AI(OH): and SiO2 were observed, whereas Mg appeared to form insoluble MgSiO3z surface
precipitates. This influence of solution chemistry results in greatly different film properties when
compared to those grown in sulfate environments. In addition, chloride anion attack at the
film/solution interface results in the formation of metal cation vacancies which can aggregate and

form Kirkendall voids at the metal/film interface, shown schematically in Figure 5.7%. These
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clusters may cause instabilities and induce mechanical stresses in the film which, upon reaching a
critical size, can burst and form a corrosion pit. As mentioned previously, the addition of minor
alloying elements such as Mo is theorized to somehow inhibit the mobility of metal cation
vacancies and, therefore, help prevent the formation of Kirkendall voids®®. In environments
containing aggressive anions, such as CI, most passive films become unstable and degrade at

discrete sites, resulting in film breakdown and localized corrosion®.

5.2.2 Defect Chemistry with Minor Alloying Elements

In passive films on Ni-based alloys, Ni typically exists as a +2 charged metal cation (Ni?*),
Cr as Cr¥, and Mo as Mo**®* 1, The influence of specifically Mo on the atomic-scale physical,
chemical, and electronic processes relevant for passive film growth has been proposed?©:2:3436:4561
but several controversial models exist. It has been observed in previous literature that solute can
be captured into a crystal structure during growth (i.e. Cr*3 present on a Ni?* site in NiO), resulting
in chemical doping of the passive film, often only considered within typical solubility limits but
now shown to extend well beyond equilibrium stability®%44623 For the situation where Mo*® is
substituted onto a Ni%* or Cr3* lattice site, the net positive electrostatic charge results in the
annihilation of electron holes and the attraction of negatively charged defects, such as metal cation
vacancies formed at the film/solution interface by halide anion adsorption*®48, The resulting
complex is neutrally charged and will not contribute towards growth of the cation vacancy
condensates which the Point Defect Model (PDM) proposes is a precursor for pit formation®. This
process is shown schematically in Figure 5.8. The generic reaction for this substitutional effect is
given as®:

Mo™ onto M™ wherem > n

VMo + Vi = [(=—) Mo ™" x VY|

(m —n
This suggested influence of alloying additions such as Mo among other high cation valency

m-—-n

elements on point defect transport across passive films corresponds well with previous work
concerning the inhibition of the earliest stages of crevice corrosion on commercial Ni-based
superalloys where the effect was largely brought about using low concentrations of Mo in the
bulk®-6°, The effect of Mo on vacancy mobility has been additionally observed in the case of high

temperature oxidation, where the alloying of small (<1%) concentrations reduced the formation of
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Kirkendall voids at the metal/oxide interface®. An example of this significant impact on void

formation is shown in Figure 5.9.

5.2.3 Stabilization and Repassivation of Local Corrosion Sites

Local corrosion stabilization of Ni-Cr-Mo alloys involve a necessary but not sufficient
combination of the modified Pickering IR model of activation for a passive material which
possesses or develops and active-passive transition and the critical chemistry change model of
Galvele and advanced in the case of crevice corrosion in seawater by the dissolution-hydrolysis-
acidification chloride ion migration model”®-2. This is also consistent with models which propose
Eocp> Ecrit because the IR drop from the mouth of the crevice to the crevice corrosion site places
the potential in the nose of the active passive transition especially when local sporadic breakdown
occurs®. In the case of Ni-Cr-Mo alloys, the critical chemistry change model accounts for the
development of the active region in an acidified crevice at high CI". The combination of factors
leads to the development of a nose in the anodic current-potential behavior at an occluded site such
as a geometric crevice at a critical depth beneath. The nose accounts for the formation of crevice
corrosion sites at a depth beneath the crevice mouth that become stabilized when a critical
concentration for depassivation is attained’®. In order to stabilize the crevice site against
repassivation, the crevice growth rate equals or exceeds the dilution rate from the crevice. A salt
film may aid this process by buffering this dilution process to maintain the chemistry®’. Mo
enriches at crevice surfaces and decrease the magnitudes of anodic dissolution. Raman
spectroscopy indicates polymeric Mo** species?®°. As more Mo was alloyed the depth of attack
is not as deep as Ni-Cr-Mo alloys with less Mo and the attack tends to spreads out suggesting
initiation is not improved as much as propagation is hindered®. Further evidence of this is seen in
an alloy with only 15 wt% Cr but also 22 wt% Mo (HYBRID BC 1) where the passive current
density was poor but the repassivation potential was high compared to alloys with less Mo and
more Cr'®,

In light of this, the various roles of Mo on these various processes or stage of local corrosion
may be reviewed. First, Mo forms thermodynamically stable oxides at acidic pH levels compared
to Cr and Ni. Moreover, the free energy of formation MoCls does not suggest its formation

compared to Mo oxides’’. Anderko described the solution chemistry of Mo in acidified chloride

200



solutions and found stable MoO> and MoOs at low pH stabilized by higher dissolved Mo and not
reduce by decreasing pH and increasing chloride content’®®, Hence, Mo can help Ni-Cr-Mo
alloys resists formation of the critical chemistry and thus development of the active E-1 nose. Mo
on the surface of the alloy effects active dissolution and lowers the crevice passivation potential.
Steigerwald, Lizlovs, and Bond first showed the effect Mo on the active passive transition in Fe-
Ni-Cr alloys®. Newman showed that active dissolution in artificial pits lowered the kinetics of Fe-
Cr-Mo alloy dissolution’®. Bocher showed the same effect in Ni-Cr-Mo alloys in strong HCI
solution®®. Mo has beneficial and detrimental effects in the solution phase at local corrosion sites.
Mo dissolution may also form MoO4? species which has been observed to lower pit or crevice
dissolution rates by inhibiting the anodic reaction®. Jakupi furthered the work of these
investigators by showing that Mo and W enriched on surfaces and tungstate and molybdate
polymeric species are observed in crevices by Raman spectroscopy’. Hence it is clear that Mo
affects the local corrosion site stabilization and growth stage as well as passivation and breakdown
stages of local corrosion. The question arises as to the effect of Mo during passivation. A summary
of the possible benefits is given here:

1. Facilitating O adsorption 47

2. Decreased favorability for CI- adsorption /"8

3. Encouraging film enrichment of Cr3*+ 12737

4. Chemical and/or electronic doping of the oxide with Mo*>6*®

5

Favorable binding energy of Mo cations to metal cation vacancies 404

5.3 Objective

The influence of Mo alloying on morphological, chemical, electronic, and corrosion
properties was characterized with respect to defect density, flat band potential, pitting potentials,
metastable pit initiation, and the composition and thickness of passive films. The measured
chemical and electronic property variations were correlated to the passive film metastability
assessed during potentiostatic holds. The location of Mo was characterized in passive film
structure, such as preferential segregation to a particular interface or being located only within a

Cr-rich region, for example. By achieving this understanding and through varying the
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concentration of Mo in the alloys, the exact mechanisms by which Mo enables passivation and

repassivation following metastable breakdown initiation can inform alloy design.

5.4 Approach

The effect of Mo was investigated by applying the analytical framework established in
Chapter 2 for analysis of potentiostatic passivation of Ni-22 wt% Cr alloyed with varying Mo
content (3, 6, 9, 12 wt% Mo) concentrated 1 M NaCl acidified to pH 4. Additional measurements
quantified the chemical, physical, and electronic properties of the passive films during and after
growth occurs, including the initiation of metastable film breakdown through analysis of
metastability events during the potentiostatic condition along with intermittent MS-EIS and ex situ
angle-resolved XPS.

5.5 Experimental Methods

The analytical framework established in Chapter 2 was again applied for analysis of
passivation for Ni-Cr-Mo alloys with a constant [Cr] and varying [Mo]. To most effectively
observe variations in passive behavior and induce some metastable film breakdown, an acidified
and more concentrated NaCl environment was used. In connection, in situ and ex situ experiments
were conducted to measure the chemical and electronic properties of the passive films during and
after growth occured.

55.1 Materials

The samples used for this study were polycrystalline, solid solution Ni-alloys based off the
compositions used previously in this thesis with increasing concentrations of Mo. The achieved
compositions are given as Ni-22 wt% Cr-x wt% Mo where x = 3, 6, 9, and 12 based on EDS
measurments. The materials were arc-melted, cast, rolled, solutionized, recrystallized, and
sectioned. Prior to each experiment, the samples were wet-polished up to 1200 grit using SiC
paper, ultrasonically cleaned in alcohol, and rinsed with deionized water (resistivity of 18.2 MQ-
cm) before being placed into the flat cell window. The EBSD images for these alloys following
polishing down to 1 um are given in Figure 5.10.

The solution used for testing were 1.0 M NaCl acidified to pH 4 using 1 M HCI, prepared
using reagent grade chemicals dissolved in deionized water dispensed from a Milli-Q. During
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electrochemical testing, the electrolyte was deaerated using ultra-high purity N2> gas during

electrochemical experimentation.

5.5.2 Fundamental Electrochemical Characterization

To initially test the electrochemical passivation behavior of the Ni-Cr and Ni-Cr-Mo alloys
in the chloride environments, cyclic polarization scans were performed. This was done by initially
mechanically grinding the samples to 1200 grit using successively finer SiC papers. Then, the
materials were rapidly placed into the window of a vertical three-electrode electrochemical cell
(Figure 2.8) which was then filled with the appropriate solution. Upon insertion of a saturated
calomel (SCE) electrode, the solution was then deaerated with N2 gas through a glass bubbler.
Potential and current control was accomplished using a Reference 600 Gamry potentiostat.

An initial cathodic reduction step at -1.3 Vsce for 10 min was used before all
electrochemical experiments in order to minimize the existence of air-formed oxides on the alloy
surface. Then, the sample was potentiodynamically polarized from -1.3 Vsce up to 0.8 Vsce and
back to -1.3 Vsce in 1 mV steps/s. While this speed is higher than what is typical for passivity
studies performed to ASTM standards® (0.1667 mV/s), a faster sweep was necessary to prevent
the agglomeration of Hz gas bubbles evolved at the metal electrode surface when the potential was
sufficiently cathodic. Unlike during the reduction step, their removal was not possible using the
pipette attachment as the electrolyte stirring greatly impacted the current measurements. By
comparing the current response to the cyclic applied potential for the alloys in different pH
environments, the relative improvements via the effects of minor alloying additions and solution
chemistry can be inferred. However, these findings are not absolute and as such, the following
characterization techniques have been additionally applied.

553 SF-EIS

The details of the sample preparation and experimental set-up for the SF-EIS experiments
are the same as that discussed above. Following the reduction step, the Gamry SF-EIS script was
applied at +0.2 Vsce with 1 Hz frequency and a 20 mV AC amplitude. This enabled the
measurement of the impedance components Z’ and Z" of the oxide film during passivation
(Chapter 2). The measurement time was chosen to be 10,000 s as a pseudo-state in [, was achieved

at this point. In order to apply Equation 2.6 to the SF-EIS results, a full frequency EIS spectrum
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was acquired from 100 kHz to 1 mHz to obtain « via a circuit model fit?® (Figure 2.15) and
correlate Z"(t) to an oxide thickness, [,,(t). From these results, i,, (t) could also be calculated

(Equation 2.11) for each alloy and electrolyte condition.

5.5.4 Mott-Schottky Technique

The measurement of electronic property variation were measured during film growth
through application of in situ MS-EIS. This was accomplished by changing the voltage of the
semiconductor artificially through application of a potentiostat. The details of the sample
preparation and experimental set-up for the Mott-Schottky sweep experiments are the same as that
discussed for SF-EIS. Following the reduction step, and various amounts of passivation, fast MS
impedance sweeps were performed at 1,000 Hz from +300 mVsce down to -600 mVsce with 20
mV steps, resulting in sufficiently rapid data acquisition. This was accomplished in situ following
any amount of experimental passivation, at times from 0 to 10,000 s. As mentioned previously,
this scan rate was selected in order to measure the impedance variations as a function of potential
without the possibility of the space charge layer adjusting. The results were analyzed as discussed
in Section 3.5.5.

5.5.5 Angle-Resolved X-ray Photoelectron Spectroscopy

The variation of film composition and thicknesses were additionally characterized using
XPS spectra obtained periodically throughout potentiostatic passive film growth. This technique
is well-established in literature for analysis of the identity, concentration, and thicknesses of
individual compounds present in films®4, especially in the case of Ni-based alloys'?"?8, All XPS
spectra were obtained using a monochromatic Al-ka photon source (E = 1,486.7 eV) with surface
characterization following various durations of oxide growth. The angle between the sample and
detector was adjusted to 30 and 90°, whereas that between detector and the X-ray source was fixed
at 54.7°. Spectra were calibrated to the 4”2 binding energy of a metallic Au reference (B.E. = 84
eV) measured at the same time. Survey spectra were recorded on all samples using a pass energy
of 200 eV, followed by high resolution spectra of the Ni 2p, Cr 3p, Mo 3d, and O 1s regions using
a pass energy of 20 eV.

Commercial CasaXPS software was used to perform Shirley background corrections and

spectra fitting®®". The concentrations of Ni?*, Cr®*, and Mo®"* cations in the passive films were
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computed by fitting the spectra to their observed metallic and oxide/hydroxide peaks, as
established in previous literature®2”8-% and correcting these integrated peak areas to atomic
sensitivity factors for Ni, Cr, and Mo (4.044, 2.427, and 3.321 for this detector and source

configuration, respectively)®’ (Table 3.1).

5.5.6 Metastable Pit Event Analysis

The methods previously established for characterizing metastable pit breakdown events
will be applied®®°¥92, This is shown schematically in Figure 5.11 for a single event. For the Ni-22
Cr-x Mo, wt%, alloys in this task, potentiostatic holds for 10 ks were used at +0.2 Vscg, which is
below E,;, yet above E.,,, as determined using cyclic potentiodynamic polarization. Each
experiment and the relevant metastable breakdown analysis were performed three times, with one
data set representative of the whole included herein and the average cumulative number and charge
of the breakdown events is provided. Additionally, the presented results in Chapter 4 suggest that
the use of 1 M NaCl acidified to pH 4 using 1 M HCI should facilitate film breakdown.

A threshold current increase of 50 nA/cm? was selected based on a previous study which
focused on C-22%. Through application of analytical tools®®°! to compute the cumulative number
and peak charge of metastable events during the passivation of each Ni-22 Cr-x Mo, wt%, alloy,
the effect of Mo and its theorized function as a point defect which resists film breakdown can be
better understood. To ensure the rapid metastable events were sufficiently captured, a low data
acquisition rate was used: 20 Hz. The relationship between this rate and the current peaks are
demonstrated in Figure 5.12. Based on the peak current, ipeqx — ipasetine, and the time elapsed,

tstart 10 trinisn (Figure 5.11), the anodic charge and corresponding hemispherical pit volume, Vy,;,

and radius, 7y, can be computed through application of Faraday’s law:

Lrinish
Apit = f Ipeak — lbaseline dt Equation 5.1
tstart
2 M Equation 5.2
Vpit = —7TT3-t = q_ q
3 P% zpF

where the other constants were previously provided for application of SF-EIS and ICP-MS. Based
on the sensitivity of the experiment, metastable pits with radii greater than approximately 100 nm

can be captured.
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56 Results
5.6.1 Fundamental Electrochemistry of Ni-Cr-Mo Alloys in Agqueous Chloride

Environments

The E-log i passivation behavior of the Ni-Cr-Mo alloys was established in Figure 5.13a.
Impedance measurements at 1 Hz enabled assessment of the imaginary component of the passive
film impedance and its corresponding capacitance across the same range of applied potentials
during potentiodynamic sweeps from -1.3 Vsce to +0.8 Vsce at 1 mV/s (Figure 5.13b). The
polarization behavior in Figure 5.13a shows subtle differences between the passivity and
transpassivity of each alloy. For these alloys, +0.2 Vsce remains a potential where every alloy is
passive and as such it was continued to be used for future experiments. Figure 5.13a shows that
+0.2 Vsce is just below the potential above which the passive film degrades for Ni-Cr-3 Mo and
slightly below that for Ni-Cr-6 Mo in the acidified 1 M NaCl environment. Additionally, the
passive current density decreases with [Mo]. The magnitude of Z" rises at potentials above -1.2
Vsce and peaks around +0.2 Vsce for every alloy with the exception of Ni-Cr-12 Mo which rapidly
passivates before reaching its peak around -0.1 Vsce (Figure 5.13b). Around +0.2, however, there
is a pseudo-steady state film thickness. The potential at which transpassive dissolution begins
appears to increase with [Mo] except for Ni-Cr-9 Mo and Ni-Cr-12 Mo, whose films dissolve at
the limit for Cr-rich oxides (E = +0.55 Vsce). These alloys also exhibited a wide range of passivity
from +0.2 to +0.5 Vsce before this fast dissolution initiated. Additionally, the peak film thickness
was observed for Ni-Cr-12 Mo, whereas that on Ni-Cr-3 Mo was the thinnest.

5.6.2 In Operando Characterization

Potentiostatic passivation of Ni-Cr-x Mo at +0.2 Vsce was also investigated in 1.0 M NaCl
adjusted to pH 4 and monitored using SF-EIS to investigate the varying thermodynamic and Kinetic
favorability of oxide species in this particularly corrosion-inducing environment. The measured
increases in [,, using the former technique at 1 Hz and +0.2 Vsce are given in Figure 5.14a. It is
immediately evident that, similar to the potentiodynamic results in Figure 5.13b, [, (t) increases
with [Mo]. The alloys all exhibited a similar 1, initially, with 12 Mo being slightly thinner. After
this, the thickening rate, i,,, appeared to increase with [Mo] to produce the film thickness

differences (Figure 5.14b). Because the overall electrochemical rate, given by ig., was similar for
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the alloys, this increase in i,, resulted in greater, average passivation current efficiencies, n, for
the alloys richer in Mo, as given in Table 5.1.
5.6.3 Mott-Schottky Analysis

During passivation in the 1.0 M NaCl environments, Mott-Schottky analysis of fast
impedance sweeps was applied at times during passivation to characterize the electronic properties
of the film and their evolution with time. Noticeably in Figure 5.15, the films predominantly
behave as n-type semiconductors within the passive potential region. However, upon increasing
the concentration of Mo in the alloys, p-type behavior was dominant at early times and with time,
the transition potential shifted to higher values. Ni-Cr-3Mo notably exhibited a similar evolution
in €2 with passivation time as the previously shown results for Ni-Cr in 0.1 M NaCl pH 4 (Figure
4.17). As explained previously for Ni-Cr-Mo passivated in 0.1 M NaCl, greater amounts of
substitutional defects such as Mo*®* on a Ni?* or Cr3* site will result in greater p-type behavior.
As a result, the dominant point defects for low [Mo] alloys and at lower potentials are likely metal
cation vacancies. These are theorized to be detrimental by contributing towards pitting and other
forms of film breakdown*®’. At +0.2 Vsce, however, no clear n-type behavior was observed. All
alloys exhibited either strong-p-type behavior or a mix between that and n-type (Figure 5.15).
Because of this, it is likely oxygen vacancies which control the oxidation process and the relevant
kinetics. The flux of the latter was the point defect within a passive film has been previously
theorized to be the rate determining step for passivation®949,

Mott-Schottky analysis of these impedance spectra (Figure 5.15) enabled computation of
the n- and p-type point defect concentrations (Figure 5.16) along with the respective flat band
potential (Figure 5.16). The concentrations do not appear to vary significantly, with a few
exceptions. The concentration of mobile n-type point defects clearly decreased during the
passivation time with the concentration of Mo in the bulk alloy. The concentration of p-type defects
did not strongly vary other than some measured increases for Ni-Cr-9 Mo and Ni-Cr-12 Mo, wt%,
after approximately 100 s. This suggests that the capture of Mo as a substitutional, p-type defect
occurs early and only enriches for the very high [Mo] alloys. It also acts to minimize the effect of
detrimental n-type cation vacancies. Whether this reduction in the amount of these point defects

results in better resistance to pitting will be investigated later in this chapter.
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The measured passive film flat band potentials tended to increase with passivation time
independent of alloy or environment pH (Figure 5.17). Interestingly, the p-type Ers appeared to
decrease with [Mo] (Figure 5.17a). The opposite was observed previously in 0.1 M NaCl, where
Ni-Cr had a consistently lower p-type Ers than Ni-Cr-Mo (Figure 4.20). This parameter has
previously been thought to correlate towards film resistance to localized corrosion and breakdown,
shown schematically in Figure 5.18. The alloys all exhibited increasing n-type Erg values with
time (Figure 5.17b). However, these increased with the alloying concentration of Mo. These are
not typically operative at the potential of interest, +0.2 Vscg, but it is worth noting that for the
highest [Mo], the initial Ers was approximately the same as that after 10 ks. The other high-Mo
alloys approached this value with the initial values being higher as [Mo] increases. This parameter
appears to vary more closely with the film resistance to pitting due to the decreased effect of n-
type doping for each alloy. At early times, the greater [Mo] alloys have an exceptional Erg due to
the favorable enrichment of Cr,O3 within the film. The leveling off of Erg after 50 s suggests that
6 wt% Mo is the critical concentration to achieving the synergistic effect, but it occurs earlier for
9 and 12 wt% Mo.

5.6.4 Angle-Resolved X-Ray Photoelectron Spectroscopy

During the SF-EIS passivation shown in Figure 5.14, focused XPS spectra were obtained
at various times: 10, 100, 1,000, and 10,000 s. The Ni 2p®?, Cr 2p%2, Mo 3d and O 1s results for
the various Ni-Cr-Mo alloys studied in this chapter are given in Figure 5.24 - Figure 5.27. For the
most dilute alloy, Ni-22 Cr-3 Mo, wt%, there is a substantial amount of Ni oxidation apparent
during the exposure, especially at longer times. The same applies to Cr3* enrichment and after
10ks, it appears that the base alloy surface became effectively depleted of metallic Cr as a result
(Figure 5.24b). Mo also almost becomes depleted during the passivation time as it enriches in the
film as almost entirely Mo®* rather than Mo**. The O 1s spectra suggest an early formation of
oxides, due to the initially low binding energy at which the peak intensity occurs, but between 1
and 10 ks, noticeable hydration of the film occurs and hydroxides (i.e. Ni(OH). and Cr(OH)s)
dominate the film’s molecular identity rather than oxides (i.e. NiO and Cr203).

The evolution of the passive films on the 6 Mo alloy is similar (Figure 5.25). Upon
comparing the Ni 2p*? metallic and oxide peaks to the spectra for 3 Mo, it is evident that less Ni?*

oxidation occurs over 10 ks in favor of Cr®* joining the oxide film. Regarding the Mo 3d spectrum,
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there is again predominantly Mo®* cations present, but unlike 3 Mo, some existence of Mo** is
evident. Finally, similar hydration of the film occurred later in the exposure time. Further increases
in the Mo concentration within the bulk alloy to 9 and 12 wt% Mo, given in Figure 5.26 and Figure
5.27, continue the same trend. As the fraction of Mo increases, the area for the Ni?* oxide peaks
decreases as that for Cr3* films increases. The presence of predominantly Mo®" with some
additional Mo** also occurs, with the areas increased as [Mo] did within the bulk alloy. Moreover,
a distinction between the dilute and more concentrated Ni-Cr-x Mo alloys is evident from the O
1s spectra for 9 and 12 wt% Mo. The binding energies at which the peak intensities occur suggests
that the films are predominantly hydrous rather than anhydrous oxides. This would arise as a result
of less overall film dissolution, also indicated by the oxidation efficiencies in Table 5.1. The
continuous replenishment of the film would result in only oxides existing, whereas the more stable
films on the 9 and 12 wt% Mo alloys persist and have time to react with the electrolyte to become
hydrated.

The compositions for these alloys were computed by fitting the XPS spectra to literature
peaks®®® as explained in detail in the previous chapters. The results are given in Figure 5.23. As
suggested by the general appearance of the spectra, the enrichment of Cr®* increases with [Mo] in
the bulk alloy. For the alloys more concentrated with Mo, there is no enrichment of Mo*®*
observed within the film and the final cation fractions appear to be more similar to the fraction
within the metal. On the linear time scale, the enrichment of Cr®* and Mo*®* continues almost
linearly, compensated by the depletion of Ni?* from within the film. Interestingly, the initial
fraction of Cr®* cations also increases as [Mo] increases within the bulk. This suggests the oft-held
theory that Mo promotes the nucleation of Cr0324%%,

The films passivated for the entirety of the 10 ks experiment were also characterized using
a grazing incident angle (45°) for the X-ray beam. These results are given in Figure 5.24 - Figure
5.27, with the film composition computed by fitting these peak areas obtained at 90 and 45° given
in Figure 5.28. In general, there was not substantial layering evident in the spectra. For the most
dilute alloy, 3 wt% Mo, there was some slight outer enrichment of Ni?*. This likely arises as a
consequence of the lowest fraction of Cr®* within the film and the large amount of dissolution
occurring during the +0.2 Vsce potential step (Table 5.1). Regardless, 3 Mo and the other alloys
all appeared to demonstrate films which were solid solution oxides, rather than precipitated phases
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or layers. It is likely that initially, the oxide matrix is akin to a NiO rocksalt with some solute
captured Cr®* where the concentration of the latter occurs during the extended exposure®7:%,
Whether this film changes structure to corundum is uncertain, as XPS spectra only suggest local

chemistries, rather than the crystallographic structure of an oxide.

5.6.5 Metastable Pitting Event Analysis

To test the resistance of these films to localized breakdown, metastable pitting experiments
were performed for each alloy thrice in order to generate some statistics. This is shown for 3 Mo
in Figure 5.29. The replicability of this data is demonstrated. For reference, the occurrence of
crevice corrosion along with some metastable events is included in Figure 5.29. Experiments
which behaved in this way were excluded from further analysis. In comparison, the three current
decays for the most concentrated alloy, 12 Mo, are given in Figure 5.30. The characteristic
metastable breakdown of the potentiostatically-formed passive films on the Ni-Cr-x Mo alloys in
1.0 M NaCl acidified to pH 4 is given in Figure 5.31. The effect of increasing concentrations of
Mo are immediately evident. The overall current appeared to decrease with increases in [Mo]. The
3 Mo alloy underwent a substantial number of metastable pitting events at early times and only a
few later on. This suggests that the available cathodic current for pitting was consumed early. The
high Mo alloys — 9 and 12 wt% - similarly had most breakdown occurring early, albeit with lower
current spikes because of the effect of Mo on repassivation.

Detailed analysis of the size and frequency of the metastable pitting activity shown in
Figure 5.31 is provided in Figure 5.33. As can be directly inferred from the original figure, Ni-Cr-
3 Mo exhibited significant and numerous pitting events during potentiostatic passivation (Figure
5.33a). This was especially true at early times before the breakdown rate decreased. Ni-Cr-6 Mo
behaved similarly with fast, early pitting that leveled off (Figure 5.33ab). Regarding the higher
[Mo] alloys, 9 Mo had slow, small pitting behavior at early times which leveled off. The sizes of
metastable pits forming were much larger for 12 Mo (Figure 5.33c), albeit less frequent at longer
times (Figure 5.33ac). 12 Mo also underwent faster and more significant pitting at early times than
9 Mo. The charge for pits formed for 6 Mo at longer times was, however, substantial and resulted
in small increases in the cumulative value (Figure 5.33c) whereas 3 Mo reached a steady state
somewhat early on. Overall, the pitting damage increased as 9 Mo < 12 Mo < 6 Mo < 3 Mo. This

suggests that there is an optimal Mo alloying concentration where it can best achieve synergy with
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the Cr-rich film but there is not too much chemical doping of the film. In this case, excess Mo*®*
concentrations could result in the precipitation of Mo-oxides (i.e. MoO. and/or MoO3) from the
Ni and/or Cr-rich films and therefore Mo cations expend less protection towards resisting localized

breakdown.

5.7 Discussion
5.7.1 Chemical Identity of Passive Films

There are substantial consequences that varying the concentration of Mo, the minor
alloying element within the presented Ni-22 Cr, wt%, alloy, can have on the corrosion behavior of
the material. Of these, the most fundamental effect is the chemical composition of the
electrochemically-produced passive film. Other variations in properties and behavior originate
from these sometimes seemingly inconsequential differences. In the results presented, the amount
of Mo within the metallic matrix was varied from 3 to 12 wt%. While the Mo*®* cation fraction
did noticeably increase as a result, the most substantial effect was the strong enrichment of Cr3*
within the film. This occurred as a consequence of the greater presence of Mo within the base
alloy.

Noticeably, the alloy content also substantially influenced the film after only 10 s of
passivation. Figure 4.14 previously demonstrated early Ni?* oxidation with concurrent, albeit
slowed, Cr3* enrichment occurring at longer times for the 6 Mo alloy passivated in 0.1 M NaCl
acidified to pH 4. However, the same alloy passivated in 1.0 M NaCl has slightly more favorable
Cr-oxidation initially, followed by a steady increase in the fraction of Cr3* cations. This suggests
an influence of the environment, similar to what was previously observed for transitioning from
passivating in aqueous sulfate to the dilute Cr. The heightened influence of chloride resulted in
more substantial early and continuing preferential Ni?* dissolution in Figure 5.23. Because Cr20s3
and Cr(OH)s films are inherently more protective than NiO and Ni(OH)2*%%319 the increased
fraction of Cr* cations, enabled by greater alloying of Mo, would suggest increased performance
of the alloys. However, such significant Cr¥*-enrichment resulted in some apparent depletion of
Cr from the surface of the base alloy upon comparison of the XPS peak intensities for metallic Ni

and Cr in the respective 2p%? spectra.
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There was also no observed segregation of cations within the films due to the constant
chloride-assisted dissolution occurring and instead, the films appear to remain predominantly
solute captured during the 10 ks experiment time'®%’. This is crucial for the alloys which are more
concentrated with Mo, as the precipitation of a local MoOx precipitate would lend less protection
against localized corrosion. However, if this occurred homogeneously within the film, AR-XPS
would not detect this and a more structure-sensitive technique such as TEM would be necessary,

Along with the chemical identity, the molecular arrangement of the cations also varied.
The O 1s spectra obtained for the 3 Mo (Figure 5.19) and 6 Mo (Figure 5.20) alloys suggested that
the passive films remained crystalline oxides until hydration occurred at later times. Most likely,
this is caused by the significant dissolution of the film in the 1.0 M NaCl environment. The
constant replenishment of the oxide effectively inhibited any hydration until a conformal,
protective layer was achieved after 1 ks. This greater amount of dissolution is reflected in the
decreases in L,,(t), iy, (t), and n(t) (Figure 5.14 and Table 5.1). The more inherently protective
and Cr®*-rich films on the 9 Mo (Figure 5.21) and 12 Mo (Figure 5.22) alloys became hydrated
early due to the lower dissolution and oxidation efficiency also shown in Figure 5.14 and Table
5.1.

5.7.2 Electronic Behavior of Passive Films

The existence of these solute captured and relatively homogeneous passive films has strong
implications for the electronic behavior and related localized breakdown of the passive films as
both processes are governed by the presence of point defects. The substantial chemical doping of
the film, whether it be Cry;, Moy;, or MoZ:., results in a highly complex balance of ionic defects.
For instance, increasing the concentration of Mo within the bulk alloy resulted in greater p-type
behavior due to the increased enrichment of the three solute-captured species previously indicated
(Figure 5.15). Mott-Schottky analysis of the impedance sweeps revealed the concentrations of n
and p-type point defects tends to decrease with time as annealing occurs and with [Mo] as greater
doping results in subsequent balancing of dislike charges. However, upon increasing the Mo
alloying content beyond 6 wt%, there was some slight, and late increases in both N, and N,
measured. The larger change was observed for N, as greater concentrations of Mo dopants became

enriched in the film (Figure 5.23) and to compensate, the concentration of n-type defects also
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increased. However, for these two alloys there was also an unexpected overall increase in both Np,
and N, when going from 9 to 12 wt% Mo. The increased concentration of the defects for the latter
alloy could come as a result of excessive Mo doping, perhaps to the point of the film behaving as
a degenerate semiconductor!®1% There is also some likelihood of local precipitation of
homogeneous MoOx phases, as suggested previously, and therefore a decreased capability for
inhibiting the motion of point defects and subsequent localized corrosion%31%4,

The n-type flat-band potential functions in a semiconductor to fix the position of the
conduction band!>1%_ The limit demonstrated in Figure 5.17 suggests that this is approximately a
constant value, unlike the steadily increasing p-type Erg Therefore, the greater p-type doping of
the passive film with higher [Mo] results in effective acceptor states within the bandgap for the
oxide and, therefore, a smaller bandgap (Figure 5.18). Previously, an increase in the pitting
potential with decreasing p-type Ers was observed for Ni-based alloys as the concentration of Cr
in the bulk increased®. This behavior is the same as shown for Ni-Cr-x Mo, as local film
breakdown (Figure 5.13) and the p-type Ers have been demonstrated to decrease with [Mo]. As a
consequence of the changes to the bandgap upon alloying, it should be apparent that absolute
differences in Erp do not necessarily correlate to film stability. Rather, for a single alloy an
increasing Epp indicates relative improvements in the resistance to localized breakdown.

The metastable pitting behavior demonstrated appears to be closely tied to the Mott-
Schottky results as localized breakdown is thought to derive from the flux of metal cation
vacancies>*%. Notably, the best overall corrosion performance was achieved by the 9 Mo alloy
rather than 12 Mo. This is presumably caused by the excessive doping of the film on the latter and
local precipitation of MoOx throughout the passive film at long times. Additional characterization,
of both the electronic and crystallographic structure of these passive films is necessary in order to
conclusively establish the atomistic cause for the slight decline in performance for 12 Mo
compared to 9, but overall it still underwent less significant breakdown than the 3 and 6 Mo alloys.
5.7.3 Influence of Mo

In Figure 5.23 there was a consistent increase in the fraction of Cr3* cations as [Mo] in the
bulk alloy also increased. The overall electrochemical behavior also improved, resulting in
increases of l,y, Etrqns, and a decrease in i, (Figure 5.13 and Figure 5.14). During the

metastable pitting experiments, there was an observed decrease in the average ig: as [Mo]
213



increased (Figure 5.31). This overall improvement in passivity likely comes as a result of Mo
encouraging Cr3* enrichment2. Recently, it has been demonstrated that when Mo and Cr are
adjacent to each other on the metal surface, Mo stabilizes the adsorption of oxygen and makes Cr-
oxidation more thermodynamically favorable*. Therefore, the probability of Mo being the nearest
neighbor to a Cr atom increases as the bulk alloying content increases.

Mott-Schottky analysis of the impedance sweeps revealed that varying [Mo] similarly had
a substantial effect on the electronic behavior. Increasing the Mo*®* cation fraction within the
passive layer clearly demonstrated a decrease in the effective concentrations of detrimental defects
(Figure 5.16). The observed doping of the film as a consequence of solute capture!®® produced
localized donor states within the electronic band structure of the semiconducting oxides,
effectively lowering the gap'®. The consequence of this is easier passivation and neutralization of
oppositely charged point defects, e.g. V¢, x Mog; %1%, The promotion of Cr,03 formation (E, ~
3 eV), rather than NiO (E, = 3.6 — 4 eV), also helps to lower the overall gap of the oxide, as
established using photocurrent spectroscopy%.

As discussed previously, excessive doping of Mo*8* cations within the film resulted in a
corresponding increase in the concentration of detrimental n-type metal cation vacancies.
Localized corrosion for the 12 Mo alloy was observed as worse than that on 9 Mo due to the ease
of repassivation for the latter. Film dissolution via events like pitting often results in the
precipitation of Mo-rich oxides as a means for reestablishing a local passive layer?1%10 |n the
case of the 12 Mo alloy. It is speculated that this is not as possible despite the higher overall fraction
of Mo*®* cations observed within the film as the local accumulation and precipitation of local Mo-
oxides inhibits their ability to enrich at the surface and repassivate a metastable pit once dissolution
occurs. This is demonstrated schematically in Figure 5.36. The 9 Mo alloy does not have the same
difficulty, and this results in the lower corrosion damage after 10 ks compared to 12 Mo despite a
higher number of events occurring. Photocurrent emission spectroscopy has demonstrated that the
presence of deep-level donor states, as could occur for the excessive doping within the film on the
12 Mo alloy, the film resistance decreases and, therefore, localized corrosion becomes more
likely%3,

An optimal concentration of 9 wt% Mo appears to exist for the presented Ni-Cr-Mo alloys.

The Mott-Schottky measurements of Er5 also suggest that 3 Mo is insufficient for achieving the
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optimal synergy between Cr and Mo. The existence of solute captured passive films produced by
continuous chloride adsorption, film dissolution, and subsequent replenishment resulted in a
homogeneous distribution of cations within the film. However, in the less corrosive media studied
previously (i.e. 0.1 M Na>SO4 and 0.1 M NaCl) or with extended passivation times the occurrence
of Mo*%* cation segregation and phase precipitation would afford less benefit with regards to
localized corrosion. This was observed to be the case of 12 Mo, where the film was observed to
be more corrosion resistant overall due to its greater Cr3* cation content, but the lessened surface
enrichment of Mo*®* resulted in slower repassivation and, therefore, greater localized corrosion

damage.

5.8 Conclusions

The passivation and localized breakdown of several Ni-22 Cr-x Mo alloys, where x = 3, 6,
9, and 12, wt%, was investigated during in operando potentiostatic passivation at +0.2 Vsce using
SF-EIS in an acidified 1.0 M NaCl environment. In situ impedance sweeps were obtained during
film growth to enable Mott-Schottky analysis of the electronic behavior of the passive oxides.
Similarly, angle-resolved XPS spectra unveiled the chemical identity of the passive films. The
results upheld the literature theory that increasing the alloying concentration of Mo in a Ni-Cr
matrix increases the fraction of Cr3* cations within the passive films produced during anodic
polarization. The influence of Mo on lessening the thermodynamic and kinetic barriers for the
early nucleation and enrichment of Cr2Os rather than NiO was also evident. Results were consistent
with Mo doping, but no proof was obtained. Varying the bulk concentration of Mo resulted in
significant electronic benefits and drawbacks following Mo*®* solute within the Ni?* and Cr*-rich
passive film. Notably, excessive doping of the surface film on the 12 w% Mo alloy resulted in
poorer localized corrosion behavior than the 9 wt% Mo, despite its increased Cr3* content. This
suggests that the latter alloy affords more optimal corrosion behavior overall in the acidic 1.0 M

NaCl environment.
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5.10 Tables

Table 5.1. Averaged oxidation efficiency (%) (Equation 2.12) computed for the results shown in
Figure 5.14 for for Ni-22 Cr-x Mo where x = 3, 6, 9, 12, wt%, passivated at +0.2 Vsce in 1.0 M
NaCl pH 4 for 10,000 s
3 Mo 6 Mo 9 Mo 12 Mo

15.6 18.5 26.3 30.5
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5.11 Figures
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Figure 5.1. Influence of Mo alloying additions on the passivity of Ni-Cr-Mo alloys during
upward potentiodynamic polarization in deaerated 1 M HCI®
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Figure 5.2. Current measured during potentiostatic passivation at +200 mVsce for various Ni-
based alloys (wt%) in 0.1 M NaCl pH 4 where the initial decay indicates film growth, whereas
the low concentration alloys exhibited abrupt current increases at longer times, indicative of
localized pitting or crevice corrosion
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Figure 5.3. Pourbaix diagrams computed using OLI*!! for a generic Ni-Cr-Mo alloy exposed to
1.0 M NaCl. The gray regions suggest regions of base metal immunity, whereas green and
yellow indicate passivity and corrosion, respectively, for specific, stoichiometric Ni, Cr, and Mo
oxide films.
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Figure 5.4. Film composition of various commercial Ni-alloys measured using XPS following
passivation at +305 mVsce for 3 d in aqueous 1.0 M NaCl pH 0 solution heated to 75°C %’. The
analysis considered only stoichiometric, phase-separated oxides and hydroxides.
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Figure 5.5. a) In situ TEM images of initial layer-by-layer growth of NiO on Ni-Cr-Mo surfaces
at 700°C where the NiO island has {100} surfaces and the blue arrows show the layer-by-layer
growth direction. For comparison, b) presents in situ TEM images showing Kirkendall voids
(dotted circles) formed near the oxide-metal interface of the Ni-Cr alloy*®
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Figure 5.7. Processes leading to the breakdown of passive films according to the Point Defect
Model*
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Figure 5.8. Schematic of the production of a metal cation vacancy following chloride adsorption
and the subsequent formation of an immobile complex upon interaction with a Mo dopant

Figre 5.9. Cross-sectional SEM images of the specimens after 500 h oxidation at 800°C in air:
(a) Fe-22 Cr-0.5 Mn and (b) Fe-22 Cr-0.5 Mn-0.1 Mo, wt%*
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-3 Mo, b)
Ni-22 Cr-5 Mo, c¢) Ni-22 Cr-9 Mo, and d) Ni-22 Cr-12 Mo, wt%. The average grain sizes for the
alloys were computed to be, respectively, 7,830 um?; 5,063 pm2; 4,490 um?; and 6,770 um?. For
reference, the stereographic triangle is inset.
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Figure 5.11. Example of a single metastable event showing the entire event above the
background passive current, where the lifetime of the pit and its peak current are indicated®®. The
peak integrated charge is determined above the baseline between the start and finish times for the

event.
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Figure 5.15. Evolution of Mott-Schottky spectra with passivation time for Ni-22 Cr-x Mo, wt%,
alloys where x =a) 3 b) 6, ¢) 9, and d) 12 wt% Mo passivated at +0.2 Vsce in 1.0 M NaCl pH 4
where the potential sweeps were performed at 1,000 Hz
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Figure 5.16. Concentration of n-type (Np) and p-type (Na) point defects according to Mott-
Schottky analysis of Figure 5.15 (Section 3.5.5)
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Figure 5.17. a) p-type and b) n-type semiconductor flat band potentials according to Mott-
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Figure 5.19. XPS spectra obtained at 90° using an Al-ka source (hv = 1,486.68 eV) for a) Ni
2p%2, b) Cr 2p*?, ¢) Mo 3d, and d) O 1s obtained at 15 kV with a 50 eV pass energy for Ni-22
Cr-3 Mo, wt%, Shirley background-subtracted, normalized to the corresponding metallic peaks,
and offset for clarity following passivation at +0.2 Vsce for up to 10 ks in deaerated 1.0 M NaCl
pH 4
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Figure 5.20. XPS spectra obtained at 90° using an Al-ka source (hv = 1,486.68 eV) for a) Ni
2p%2, b) Cr 2p*?, ¢) Mo 3d, and d) O 1s obtained at 15 kV with a 50 eV pass energy for Ni-22
Cr-6 Mo, wt%, Shirley background-subtracted, normalized to the corresponding metallic peaks,
and offset for clarity following passivation at +0.2 Vsce for up to 10 ks in deaerated 1.0 M NaCl
pH 4
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Figure 5.21. XPS spectra obtained at 90° using an Al-ka source (hv = 1,486.68 eV) for a) Ni
2p%2, b) Cr 2p*?, ¢) Mo 3d, and d) O 1s obtained at 15 kV with a 50 eV pass energy for Ni-22
Cr-9 Mo, wt%, Shirley background-subtracted, normalized to the corresponding metallic peaks,
and offset for clarity following passivation at +0.2 Vsce for up to 10 ks in deaerated 1.0 M NaCl
pH 4
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Figure 5.22. XPS spectra obtained at 90° using an Al-ka source (hv = 1,486.68 eV) for a) Ni
2p%2, b) Cr 2p*?, ¢) Mo 3d, and d) O 1s obtained at 15 kV with a 50 eV pass energy for Ni-22
Cr-12 Mo, wt%, Shirley background-subtracted, normalized to the corresponding metallic peaks,
and offset for clarity following passivation at +0.2 Vsce for up to 10 ks in deaerated 1.0 M NaCl
pH 4
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Figure 5.23. Relative accumulation of metal cations in the passive films during growth until
localized corrosion initiation at +0.2 Vsce according to XPS measurements on Ni-22 Cr-x Mo
where x =a) 3, 6 and b) 9, 12, wt%, in 1.0 M NaCl pH 4
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Figure 5.24. a) Ni 2p*?, b) Cr 2p*? , and ¢) Mo 3d angle-resolved XPS spectras obtained at 45°

which were normalized to the metal peaks for Ni-22 Cr-3 Mo, wt%, passivated at +0.2 Vsce for

10 ks in 1.0 M NaCl pH 4. The ratio of the oxide areas for each angle measurement is included
for reference.
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Figure 5.25. a) Ni 2p?, b) Cr 2p*? , and ¢) Mo 3d angle-resolved XPS spectras obtained at 45°

which were normalized to the metal peaks for Ni-22 Cr-6 Mo, wt%, passivated at +0.2 Vsce for

10 ks in 1.0 M NaCl pH 4. The ratio of the oxide areas for each angle measurement is included
for reference.
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Figure 5.26. a) Ni 2p%2, b) Cr 2p%? , and c) Mo 3d angle-resolved XPS spectras obtained at 45°
which were normalized to the metal peaks for Ni-22 Cr-9 Mo, wt%, passivated at +0.2 Vsce for
10 ks in 1.0 M NaCl pH 4. The ratio of the oxide areas for each angle measurement is included

for reference.
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Figure 5.27. a) Ni 2p®?, b) Cr 2p*? , and ¢) Mo 3d angle-resolved XPS spectras obtained at 45°
which were normalized to the metal peaks for Ni-22 Cr-12 Mo, wt%, passivated at +0.2 Vsce for
10 ks in 1.0 M NaCl pH 4. The ratio of the oxide areas for each angle measurement is included
for reference.
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Figure 5.28. Film cation fraction according to angle-resolved XPS measurements at 90° and 45°
on Ni-22 Cr-x Mo where x = 3, 6, 9, 12, wt%, surfaces following 10 ks of potentiostatic
passivation at +0.2 Vsce in 1.0 M NaCl pH 4
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Figure 5.29. Metastable activity for the film on Ni-22 Cr-3 Mo, wt%, during passivation at +0.2
Vsce for 10 ks in deaerated 1.0 M NaCl pH 4. Runs 1-3 remained passive following the observed
localized breakdown events, whereas some crevice corrosion occurred during run 4 until
repassivation around 4 ks occurred.
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Figure 5.30. Metastable activity for the film on Ni-22 Cr-12 Mo, wt%, during passivation at +0.2
Vsce for 10 ks in deaerated 1.0 M NaCl pH 4
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Figure 5.31. Comparison of the passivity of Ni-22 Cr-x Mo where x = 3, 6, 9, 12, wt%, at +0.2
Vsce for 10 ks in deaerated 1.0 M NaCl pH 4
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Figure 5.32. Focused Figure 5.31 over 1,000 to 1,200 s following the initial, often rapid film
breakdown where characteristic individual metastable pitting events for each alloy can be
observed
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Figure 5.33. Comparison between the cumulative a) number, b) rate, and c) charge of metastable

pitting events and the corresponding damaged area fraction relative to the total exposed one (0.1

cm?) following passivation of Ni-22 Cr-x Mo where x = 3, 6, 9, 12, wt%, at +0.2 Vsce for 10 ks
in 1.0 M NaCl pH 4 (Figure 5.31)
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Figure 5.34. Cumulative probability plots of metastable peak a) current heights and b) integrated
charge of events following passivation of Ni-22 Cr-x Mo where x = 3, 6, 9, 12, wt%, at +0.2
Vsce for 10 ks in 1.0 M NaCl pH 4 (Figure 5.31 and Figure 5.33)
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Figure 5.35. Average final cumulative number of metastable pitting events and charge during a
+0.2 Vsce hold for 10 ks on Ni-22 Cr-x Mo, wt%, where x = 3, 6, 9, and 12 wt% Mo, in
deaerated, 1.0 M NaCl pH 4.

250



3 Mo 6 Mo

Ni* 0% Ni* 0% Mo™ 0> NiZ* Mo™ 0% cr3+ 0 Mo™ 0% Nij+
02 Cr3* 02 Ni>* 0 Cr¥* 0% 0%z Cr3* 0> NiZ* 0% Cr3* O%
cr3* 0z Cr** 0% cr3* 0% Ni** ¢+ 0o Cr** 0% Cr** 0> Mo™
0% Ni2* 0 NiZ* 0% Ni** o 0z NiZ* 0> Mo™ 0% Ni* Q%
Mo™ 0% Cr3* 0% Cr3* 0% Cr3* Mo™ Q2 Cr3+ 0% Cr3t 0% Cr3*
02 Cr** 02 (Cr3+ 02 Ni2* 0% 02 Cr¥* o2 NI’ 02 Ni* 0%
Ni2* 02 Ni** 02 cr3* 02 Cr3+ Niz* 02 Cr3* o2 Cr3+ 0% Cr3+

9 Mo 12 Mo

Mo™ 0% 3+ 0 Mo™ 0% Ni2* Mo™ 0% cr3+ 0% Mo™ 0% Cr3*
0% Cr3* 0% Niz* 0% Cr3* 0% 02 Mo"™ 0% Niz* 0% Cr3* 0%
cr3* 02 Cr3* 02 Cr3* 02 Mo™ Cr3* 02 Cr3* 02 Cr3* 02 Mo™
02- Ni2+ 02- Mo 02- Ni2+ 02- 02- Ni2+ 02- Mot 02- Ni2+ 02-
Mo™ 0%z cr3* 0 Mo™ 0% Cr3* Mo™ 0% Cr** 0z Mo™ 0% Cr3*
02 Cr¥* o2 Ni** 0 NiZ* 0% 02 Cr3* g2 Ni** gz Mo™ oz
NiZ* 02- Mo"™ 02 Cr3+ 02 Cr3+ Niz* 02~ Mo™ Q2 Cr3* 02 Cr3+
Figure 5.36. Schematic of the passive film composition evolutions with increasing
concentrations of Mo within the bulk alloy. Both the fraction of solute captured Cr3* and Mo"*

increase with [Mo], but some clustering of local Mo-oxides can occur at higher concentrations
and produce local precipitates, indicated by the dark regions within the film.
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6. Influence of Solute Capture Versus Phase Separation Produced by Fast and Slow Film

Growth on Passivity, Electrochemical Stability, and Local Breakdown Events

6.1 Abstract

The implications of varying passivation rates and non-equilibrium solute capture (NSC) on
the physical, chemical, and electronic properties of films, along with the electrochemical stability,
were investigated for Ni-22 Cr and Ni-22 Cr-6 Mo, wt%. Experiments were conducted in an
acidified NaCl environment using predominantly in operando Single-Frequency-Electrochemical
Impedance Spectroscopy (SF-EIS) applied galvanostatically at varying applied currents.
Subsequent in situ analysis was performed using Mott-Schottky impedance scans and metastable
pit breakdown analysis during a potentiostatic hold, +0.2 Vsce. Following the initial passivation
step, the films were also characterized ex situ through application of atomic force microscopy
(AFM) and X-ray photoelectron spectroscopy (XPS). The effect of solute capture on modifying
the composition and distribution of metal cations within the passive films, along with the beneficial
effect of Mo capture in Ni-Cr-Mo compared to Cr in Ni-Cr are presented. Specifically, it was found
that the higher valency of Mo dopants enabled greater film tolerance to breakdown. Growth at
slower rates produced films with segregation of Ni?* and Mo*®* to the film/electrolyte interface,

leaving Cr* enriched at the metal/film interface.

6.2 Collaborations
In this chapter, AFM measurements and RMS analysis were accomplished by William

Blades at the University of Virginia.

6.3 Introduction

6.3.1 Liquid to Solid Transformations and Solute Trapping
The field of phase transformations has thoroughly addressed the influence of solidification

rate from the liquid field into the solid over the past century or so (e.g. 1*). In particular, the
morphology and composition of the resulting microstructure have been studied. This solidification
process is often complicated by the non-periodic atomic structure of the liquid phase and the
importance of interfacial energies during a liquid to solid transformation. The earliest treatment of
growth kinetics for this process came from the model of continuous, or Wilson-Frenkel growth®®.
The expression for the solidification velocity was developed here as a function of the undercooling,
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but it only applied to low undercoolings and thus slow solidification. This case is not necessarily
applicable to many systems.

From this work, previous literature developed mathematics to describe the kinetics of
increasingly faster growth processes. Initially, this involved aspects such as solute redistribution’
and variable growth mechanisms at sites of morphological instabilities as a function of the
supercooling, temperature gradient, and the interfacial properties®® among others. The influence
of the generic cooling rate versus the resulting physical structure of the solidified microstructure
is given in Figure 6.1 below. It can be seen that for a high undercooling and slow growth,
homogeneous, planar fronts will be achieved. However, for fast growth and small undercoolings,
complicated dendritic structures can be achieved.

All of the previously mentioned kinetic models have focused on the near-equilibrium limit
where the solidification front velocity is predominantly controlled by the transport rate of latent
heat away from the surface. This enables local thermodynamic equilibrium to be maintained during
the rapid processes. There are certain processes where the solidification rate exceeds that where
local equilibrium can be maintained, however. At this point, it has been observed that the chemical
potential of the solute for a binary alloy increases despite the total free energy of the system
dropping as it must by the laws of thermodynamics'®?®. This enables the retention of solute
concentrations far above those predicted by equilibrium solid solubility limits. As such, the Kinetic
model of solute trapping was developed to describe such rapid solidification processes and the
resultant solid compositions'®’. To put it simply, solute trapping occurs when crystallization is

occurring faster than diffusion, or:

Vairf

— <1 .

Vint Equation 6.1
D -

Vaifr = a Equation 6.2

where v;,,, gives the overall solidification rate, v, is the long-rate diffusive speed of solute, D
is the solute diffusivity in the liquid phase, and a is interatomic spacing. When Equation 6.1 is
satisfied, short-range atomic rearrangement into a crystalline lattice will occur, resulting in non-

equilibrium phase compositions. In the original paper, it was shown that AG decreased while
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Usoute INCreased following stepwise and continuous growth and the model could be applied to and

satisfy previous kinetic models (e.g. Baker and Cahn?).

6.3.2 Solid to Solid Transformations and Non-Equilibrium Solute Capture
In the case of electrochemical passivation, there is no true transformation of the liquid

phase to a solid one, as the initial system involves an interface between a metallic solid and a
typically aqueous solution with an entirely different composition than the metal. As such, the
mathematics of classical solute trapping are not applicable. In addition, the atoms for the literature
model add to the moving solidification front and as such the velocity is directly related to this
diffusional process'®. However, for the oxidation of passive films, thickening is typically
considered to be controlled by the velocity of vacancies and/or interstitials'®?2. And finally, there
are two separate interfacial velocities that must be considered compared to the single one relevant
for solute trapping: the metal/film interface which moves inward during oxidation and the
film/solution interface, which also moves inward following solution-assisted film dissolution. As
such, the original concept of solute trapping was extended to the electrochemical oxidation case in
the model of non-equilibrium solute capture (NSC).

The thermodynamic conditions required NSC are similar to the original ones established
by the solute trapping literature. First, the free energy of oxide formation must be negative. This
has been shown to be satisfied for the non-equilibrium capture of either Cr®* in rocksalt (Fm3m)
and Ni%* in corundum (R3c) crystallographic structures (Figure 6.2). The resulting chemical
compounds can be written as CrixNixO1.5.x2 and Cr2-«NixOs.y, respsectively.’® It is worth noting
that Cr?* and Ni** can similarly become trapped and result in slightly different chemical
compounds of the same rocksalt or corundum structure, but these cation states are not commonly
observed within the passive films on Ni-alloys. Second, the metal/film interfacial velocity must be
too fast for equilibrium diffusion to occur. Due to the additional influence of dissolution at the

film/solution interface, the net velocity, v, ¢, must be considered:

Veff = Vechem — Vdiss Equation 6.3
where v, nem gives the net measured electrochemical reaction rate which includes that of the total

oxidation, v,sf, and dissolution, v, reactions. Equation 6.1 can thus be written to include this

distinction and compute the extent of NSC (§ > 1):
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_ Verr
Vaifr

Equation 6.4

In general, non-equilibrium phase compositions will be formed when g > 1 so long as the
total free energy change for the system is negative. This is theorized to occur for any combination
of transition metals, including but not limited to Fe, Cr, Ni, Cu, and Co. Other minor solutes are
also possible in some cases due to their high solubility, valency, and similar ionic radii, such as
Mo, W, and Al

The existence of metastable, kinetically-favored oxides has been previously
demonstrated®®, but the long-term stability of these solute-captured compounds cannot be
predicted through thermodynamics alone. According to the phase diagram provided in Figure 6.3,
there is very minimal solubility of Cr.Oz in NiO at low temperatures and no solubility of NiO in
Cr20s. Instead, the NiCr204 spinel is conventionally expected to form as it has the lowest overall
AGf24~25. However, this compound has a unique crystallographic structure (Fd3m) that is easily
discernable from the rocksalt and corundum structures in diffraction patterns.

Recent studies have shown that in the event of NSC, oxide properties can vary significantly
as a function of growth rate'®. This effect is especially complexed in electrochemical environments
where dissolution and oxidation are fast and the concentration and transport of point defects

directly control film growth. As shown in Figure 6.4, a typical diffusion velocity for passive film

cm

2
growth is approximately 107© % based on a field-assisted diffusivity of 10~2° . and an atomic

jump distance of 1 nm!2®. The relative velocities for electrochemical processes that occur at
varying rates are also displayed in Figure 6.4. For a mildly corrosive environment like seawater?’,
C-22’s passive current density indicates quasi-equilibrium growth of phase-separated compounds
is possible whereas in an oxidizing one like HCI, C-22 grows adequately fast for solute capture to
occur?®, The effective passivation velocity can be estimated by an electrochemical rate using the

following expression:

Mox

v = —1
I nF poy

Equation 6.5
The most significant tool for affecting v, and the susceptibility of a given reaction to

induce quasi-equilibrium oxidation rather than NSC is the diffusivity. Because of the Arrhenius-

dependence on temperature and, in the presence of an electric field, the field strength, the
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diffusivity of point defects can be varied by orders of magnitude. In the case of dry oxidation
reactions, this is most readily accomplished by changing the O partial pressure or the temperature
of the environment, as shown in Figure 6.5. Only at extremely high temperatures and low pO2 is
B <1, shown in Figure 6.5 as the region under the green plane where g =1. In the
electrochemical case, the diffusivity can be easily varied using different solution temperatures and
applied electric fields (Figure 6.6). At longer exposure times, the occurrence of steady state passive
films could result in the annealing of NSC films and the formation of more stoichiometric phases,
such as Cr,03 from a solute-captured Ni1xCrxOy rocksalt once the Cr** enriches to a significant

composition following selective dissolution of Ni?*, for example.

6.3.3 Implications of Non-Equilibrium Solute Capture for Material Properties
Very few electrochemical studies have been conducted with respect to the influence of

growth rate on film structure, chemical identity, stability, and ultimately the effects of corrosion.
Slower growth is conventionally thought to form more “annealed” and less-defective passive films
and is more likely to form thermodynamically predicted phase-separated oxides such as those
predicted by Pourbaix E-pH diagrams (Figure 4.10). Film growth is, however, a rapid process
where the oxide interface velocity is so great that long-range and field-assisted diffusion is not
faster than the velocity of the corroding interface and thermodynamically-unexpected compounds
form. This is not identical to the formation of metastable phases which might involve the same
amount of compositional partitioning as formation of the most stable phase.

Previously, electrodeposited Au-Ni films were observed to exist in a non-phase-separated
state which exhibited greater cohesive energy than the typical case?®. Similarly electroplated Ag-
Cu alloys were grown in an ordinary and in a complexing solution and it was observed that
different morphologies resulted from each case because of varying surface mobilities®. This is
directly related to the effect of diffusivity and migration observed for passive films. Another
literature study using electron diffraction and X-ray microanalysis found that the passive film
grown on Ni-Cr was a solute-captured NiO rocksalt structure containing nearly twice as much Cr
as Ni, but following an annealing heat treatment in vacuum the film phase-separated into
thermodynamically stable species: some NiO and predominantly Cr.O3 (Figure 6.7)%. However,

upon annealing the samples in air, additional oxidation was observed and instead, NiCr.Os was
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formed with small amounts of NiO and Cr.Oz still evident in the diffraction pattern. For both
anneals, the overall cation fraction of the films did not change.®!

Solute capture can result in significant ramifications for not only the chemical and physical
structure of passive films, but also electronic properties'®. As previously explained, the effect of
substitution of higher valence cations onto lattice sites is similar to the doping of semiconductors,
was modeled by the SVIM32 and is theorized, not proven, to lead to the inhibition of pitting. The
same observation has been made for Zr-alloys alloyed with Nb**2*, The n-type dopant has a lower
oxidation state and will result in the attraction of anion oxygen vacancies in ZrO2. Nb?* or Nb**
substitutional defects in ZrO, additionally balance the build-up of positive charges in the oxide
layer, increasing the oxygen vacancy and electron mobilities along with changing the growth
Kinetics from sub- to near-parabolic®3.

NSC has been demonstrated in more recent work. Both high temperature oxidation and
electrochemical passivation of Ni-Cr and Ni-Cr-Mo were demonstrated to produce the solute-
captured oxides suggested previously based on chemical and structural analysis using 3D atom
probe tomography (3DAPT), electron energy loss spectroscopy (EELS), and transmission electron
microscopy (TEM)*8. One example of the analysis accomplished for chemically oxidized Ni-Cr-
Mo is provided in Figure 6.8. The results presented were noteworthy in that they demonstrated
theoretically and experimentally the existence of these highly non-stoichiometric oxides for the
first time. To test the metastability of these films and the possibility to anneal the NSC compounds
into distinct NiO, Cr,0s, and/or NiCr.04 phases, as mentioned previously (Figure 6.7)%, the
freshly oxidized samples were left in lab air for approximately a year and re-analyzed. Upon doing
so it was evident that corundum was precipitated from the NSC rocksalt, as indicated in Figure
6.9. Overall, the dominant structure is still the rocksalt-structured Cr1.xNixO1.5.x2 despite this long-
term aging. This demonstrates the high kinetic barriers to anneal NSC compounds at standard
conditions, whereas with elevated diffusivities achieved at high temperatures, the same feat can be
accomplished more rapidly (Figure 6.7).

The Cu-Al binary alloy system provides a classic example of two oxides with no
thermodynamic solubility within each other. In essence, the presence of any AI®* substitutional
defects within a Cu20 oxide would phase-separate at equilibrium and produce a distinct Al.O3
layer or some spinel species (i.e. CUAIOz or CuAl,04)%. However, recent work on this alloying
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system has demonstrated that despite this non-existent solubility according to equilibrium
considerations, AI** cations were captured into the cuprous oxide layer®. This was established
through X-ray measurements of crystalline lattice stretching, coulometric reduction, XPS
indication of AIP* within the film, and Mott-Schottky-measured changes in the film defect
chemistry. The results demonstrated that cation vacancies were generated and electronic holes
annihilated to compensate for the positive charge of AI** on a Cu* site, Al{,, as shown
schematically in Figure 6.10. This resulted in a significant difference in the electrochemical
behavior of the passive cuprous films. With more AI** content, greater solute capture occurred and
as a result a great number of p-type defects such as holes became eliminated (Figure 6.11). This
has a significant effect on the kinetics of oxidation as it is driven by point defect migration. The
oxide thickness was observed to decrease whereas the tarnish resistance improved with increasing
AP content as a result of NSC. This was highly desirable for the alloy system, as the release of
Cu* necessary for antimicrobial function was not impacted by the facilitation of the formation of

a tarnish-resistant layer>.

6.4 Objective
The film growth at high and low rates can result in increased defect density and “rougher”

morphologies along with different chemical species forming based on these kinetic considerations
rather than thermodynamic rules (i.e. solute capture). This effect has been minimally studied in
literature. In some cases, the capture of solute cations and subsequent increase in the overall defect
density can be attractive, as has been the postulated beneficial impact of Mo and W in previous
literature®®. The overall effect of intentionally solute-captured versus phase-separated films on
chemical stability, passivity, and metastable pit initiation is unknown and demands further study.
The potential effects of alloying element concentrations on film stability and the impacts of fast
and slow growth on pit initiation were investigated through application of in operando
galvanostatic SF-EIS to mediate film growth along with in situ MS-EIS and ex situ XPS and AFM.
The objective of this study was to connect the effects of NSC versus phase-separated oxides on
electrochemical stability and, in particular, localized breakdown.

6.5 Approach
The galvanostatic SF-EIS (gSF-EIS) framework established in Chapter 2 was applied.

Oxides will be grown slowly and/or quickly using applied galvanostatic current densities or
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alternatively, slowly through natural exposure in solution. After fast or slow growth, MS-EIS
potential sweeps measured the electronic character (N,, N4, Efp) and a current decay (i.e.
potentiostatic hold) at the final gSF-EIS potential in order to probe metastable film activity and
electrochemical stability in an environment. Sequential angle-resolved XPS and AFM
measurements of the surface were performed to investigate the chemical identity, element
distribution, and physical surface structures formed at varying growth rates. These factors were

related to pit initiation.

6.6 Experimental Methods
For this chapter, several of the analytical techniques used were applied again. While before,

the focus of the experiments was on potential-controlled passivation, here rate-controlled
passivation was used to induce either solute capture or quasi-equilibrium formation of
stoichiometric phases. This was accomplished through the application of the galvanostatic SF-EIS
method previously presented in Chapter 2. The unique experimental details for the results provided

herein are given below.

6.6.1 Materials
The samples used for this study were polycrystalline, solid solution Ni-alloys that model

common Cr and Mo concentrations found in commercial Ni-superalloys with the following
compositions: Ni-22% Cr and Ni-22% Cr-6% Mo, wt%. The materials were arc-melted, cast,
rolled, solutionized, recrystallized, and sectioned. Thermodynamic predictions for a generic Ni-
Cr-Mo alloy exposed to a dilute NaCl environment were previously given in Figure 4.10. Prior to
each experiment, the samples were wet-polished up to 1200 grit using SiC paper, ultrasonically
cleaned in alcohol, and rinsed with deionized water (resistivity of 18.2 MQ-cm) before being
placed into the flat cell window. In the case of highly surface-sensitive techniques such as AFM
or EBSD, subsequent polishing using polycrystalline diamond suspensions on felt microcloth pads
down to 1 or 0.25 pm and a final ion polishing step for 20 min. The EBSD images for these alloys
were previously provided (Figure 3.1).

The various solutions used for testing were 0.1 M NaCl acidified to pH 4 using 1 M HCI.
Additionally, 1.0 M NaCl pH 4 was similarly prepared. All prepared solutions used reagent grade
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chemicals dissolved in deionized water dispensed from a Milli-Q and were deaerated using ultra-

high purity N2 gas during electrochemical experimentation.

6.6.2 gSF-EIS
Following the reduction step, the Gamry Galvanostatic SF-EIS script was applied at

various applied current densities (Table 6.1) with 1 Hz frequency and a 5 nA/cm? AC amplitude.
This enabled the measurement of the impedance components Z’ and Z" of the oxide film (Chapter
2) during passivation at the various applied rates. Notably, the lowest possible applied
galvanostatic current, ip., is 0.5 pA/cm? due to the early occurrence of film breakdown before a
conformal layer is achieved on Ni-Cr, long before even a potential of +200 mVsce. No slower
passivation rates were feasible, despite 8 being slightly greater than 1 for an ip of 0.5 pA/cm?
These values of 8 were estimated based on 100% charge efficiency. However, during galvanostatic
passivation this is not entirely valid and as such, the true g is less than those given in Table 6.1

and will approach 1 for the sufficiently slow applied current densities.

6.6.3 Mott-Schottky Impedance Analysis
Immediately following passivation at varying galvanostatic rates (Table 6.1), the electronic

defect properties of the films on Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, were measured using fast
impedance sweeps at 1,000 Hz from +300 mVsce to -600 mVsce with 20 mV steps, resulting in
sufficiently rapid data acquisition. As mentioned previously, this scan rate was selected in order to
measure the impedance variations as a function of potential without the possibility of the space
charge layer adjusting. The results were analyzed as discussed in Section 3.5.5.

6.6.4 Atomic Force Microscopy Surface Imaging
Following electrochemical passivation, the samples were removed from the cell, rinsed

with deionized water, and sonicated in ethanol to remove any residual salt from the surface that
would obstruct imaging. The surface morphology of each sample was captured using an AFM with
NT-MDT Solver Pro. The AFM tip, ETALON HA/NC with a radius of curvature less than 10 nm,
was kept in tapping mode during imaging. The surface roughness of the samples was ascertained
from deviations in the root mean square (RMS) of local surface areas. The RMS data in this study
was found using Gwyddion®’, an open source software package used for Surface Probe

Microscopy analysis. To obtain consistent and physically meaningful RMS values, each image
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was planarized by mean plane subtraction. The variations caused by the contact between the tip
and sample along the horizontal scanning directions were also corrected by leveling the horizontal
line directions with linear or quadratic polynomials depending on the magnitude of the deviations.

6.6.5 Angle-Resolved X-ray Photoelectron Spectroscopy
The variation of film composition and thicknesses was additionally characterized using

XPS spectra obtained periodically throughout potentiostatic passive film growth. This technique
is well-established in literature for analysis of the identity, concentration, and thicknesses of
individual compounds present in films®, especially in the case of Ni-based alloys®*L. All XPS
spectra were obtained using a monochromatic Al-ka photon source (E = 1,486.7 ¢V) with surface
characterization following various durations of oxide growth. The angle between the sample and
detector was adjusted to 45 and 90°, whereas that between detector and the X-ray source was fixed
at 54.7°. Spectra were calibrated to the 4”2 binding energy of a metallic Au reference (B.E. = 84
eV) measured at the same time. Survey spectra were recorded on all samples using a pass energy
of 200 eV, followed by high resolution spectra of the Ni 2p, Cr 3p, Mo 3d, and O 1s regions using
a pass energy of 20 eV.

Commercial CasaXPS software was used to perform Shirley background corrections and
spectra fitting*>**. The concentrations of Ni?*, Cr®*, and Mo®* cations in the passive films were
computed by fitting the spectra to their observed metallic and oxide/hydroxide peaks, as
established in previous literature®®4044-47 and correcting these integrated peak areas to atomic
sensitivity factors for Ni, Cr, and Mo (4.044, 2.427, and 3.321 for this detector and source

configuration, respectively)* (Table 3.1).

6.6.6 Metastable Pitting Event Analysis
The methods previously established for characterizing metastable pit breakdown events

was applied as previously shown in Figure 5.7.4¢5! Passive films on Ni-22 Cr and Ni-22 Cr-6 Mo,
wit%, were grown at varying galvanostatic rates (Table 6.1). When the potential reached the
established metastable potential, +200 mVscg, the potentiostat was switched to potentiostatic
control at the same potential for 10 ks. The same threshold current increase of 50 nA/cm? was
selected®. The implications of NSC for passive film metastability in acidic chloride electrolytes
will then be analyzed via application of analytical tools*®°!. The methods and data computation

were previously presented in Chapter 5.
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6.7 Results

6.7.1 Initial Assessment of Fast Versus Slow Passivation and Film Breakdown
The dependence of solute capture on the passivation rate can be experimentally controlled

by both an applied electrochemical current and a temperature. The effect of the later was initially
studied by exposing Ni-Cr oxidized at varying conditions (Table 6.2) to 0.1 M NaCl acidified to
pH 4 (Figure 6.12). The occurrence of metastable breakdown events on the alloys evidently varied
with the exposure. The air-oxidized sample, which is predicted to exhibit phase-separation and
little to no NSC, had the lowest total current. This indicates a more passive film which dissolved
less in the NaCl environment. The intermediate oxidation rate at 100°C had the highest current,
however, but the lowest apparent metastable pitting rate. In general, all oxidation rates resulted in
significant metastable breakdown at early times which decreased with time. This decline in the
event frequency is anticipated based on previous literature® >4, For direct comparison of the
metastable pitting event statistics, more detailed analysis was performed and is given in Figure
6.13. The total number of observed metastable pitting events, average rate, and charge during
exposure at +0.2 Vsce to deaerated 0.1 M NaCl pH 4 clearly increased with g (Table 6.2). For
approximately the first 10 s of the potentiostatic hold, all three oxides exhibited similar breakdown,
before substantially increasing for the 200 °C case. The scale formed at 100 °C similarly increased,
but only slightly whereas the air-oxide pitting rate continuously decreased with time (). At early
times, however, greater current spikes and therefore large pits, were formed after 100 °C oxidation.
Later breakdown events were insignificant. These air-formed oxides are simplified models of the
effects of solute capture because there is no added influence of film dissolution during film growth.
Electrochemical passivation will, therefore, be more complicated due to the rapid velocity of the
metal/film and film/electrolyte interfaces.

The electrochemical stability of passive films formed at varying rates in aqueous
environments were similarly investigated. Figure 6.30 provides a detailed look at the breakdown
evident on Ni-22 Cr-6 Mo, wt%, following rapid passivation. The film grown slowly did not
exhibit any discernable breakdown. Rather, only electrochemical noise was measured as true pits
only exhibit upward increase from the baseline. Notably, the baseline current density was almost
an order magnitude higher for the rapid passivation case. This is due to an increase in the

dissolution rate of the increasingly solute-captured and likely defective film. This effect of
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electrochemical passivation rate and the resulting chemical stability of passive films will be studied

in more detail herein.

6.7.2 In Operando Galvanostatic Passivation
Measurements of film thickening during galvanostatic passivation were made possible

through application of the SF-EIS method (Section 2.5.4). This is notably only possible within the
passive region of metal as below E,,, —Z" is dominated by other capacitive features of the
electrical circuit such as the Helmholtz double layer. This effect is more noticeable for slower
passivation rates (Figure 6.14a) as more time is allowed to build charge in the double layer and
increase the impedance at non-passive potentials. For the bare metal surface, the potential is
initially around -1 Vsce before increasing as the film nucleates and grows under the anodic applied
current (Figure 6.14). Past E,,,, the film thickening rate (i.e. nm/s) is theorized to be proportional
to the applied current, ip.. This can be quantified by computation of i,,(t), as shown in Figure
6.15a and for every potential, it increases in magnitude with i, The potential-dependent oxidation
thinning rate appears to be relatively independent of the passivation rate and is approximately 2.5
nm/V from +300 to +400 mVsce (Figure 6.14b). Dissolution still has a significant influence on the
measurable passivation rate. This shown in Figure 6.15b, where n decreases in magnitude with
ipc- This observed decrease in efficiency is the result of incomplete oxidation at higher rates and
excessive dissolution at exposed metal areas on the surface when the film passivates rapidly.

The effect of alloying additions on the efficiency and rate of passivation under
galvanostatic conditions can be similarly investigated through application of SF-EIS (Figure 6.16).
As was demonstrated by the findings in previous chapters, adding Mo results in increased
efficiencies. As a result, thicker films were observed for Ni-Cr-Mo compared to Ni-Cr at a given
ipc. This difference was much less significant for fast passivation at 50 pA/cm? than it was for the
slow case at 0.5 uA/cm? (Figure 6.16). The magnitude of i, and n were, therefore, greater for Ni-
Cr-Mo in Figure 6.17 and, for a single alloy, the slow passivation case. This finding is the same as
was discussed for Figure 6.15. Notably in Figure 6.17, i,,(t) — 0 for the slow passivation case
due to the two order of magnitude difference in iy but n was slightly improved for film thickening
and thinning. This is the opposite from what was observed in Chapters 3 and 4, where Ni-Cr

consistently exhibited the thickest film. The difference can be attributed to the effects of the driving
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force: overpotential for potentiostatic and rate for galvanostatic. Presumably Mo facilitates
passivation by decreasing the overpotential, but increasing the rate, allowing a thinner film to form

more rapidly.

6.7.3 Mott-Schottky Analysis of Passive Film Electronic Properties
Following galvanostatic passivation at varying rates, fast impedance sweeps through the

passive region can enable Mott-Schottky analysis of the electronic character of these films as a
result of NSC. A comparison between the capacitance curves obtained for Ni-Cr and Ni-Cr-Mo
passivated slowly (0.5 pA/cm?) and rapidly (50 pA/cm?) is given in Figure 6.18. An increase in
C~2 and therefore a thicker film® is again observed for Ni-Cr-Mo as a consequence of faster
enrichment of Cr3*. Mott-Schottky analysis of the concentration of n and p-type defects and the
observed flat band potentials are given in Table 6.3. Ni-Cr-Mo consistently exhibits lower point
defect densities with the difference in n-type ones being significant. Notably, this category includes
metal cation vacancies which are detrimental for the localized breakdown of passive films®. The
Mo-containing alloy also has higher flat band potentials, suggesting a greater film resistance to
dissolution and breakdown. The effect of passivation rate and NSC are also evident as across both
alloys, slow growth (0.5 pA/cm?) resulted in decreased densities and increased flat band-
potentials. The decline in these parameters was remarkably less for Ni-Cr-Mo than Ni-Cr due to
the beneficial capture of Mo.

A more detailed look into the effect of varying the passivation rate on the measured
impedance curves within the passive region is given for Ni-Cr and Ni-Cr-Mo in Figure 6.19 and
Figure 6.21, respectively. For Ni-Cr, the effect of increasing passivation and NSC is evident as the
passive film capacitance consistently decreases as ip. increases. Along with decreasing
capacitance, increasing p-type behavior was observed. Mott-Schottky analysis of the passive film
electronic properties yielded that, instead, the concentration of n-type defects, N, was much
greater than p-type ones, N4, and this difference became even more significant at greater
passivation rates (Figure 6.20). Both the n-type and p-type Epp decreased at approximately the

same rate with i, as a result of decreased film resistance to localized breakdown.

ect= (58014)_1 Lox
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With increasing ipc on Ni-Cr-Mo, there is an initial decrease in the capacitance from 0.5
to 1 pA/cm?, followed by an increase as €2 decreases. The transition potential also shifts to the
left as iy increases for Ni-Cr-Mo. Both of these phenomena occur as a result of increasing Mo
capture in the film as the passivation rate increases. This effect was observed previously in Section
5.3.7.1 where greater concentrations of Mo™ in the film resulted in increased p-type behavior and
a decreased semiconductor bandgap. Analysis of the defect densities and flat-band potentials
(Figure 6.22) suggests similar behavior where at greater i,,, Mo cations are increasingly captured
in the film. The measured Eg values both decrease with increasing passivation rates as a result of
NSC. In Figure 6.22, the concentration of donor defects remains approximately constant due to
the inhibition of cation vacancy motion with increasing Mo capture, which is suggested by the
increase in N, with increasing passivation rate. Ny, however, remains approximately constant by
the same rationale. This is different from what was observed for Ni-Cr, where a large increase in

Np was measured with increasing i, and N, hardly changed (Figure 6.20 and Table 6.3).

6.7.4 Surface Topography Following Fast and Slow Passivation
At various times throughout the passivation processes, AFM imaging provided additional

details concerning the influence of the electrochemical oxidation rate and NSC on the development
of the surface topography. Once the oxide was electrochemically grown, the alloy surfaces were
measured immediately after exposure to reduce the effect of ambient conditions on the surfaces.
Several area sizes were measured using AFM (e.g. 10x10, 5x5, and 2x2 um?). Figure 6.23 and
Figure 6.24 provide representative sets of the AFM images captured after fast (50 pA/cm?) and
slow (0.5 pA/cm?) passivation times for Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, respectively, in 0.1
M NaCl pH 4. The passive film morphology on Ni-Cr is greatly influenced by passivation rate,
where rapid passivation resulted in a discontinuous oxide that preferentially nucleated along
polishing marks and underwent substantial chemical etching, whereas a smooth, conformal film
was formed by the slow passivation (Figure 6.23). This can be characterized by RMS
measurements of the AFM topography images which are included in Table 6.4. Notably, these
values are greater than those previously provided for Ni-Cr and Ni-Cr-Mo passivated at +0.2 Vsce
for 10 ks in the same environment (Figures 4.31 and 4.32), suggesting a difference in the kinetics

of passivation versus chloride-assisted dissolution and etching during potentiostatic versus
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galvanostatic control. Despite these increased RMS measurements, rougher films were achieved
following rapid passivation (Table 6.4).

As occurred previously, somewhat rougher films were observed for Ni-Cr-Mo following
slow passivation due to the surface enrichment of Mo®*-containing species. These films were also
continuous and smooth beneath such surface features. Following fast passivation, however, a
remarkable decrease in the RMS was measured despite the film being non-conformal as a result
of favorable oxidation occurring within scratch marks. Rapid passivation likely resulted in minimal
surface segregation of Mo and instead, a continuous mix of Ni?*, Cr**, and Mo*%* cations within
the passive film occurred as a result of NSC*8, Chemical etching likely resulted in some Mo
repassivation at the film surface, evident in Figure 6.24a as small surface particles. This effect on
the roughness was outweighed by the overall decrease in chemical etching during rapid passivation
as a result of Mo additions. This resulted in a smoother film surface being achieved for Ni-Cr-Mo
compared to Ni-Cr. At longer times, however, continued repassivation of the rapidly-formed film
would result in the surface of Ni-Cr-Mo having a higher RMS than certainly slowly passivated Ni-
Cr and Ni-Cr-Mo, and possibly also Ni-Cr oxidized quickly. This would only occur if the
redeposition of Mo-rich species became more significant than the decreased etching of the surface

as a result of chloride adsorption.

6.7.5 Angle Resolved X-ray Photoelectron Spectroscopy
Following galvanostatic passivation at slow, medium, and fast rates (i, = 0.5, 5, and 50

HA/cm?, respectively) in acidic 0.1 M NaCl, the samples were characterized using XPS obtained
at both 90° and 45°, where the latter angle is more sensitive to the composition of the surface. The
results are given in Figure 6.25 - Figure 6.28 for Ni-22 Cr and Ni-22 Cr-6 Mo. The effect of ij
and NSC are immediately apparent, especially for Ni-Cr (Figure 6.25 and Figure 6.27). There was
significant oxidation of NiO/Ni(OH). following passivation at 50 pA/cm?, evident by the ratio of
the peak area and heights for the film compared to the metal. The amount of Cr®* enrichment,
however, decreases for Ni-Cr films as iy increases. This observed competition between Ni?* and
Cr¥* oxidation has been previously discussed with regards to the difference in kinetics during film
growth?2°, Fitting these spectra, as discussed in several previous chapters and demonstrated by
Figure 4.34 suggests that at this rate, the ratio of oxides to hydroxides formed increases as the

kinetics of film growth occur much faster than those of oxide hydration in comparison to the more
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slowly-grown films. This is also clear in Figure 6.25c, where the peak for the hydroxide around
532 eV increases as i decreases but that of the oxide around 531 eV remains constant.

The film composition for Ni-Cr-Mo, however, has a noticeably different dependence on
ipc. The previous enrichment of Ni?* within the film on Ni-Cr is not evident in Figure 6.26a. In
fact, the greatest apparent oxidation of Ni?* relative to the metal peak occurred following
passivation at 0.5 pA/cm?. This comes as a result of the increased passivation time rather than the
effect of solute capture and/or kinetics. The enrichment of Cr*, however, increases as ipc
decreases and at low rates, depletion of metallic Cr at the alloy surface is evident as a result of this
substantial oxidation". The enrichment of Mo*" remained approximately constant and at the
slowest rate, the amount of Mo®" within the film appeared to increase. Overall the behavior of Mo
cations did not vary as much as Cr®" and Ni?* did with i,. Instead, the major impact is that the
captured Mo*®* supports the oxidation of Cr rather than Ni, where the latter was substantially
favored within the film on Ni-Cr, as previously discussed.

The overall film compositions for Ni-Cr and Ni-Cr-Mo based on spectra fitting*? are given
in Figure 6.29. As was suggested by the spectra normalized to the intensities of the metal peaks,
Ni-Cr appears to be more enriched in Ni?* than Ni-Cr-Mo, which more strongly favors Cr3*
oxidation. The overall composition of the Ni-Cr films only varied slightly following Cr-enrichment
during slower passivation. The Ni-Cr-Mo films, however, experienced substantial Ni-depletion
and Cr-enrichment during passivation at slower rates and minimal changes in the fraction of Mo,
with the depletion of Ni?* facilitating the slight Mo*®* enrichment that is evident in Figure 6.29.

The results obtained at 45° provide an ever more in-depth look at the effect of passivation
rate on the composition and distribution of films on Ni-Cr(-Mo). Notably, following rapid
oxidation, the spectra do not appear to vary significantly with the measurement angle. This
observation is not valid for the slower film growth conditions. Notably, the fraction of Ni** appears
to increase for the surface as i, decreases. This applies to the films formed on both Ni-Cr and Ni-
Cr-Mo. Included in Figure 6.29 are the compositions of the film surfaces based on these spectra
and their fits. The greater divergence in the cation fractions measured at 90° and 45° as ip.

decreases suggests segregation within the film. However, the films formed by passivation at 50

H The surface composition of bulk Ni-22 Cr-6 Mo, wt%, notably decreased from approximately 24 at% to 13 at%
following slow passivation at 0.5 pA/cm? (Figure 6.25).
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HA/cm? are exemplary of what is expected for NSC. This confirms the hypothesis that slow
passivation encourages diffusion to occur and can produce some phase separation, with Ni?* and
Cr¥* moving to the film/solution and metal/film interfaces, respectively.

6.7.6 Metastable Pitting Event Analysis
Figure 6.31 shows the effect of NSC on the electrochemical stability of passive films

formed on both Ni-22 Cr and Ni-22 Cr-6 Mo. The effect of both the passivation rate and the minor
alloying of Mo are immediately evident. For both alloys, slow passivation resulted in few
breakdown events with a smaller peak current, suggesting that the pits were smaller and less
numerous. Fast growth on Ni-Cr resulted in significant pitting at early times due to detrimental
capture of Cr®* in NiO/Ni(OH).. Ni-Cr-Mo, however, remained relatively stable despite the rapid
passivation. The slow electrochemical passivation of Ni-Cr-Mo was compared to that in air for a
year. Both exhibited very similar corrosion behavior, suggesting that the “slow” procedure applies
well to produce non-solute-captured passive films and the true § < 1, unlike the estimate included
in Table 6.1 which does not take into account any passivation inefficiencies.

Detailed analysis of the size and frequency of the metastable pitting activity shown in
Figure 6.31 is provided Figure 6.32. As can be directly inferred from the original figure, Ni-Cr
exhibited significant and numerous pitting events following the fast passivation step. This was
especially true at early times before the breakdown rate decreased. The next highest number of
events were exhibited for the slowly passivated Ni-Cr. These events were, however, short and had
a low peak current density and as such, it had minimal charge accumulation in Figure 6.32b.
Notably, the total event count was greater for slowly passivated Ni-Cr than rapidly passivated Ni-
Cr-Mo due to the influence of Mo on stabilizing the passive film, but the damage extent was greater
for the latter film. Slow film growth and air oxidation exhibited the best electrochemical stability.
As explained earlier, they behaved similarly due to the impacts of dissolution on reducing the
actual g of the “slow” step. Both the number and charge for metastable events were low, indicating
minimal pitting damage occurred.

This general difference in slow versus fast passivation and the resulting film stability was
investigated in more detail for Ni-Cr (Figure 6.33 and Figure 6.35) and Ni-Cr-Mo (Figure 6.37
and Figure 6.39). The results use every galvanostatic film growth rate from Table 6.1 which was

previously used for in operando gSF-EIS passivation and Mott-Schottky analysis. Following even
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relatively slow passivation at 1 pA/cm?, Ni-Cr exhibits substantial metastable pitting events and
both the number and size of these events increases with i, (Figure 6.33). As suggested previously,
the overall dissolution rate, iz, appears to increase with i, . Detailed analysis of individual pitting
events is given in Figure 6.35 and suggests the same results as the overall look in Figure 6.33. In
general, both the computed rate and charge of metastable pitting events appeared to increase with
ipc. Moderately fast passivation at 5 pA/cm? notably exhibited numerous, albeit small, events at
early times and therefore had a higher number and rate than 10 uA/cm?, but a smaller charge. At
the higher rates, substantial pitting damage was incurred by the passive film and the base Ni-Cr
metal. This is presumably caused by the harmful capture of Cr3* solute onto Ni?* in the film during
rapid growth, as was previously demonstrated in 3DAPT images obtained after potentiostatic
passivation in 0.1 M NaCl pH 4 (Figure 4.37). Unlike what has been theorized for Mo, this
substitutional point defect appears to be ineffective at attracting the excess vacancies formed at
high passivation rates.

The same analysis was applied to Ni-Cr-Mo following similar passivation (Figure 6.37)
and at first glance, minor Mo additions clearly reduce both the number and size of metastable
pitting events in comparison to the results on Ni-Cr (Figure 6.33). A similar effect of iy is
apparent in the analysis of the cumulative number, rate, and charge of pitting events (Figure 6.39).
There was a consistent increase in these parameters which are characteristic for metastable pitting
as ipc increased. The increases, however, were much less than what was observed previously for
Ni-Cr in Figure 6.35. A comparison between the two most critical values, the number of events
and the cumulative charge, for Ni-Cr and Ni-Cr-Mo after 10 ks is given in Figure 6.41. For
uniquely Ni-Cr-Mo, the charge leveled off at high rates (ipc > 5 pA/cm?) until increasing
significantly for the fastest rate, 100 pA/cm?. The charge for Ni-Cr, however, consistently
increased with i, suggesting that solute captured Mo facilitates repassivation and decreases the
formation of large metastable pits. This is critical for fracture behavior, as large, repassivated pits

act as stress concentrators and cracks can initiate at the walls of the corrosion site®.

6.8 Discussion
6.8.1 Role of Solute Capture on Film Chemical Composition
The effects of passivation rate and solute capture on the chemical composition of passive

films are clear in the results mentioned above. Increasing ip. apparently resulted in increasing
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concentrations of Ni?* within the film on Ni-Cr (Figure 6.29). Notably, the principles of NSC
dictate a certain limit: the bulk alloying concentration of Ni, 78 wt% or approximately 76 at%.
The rapidly moving oxidation front, in this case, freezes the metal composition into the oxide. A
similar phenomena has been evaluated for solidification, the massive, or rather diffusionless,
transformation®*8, Diffusion becomes possible, however, as ip. decreases, resulting in
preferential Ni%*-enrichment, Cr3*-enrichment, and the segregation of said cations to the
film/electrolyte and metal/film interfaces, respectively.

The film composition becomes more complicated upon the inclusion of Mo into the bulk
alloy. The strong oxidation of Ni?* is not as evident in Figure 6.26 and Figure 6.28 due to the
synergistic relationship between Mo and Cr and the favorable oxidation thermodynamics and
kinetics of the latter®®5%8°_ Instead, a similar fraction of Cr** is achieved for passivation of Ni-Cr-
Mo at 50 pA/cm? as is seen for Ni-Cr at 0.5 pA/cm?. Since the aforementioned limit of the bulk
alloying content, 22 wt% or approximately 25 at% Cr, is exceeded at all the currents investigated,
it can be reasoned that at higher applied i, values, the same strong Ni-enrichment could be
achieved via the favorable kinetics of NiO oxidation®61, Notably, Mo was captured in the film
around its alloying concentration, 6 wt% or approximately 3.5 at%, following rapid passivation
(Figure 6.29). It also remained somewhat enriched at the surface. This has been shown in literature
to occur via film dissolution and subsequent repassivation of Mo-oxides and other compounds at
the film surface. Otherwise, as ip. deceased, Mo*®* enriched along with Cr3" as favorable
oxidation only occurs when the cations are adjacent.

Greater amounts of oxides (i.e. NiO and Cr203) were measured by XPS spectra fitting
compared to their hydroxide counterparts (i.e. Ni(OH)2 and Cr(OH)s) following rapid passivation,
especially for the spectra obtained at 90°. This suggests that at high values of i, the kinetics for
oxide hydration are sufficiently slow and hydroxides are only found at the surface, not throughout
as occurs following passivation at 0.5 pA/cm?2 Similar chemical, rather than molecular,
distributions also occur as a result of solute capture and varying passivation rates. This is
demonstrated in Figure 6.29, where a greater Ni?* signal is detecting at the grazing measurement
angle, 45°, following slower passivation. The capability for diffusive processes to occur allows the
cations to segregate and, upon reaching critical local concentrations, can result in the precipitation

of a distinct phase of the appropriate oxide and/or hydroxide, eventually forming a true layer at
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longer times®8. Similar surface-enrichment and the existence of pseudo-layers following long
passivation times and environmental exposures has been demonstrated for various commercial Ni-

alloys with more complex bulk compositions3®40-2,

6.8.2 Effect of Cr Versus Mo Capture
The major differences between the demonstrated behavior of Ni-Cr and Ni-Cr-Mo arise

from the solute capture of Cr3" in NiO rocksalt versus the capture of both Cr3* and Mo*®* capture
in the rocksalt and, for the latter, potential in local areas of corundum. This distinction is well-
demonstrated using Mott-Schottky measurements of the passive films’ defect densities and flat-
band potentials (Figure 6.20 and Figure 6.22). Increasing i, appeared to make p-type behavior
more favorable, especially at the potential of interest: +0.2 Vsce. This comes as a result of
excessive doping of the solute cations into the NiO solvent. However, this phenomenon also results
in higher values of N, and N4. The concurrent decrease in Epg, a parameter which suggests the
film resistance to local breakdown®-%°, confirms that this increasing defective nature of the films
will have negative effects on the electrochemical performance of solute-captured oxides.
Ni-Cr-Mo consistently had lower concentrations of both n- and p-type point defects, but
especially the latter. This is critical for considering the potential electrochemical of passive films,
as donor metal cation vacancies such as Vy; and V' have been theorized to form following
chloride adsorption at the surface of passive films (Figure 4.7)>. Thereafter, they are thought to
diffuse to the metal/film interface, coalesce into voids, and eventually burst as pitting events®®.
Greater amounts of Mo*®* were captured in the films when i increased and as a result, there was
no continuous variations observed, as occurred for Ni-Cr (Figure 6.20), in the measured defect
densities or flat-band potentials up until 50 pA/cm?. This significant effect suggest the effect of
Mo capture is more significant than Cr capture. The major reduction in N, for Ni-Cr-Mo has been
thought to occur due to the interaction of the Mo substitutional dopants with the vacancies
produced at the film surface by chloride interactions®®>°. Because of the lower valency for Cr
dopants (Cry;), this same effect is more minimal as there is a lower electrostatic attraction between
the positively and negatively charged point defects. At a sufficiently high ip., the beneficial effect
of Mo doping becomes minimal compared to the formation of a physically defective film, as

demonstrated by the AFM measurements (Figure 6.23 and Figure 6.24).
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6.8.3 Role of Solute Capture on Overall Electrochemical Performance
The aforementioned variations in chemical composition and effects of capturing Cr versus

Mo cations results in the demonstrated differences in electrochemical performance. Excessive Cr
doping during the passivation of Ni-Cr at increasing rates had no beneficial effect on resisting
localized breakdown according to the subsequent Mott-Schottky analysis and metastable pitting
results. The induction time, cumulative number, and size of pitting events all increased with ij
(Figure 6.33 and Figure 6.35). It is worth noting that even for a relatively slow passivation rate, 1
nA/ecm?, Ni-Cr underwent significant localized breakdown. Ni-Cr-Mo, however, consistently had
smaller and less frequent metastable pitting events occur (Figure 6.41) due to the beneficial solute
capture of Mo*®* cations. As mentioned previously, no noticeable increases in the cumulative
number and charge of the current spikes occurred at intermediate applied i, rates. The effect of
Mo is clear, however, upon directly comparing these values measured for Ni-Cr-Mo passivated at
50 pA/cm? to Ni-Cr at 1 pA/cm?. They are approximately the same, despite the nearly two orders
magnitude difference in iy and, therefore, § (Table 6.1). The significant presence of Mo cations
at these intermediate rates enables the resistance to localized breakdown, in spite of increasing
defectiveness in the chemical and physical properties of the films.

There are also physical effects of rapid passivation, as shown by the topographies of the
film surfaces (Figure 6.23 and Figure 6.24). Because the initial surfaces were not atomically
smooth and had some micron-scale roughness following hand-polishing with 1 um silica particles,
oxides preferentially nucleated between the polishing marks. Slow passivation enabled a more
continuous oxide to be formed and helped provide better overall protection to the base alloy. The
rapid case, however, favored kinetics over thermodynamics, as discussed previously in much
detail, and resulted in preferential nucleation of the oxides at these higher surfaces and chemical
etching within the marks on Ni-Cr. The latter phenomenon results in the increase in the passivation
efficiency, n, for the films grown at increasing i, values (Figure 6.17). The Ni-Cr-Mo surfaces
appeared remarkably different. Because of Mo redeposition as Mo-oxide particles following film
dissolution®%7, the slowly grown film had a high RMS relative to the other conditions (Table 6.4).
Rapid passivation at 50 pA/cm?, however, produced the smoothest passive film following
galvanostatic oxidation. Minimal dissolution and redeposition of MoOx-particles has occurred

despite the somewhat low n as there had not yet been sufficient time. Instead, the favorable
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nucleation and growth of Cr-rich oxides within the scratches occurs and produces the smooth,
conformal topography shown in Figure 6.24. This increased connectivity and protection of the
film, in tandem with the discussed chemical and electronic considerations, generates a passive film

with improved localized breakdown resistance.

6.9 Conclusions
The implications of nonequilibrium solute capture (NSC) and imposed passivation rates

were investigated for Ni-22 Cr and Ni-22 Cr-6 Mo (wt%) during in operando galvanostatic
conditions using SF-EIS in an acidic NaCl environment, coupled with subsequent in situ Mott-
Schottky impedance scans, metastable pitting analysis, and ex situ AFM and AR-XPS
characterization. Faster galvanostatic passivation was found to result in films representative of
NSC with no cation segregation. However, there was a substantial decline in the electrochemical
performance, characterized as an increase in the frequency and size of metastable pitting events,
observed for Ni-Cr films. Beneficial solute capture of Mo*®* cations, however, facilitated the
inhibition of breakdown and the formation of conformal, Cr3*-enriched films which provided for
greater protection to the base alloy. Films grown slowly exhibited segregation of Cr3* towards the
metal/film interface whereas Ni?* and Mo*®* were preferentially located at the film/electrolyte
interface. The relatively low defectiveness, characterized topographically and electronically,
resulted in less frequent and damaging film breakdown occurring. In addition, greater
concentrations of Cr¥* were measured. The occurrence of diffusive processes during this
substantially longer passivation enabled the local accumulation of like cations and at longer times,
aging of the films would likely produce local NiO and Cr.O3 phases that eventually coalesce into

conformal layers.
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6.11 Tables
Table 6.1. Selected applied current densities and the corresponding passivation rate and g for the
typically estimated v, = 107° nm/s obtained using Faraday’s law and assuming 100% current

efficiency
ipc (MA/cm?) | verp (NMIS) B
0.5 2.5x10* 250
1 5.0 x 10 500
5 2.5x103 2,500
10 5.0 x 1073 5,000
50 25x 102 | 25,000
100 5.0 x 102 | 50,000

Table 6.2. Air oxidation conditions used in Figure 6.12 to achieve films approximately 5 nm in
thickness with the estimated oxide growth velocity, v;, and corresponding £ included to
demonstrate the propensity for NSC

T, At v (nm/fs) | B =v;i/vp
RT, 2 yr 7.9x 1078 0.08
100°C,6hr | 2.2x10* 220

200 °C,1min | 83x102 | 8.3x10*

Table 6.3. Comparison of the semiconductor electronic behavior for Ni-22 Cr and Ni-22 Cr-
6Mo, wt%, measured following galvanostatic grown at slow (0.5 pA/cm?) and fast (50 pA/cm?)
applied currents

n-type p-type
y (WA/em?) | (cm?) | (mVsce) | (cm?®) | (mVsce)
. 05 5.7 982 6.0 511
Ni-22 Cr 50 69.4 22780 151 312
. 05 3.9 670 3.4 581
Ni-22 Cr-6 Mo 50 5.6 961 3.2 343

Table 6.4. Computed RMS from AFM topography images of passivated Ni-22 Cr and Ni-22 Cr-6
Mo, wt%, surface, as indicated in Figure 6.23 for various passivation rates

Rate Ni-22 Cr Ni-22 Cr-6 Mo
Slow 4.7 nm 5.0 nm
Fast 5.9 nm 3.1 nm
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6.12 Figures
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Figure 6.1. Schematic of the influence of the temperature gradient, G, and growth rate, R, on the
resulting microstructure following L-S transformation of a metal®®
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Figure 6.2. Plot of the free energy for the different possible crystallographic phases in J/mol as a
function of Cr composition assuming that the valences are always Ni%* and Cr3* with the oxygen
content adjusted to achieve valence neutrality as appropriate. Points are from DFT calculations
and lines are from a thermodynamic database, both computed using an atmosphere of 700°C and
log(pO>) = -1.56.8
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Figure 6.5. Plot of the kinetic conditions for solute capture during oxidation using kinetics based
upon literature diffusion constants and reaction rates as a function of exposure temperature and
pO- in atmospheres where [,, =5 nmand a = 1 nm is assumed.
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Figure 6.6. Simulation of the oxidation and diffusion velocity ratios for a) various applied
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Figure 6.7. TEM diffraction patterns of Ni-20% Cr, wt%, oxidized in dry air for 1 min at 600°C
(left) and subsquent annealing steps in either vacuum at 650°C for 2 hr (center) or in air for
650°C for 2 hr!
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Figure 6.8. Chemical data for the oxide on Ni-22% Cr-6% Mo, wt%, chemically oxidized in 0.1
M NaxSO4 pH 4 + K2S208 (Vocp = +0.2 Vsce) for 10 ks. A) High-angle annular dark field (left)
and bright field (right) images with b) EELS line scan composition profile. C) 3DAPT
tomography with a 12 at.% O isosurface and b) a compositional line scan corrected for the
oxygen detection efficiency.'® The 3DAPT results (c,d) were previously shown in Figure 3.30.
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Figure 6.12. Electrochemical breakdown in 0.1 M NaCl pH 4 of oxide scales formed in air on
Ni-22 Cr, wt%, following exposure at room temperature air for 2 yr and heating at 100 and
200°C following polishing to 1200 grit using SiC papers. The oxidation times were selected to
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Figure 6.14. SF-EIS measurements of film thickening and thinning during galvanostatic
passivation of Ni-22 Cr-6 Mo, wt%, at varying applied rates in 0.1 M NaCl pH 4. The results for
the a) entire potential range and b) passive region only are indicated.
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Figure 6.15. Analysis of the a) oxidation current density, i,,, and b) efficiency, n, for
galvanostatic passivation within the passive region for Ni-22Cr-6 Mo, wt%, at varying rates in
0.1 M NaCl pH 4
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Figure 6.17. Analysis of the a) oxidation current density, i,,, and b) efficiency, n, for

galvanostatic passivation at slow (0.5 pA/cm?) and fast (50 uA/cm?) rates within the passive
region of Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, in 0.1 M NaCl pH 4
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Figure 6.18. Mott-Schottky impedance sweeps at 1,000 Hz of Ni-22 Cr and Ni-22 Cr-6 Mo,
wt%, following fast and slow galvanostatic passivation (Figure 6.16) in 0.1 M NaCl pH 4
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Figure 6.19. Mott-Schottky impedance sweeps at 1,000 Hz of Ni-22 Cr Mo, wt%, following
passivation at varying galvanostatic rates (Figure 6.14) up to +0.2 Vsce in 0.1 M NaCl pH 4
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Figure 6.20. Mott-Schottky analysis of the electronic character of passive films on Ni-22 Cr,
wt%, formed at varying applied galvanostatic rates in 0.1 M NaCl H 4 (Figure 6.21)
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Figure 6.21. Mott-Schottky impedance sweeps at 1,000 Hz of Ni-22 Cr-6 Mo, wt%, following
passivation at varying galvanostatic rates (Figure 6.14) up to +0.2 Vsce in 0.1 M NaCl pH 4
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Figure 6.22. Mott-Schottky analysis of the electronic properties of passive films on Ni-22 Cr-6
Mo, wt%, formed at varying applied galvanostatic rates in 0.1 M NaCl H 4 (Figure 6.21)
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Figure 6.24. Measured AFM topography images for Ni-22 Cr-6 Mo, wt%, immediately
following a) fast (i4,, = 50 pA/cm?) and b) slow passivation (igpp =0.5 pA/cm?) in 0.1 M NaCl
pH 4
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Figure 6.25. a) Ni 2p%2, b) Cr 2p%?, and c) O 1s peaks obtained at 90° and normalized to the
metal peaks for Ni-22 Cr, wt%, passivated at 0.5, 5, and 50 pA/cm? until +0.2 Vsce was reached
in 0.1 M NaCl pH 4
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Figure 6.26. a) Ni 2p%2, b) Cr 2p®?, ¢) Mo 3d, and d) O 1s peaks obtained at 90° and normalized
to the metal peaks for Ni-22 Cr-6 Mo, wt%, passivated at 0.5, 5, and 50 pA/cm? until +0.2 Vsce
was reached in 0.1 M NaCl pH 4
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Figure 6.27. a) Ni 2p%2 and b) Cr 2p*? peaks normalized to the metal peaks for Ni-22 Cr-6 Mo,
Wt%, passivated at 0.5, 5, and 50 pA/cm? until +0.2 Vsce was reached in 0.1 M NaCl pH 4
measured at 45°. The ratio of the oxide areas for these measurements to those at 90° (Figure

6.25) are included for reference.
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Figure 6.28. a) Ni 2p®?, b) Cr 2p®2, and c) Mo 3d peaks normalized to the metal peaks for Ni-22
Cr-6 Mo, wt%, passivated at 0.5, 5, and 50 pA/cm? until +0.2 Vsce was reached in 0.1 M NaCl
pH 4 measured at 45°. The ratio of the oxide areas for these measurements to those at 90° (Figure

6.26) are included for reference.
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on a) Ni-22 Cr and b) Ni-22 Cr-6 Mo, wt%, surfaces following galvanostatic passivation at 0.5,
5, and 50 pA/cm? until +0.2 Vsce was reached in 0.1 M NaCl pH 4
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Figure 6.30. Comparison of the passivity of Ni-22 Cr-6 Mo, wt%, ribbons at +0.2 Vsce for 10 ks
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Figure 6.31. Comparison of the passivity of Ni-22Cr and Ni-22 Cr-6 Mo, wt%, ribbons at +0.2
Vsce for 10 ks immediately following air oxidation for 1 yr, slow oxidation at 0.5 uA/cm?, and
fast oxidation at 50 pA/cm? in deaerated 0.1 M NaCl pH 4. Included are the results previously

given in Figure 6.30.
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Figure 6.32. Comparison between the cumulative a) number, b) rate, and c) charge of metastable
pitting events and the corresponding damaged area fraction relative to the total exposed one (0.1
cm?) following air, slow (0.5 pA/cm?), and fast (50 puA/cm?) passivation of Ni-22 Cr and Ni-22
Cr-6 Mo, wt%, in 0.1 M NaCl pH 4 (Figure 6.31)
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Figure 6.33. Metastable pitting events occurring for the passive films grown galvanostatically at
various applied rates, ip¢, up to +0.2 Vsce on Ni-22 Cr, wt%, in 0.1 M NaCl pH 4
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Figure 6.34. Focused metastable breakdown as given in Figure 6.33, for the passive films grown
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Figure 6.35. Comparison between the cumulative a) number, b) rate, and c) charge of metastable

pitting events and the corresponding damaged area fraction relative to the total exposed one (0.1

cm?) following galvanostatic passivation at varying rates, given by ip., of Ni-22 Cr, wt%, in 0.1
M NaCl pH 4 (Figure 6.33)
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Figure 6.36. Cumulative probability plots of metastable peak a) current heights and b) integrated
charge of events following galvanostatic passivation at varying rates, given by i, for Ni-22 Cr,
wt%, in 0.1 M NaCl pH 4 (Figure 6.33 and Figure 6.35)

10

i (wA/em’):
0.5

i —1
10 —5
——10
——50
—— 100

10°

i (A/cm®)

10-7 _: &

T T T T T T T T T
0 2,000 4,000 6,000 8,000 10,000
Time (s)
Figure 6.37. Metastable pitting events occurring for the passive films grown galvanostatically at
various applied rates, ip., up to +0.2 Vsce on Ni-22 Cr-6 Mo, wt%, in 0.1 M NaCl pH 4
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Figure 6.39. Comparison between the cumulative a) number, b) rate, and c) charge of metastable

pitting events and the corresponding damaged area fraction relative to the total exposed one (0.1

cm?) following galvanostatic passivation at varying rates, given by i, of Ni-22 Cr-6 Mo, wt%,
in 0.1 M NaCl pH 4 (Figure 6.37)
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7. Thesis Conclusions and Suggested Future Work

7.1 Conclusions
This dissertation further developed an understanding of the meso- and nano-scale

properties of passive films and explained the effect and fate of Mo dopants on passive film
properties and localized corrosion resistance in both acidic and alkaline sulfate and chloride
environments following both fast, solute-captured and slow, phase-separated oxide growth. In
addition, a better insight was reached of the influence of growth rate and solute capture on the
physical, chemical, and electrochemical properties of passive films. These improvements in the
understanding of passivation of Ni-Cr and Ni-Cr-Mo alloys was achieved through combinations
of characterization techniques that bridged length and time scales. This notably involved the
development of analysis tools for in operando passivation analysis, along with more conventional,
albeit often not in tandem, application of in situ and ex situ techniques.
Aqueous oxide growth under potentiostatic conditions was investigated in operando using
Single Frequency Electrochemical Impedance Spectroscopy (SF-EIS) in a chloride-free
environment under both potential- and current-control. The oxidation current density, i,,, was
successfully monitored by SF-EIS. The measurement of in operando film thickness in real-time
has revealed the significant impact of cation ejection during all stages of passivation in acid,
especially at longer times, whilst highlighting the contribution of individual alloying elements on
the reactions occurring. Processes governing oxide growth must be taken into consideration in
order to construct accurate growth laws for thin film passivation. The temporal nature of a has a
significant effect on application of SF-EIS as a result of variable film diffusional processes at
different time scales. The variations in a(t) during electrochemical passivation are reported. In
general, it was found that « increased with time as the passive films nucleated, grew, and
converged into a conformal layer. These relatively small changes can result in large experimental
errors at early times, as the common convention is to use the @ measured after passivation and
l,x(t) is exponentially dependent on a. However, it is unclear whether the early values are
impacted by the exposed metal surface before the film converges and thickens, resulting in a
validation of using the steady-state a. There was also a strong observed influence of solution
chemistry and alloying content, where the presence of chlorides espouses diffusion and film
growth. The charge transfer inherent to semiconducting films results in « < 1 at all times, but each
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alloy exposed to each solution has relative increases or decreases in its diffusion behavior. The
measured ps similarly varied with alloying content and exposure environment.

The passivation and dissolution of Ni-22 Cr and Ni-22 Cr-6 Mo, wt%, were then
investigated in operando during potentiostatic conditions using coupled on-line electrochemical
ICP-MS and SF-EIS in both an acidic and alkaline Na2SO4 environment, coupled with in situ NR
and ex-situ XPS conducted during and following film growth. The combination of the techniques
utilized enabled determination of i,, distinctly from ig. with high temporal resolution. It was
determined that Ni-rich films form early during the passivation process, indicating the substantial
influence of kinetic factors. At longer times, Cr** enrichment was observed when thermodynamics
began to dictate the film composition. Surface films produced during anodic polarization at +0.2
Vsce were consistent with non-stoichiometric solid solution rocksalt and corundum oxide
structures, likely containing solute captured Ni%*, Cr®*, and Mo*5* cations. No substantial layering
was observed during oxide formation, with the films instead being Ni-rich at the film/electrolyte
and Cr-rich at the metal/film interfaces. Oxides were first formed, with compositions governed by
non-equilibrium solute capture. The electrochemical stability of Cr3* cations also increased with
alloying of Mo in the base metal, noted by the respective dissolution currents being measured
below the detection limit for the Ni-Cr-Mo alloy in each environment. Surface films produced
during anodic polarization in the alkaline environment were found to be enriched in Ni?* cations
because of the increased stability of NiO and Ni(OH)a.

The same methodology was applied towards the passivation of the model alloys in an acidic
and alkaline environment. Contrary to the previous results which suggested rapid Cr.O3 formation
in a chloride-free environment, it was determined that both Ni and Cr-rich films form early during
the passivation process, indicating the combined influence of thermodynamic and kinetic factors.
Oxides were first formed, with compositions governed by non-equilibrium solute capture. This
phenomenon resulted in Mo™ doping of the passive film on Ni-Cr-Mo and as a result, improved
passivity and increased amounts of Cr3* enrichment were observed for all conditions. This is
posited to occur by the interaction between the positively-charged substituted Mo site and
negatively-charged metal cation vacancies, forming less mobile, neutral defects. Passivation in an
alkaline environment similarly resulted in greater stability of Ni?* within the film, demonstrated
through ICP-MS and XPS measurements of the passive film composition. At long times, kinetic
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factors enabled enrichment whereas thermodynamics determined the longer-term passive film
behavior.

To better the singular effect of Mo on enabling passivity and resisting localized film
breakdown, several Ni-22 Cr-x Mo alloys, where x = 3, 6, 9, and 12, wt%, was investigated during
in operando potentiostatic passivation at +0.2 Vsce using SF-EIS in an acidified 1.0 M NaCl
environment. In situ impedance sweeps were obtained during film growth to enable Mott-Schottky
analysis of the electronic behavior of the passive oxides. Similarly, angle-resolved XPS spectra
unveiled the chemical identity of the passive films. The results upheld the literature theory that
increasing the alloying concentration of Mo in a Ni-Cr matrix increases the fraction of Cr3* cations
within the passive films produced during anodic polarization. The influence of Mo on lessening
the thermodynamic and kinetic barriers for the early nucleation and enrichment of Cr.Oz rather
than NiO was also evident. Results were consistent with Mo doping, but no proof was obtained.
Varying the bulk concentration of Mo resulted in significant electronic benefits and drawbacks
following Mo*®* solute within the Ni?* and Cr¥*-rich passive film. Notably, excessive doping of
the surface film on the 12 w% Mo alloy resulted in poorer localized corrosion behavior than the 9
wt% Mo, despite its increased Cr3* content. This suggests that the latter alloy affords more optimal
corrosion behavior overall in the acidic 1.0 M NaCl environment.

Finally, The implications of nonequilibrium solute capture (NSC) and imposed passivation
rates were investigated for Ni-22 Cr and Ni-22 Cr-6 Mo (wt%) during in operando galvanostatic
conditions using SF-EIS in an acidic NaCl environment, coupled with subsequent in situ Mott-
Schottky impedance scans, metastable pitting analysis, and ex situ AFM and AR-XPS
characterization. Faster galvanostatic passivation was found to result in films representative of
NSC with no cation segregation. However, there was a substantial decline in the electrochemical
performance, characterized as an increase in the frequency and size of metastable pitting events,
observed for Ni-Cr films. Beneficial solute capture of Mo*®* cations, however, facilitated the
inhibition of breakdown and the formation of conformal, Cr®*-enriched films which provided for
greater protection to the base alloy. Films grown slowly exhibited segregation of Cr3* towards the
metal/film interface whereas Ni?* and Mo*®* were preferentially located at the film/electrolyte
interface. The relatively low defectiveness, characterized topographically and electronically,
resulted in less frequent and damaging film breakdown occurring. In addition, greater
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concentrations of Cr¥* The occurrence of diffusive processes during this substantially longer
passivation enabled the local accumulation of like cations and at longer times, aging of the films
would likely produce local NiO and Cr.0O3 phases that eventually coalesce into conformal layers.

7.2 Future Work
The fundamental understandings of Mo’s role during passivation and repassivation

presented in this dissertation can be further enhanced through additional study. Because of the
limited time and scope of this research, several experiments were limited. This includes most
notably the NR and ICP experiments. The difficulty to deposit specific alloy compositions resulted
in the exclusion of NR from Task 4 on Ni-Cr-x Mo alloys. With more precise study, this could be
accomplished in the future. Similarly, experimental challenges resulted in ICP-MS not being
possible for the Ni-Cr-x Mo alloys. The results would greatly facilitate the presented understanding
of Mo facilitating Cr-enrichment such that some pseudo-layers become formed due to chromia
precipitation within the oxide layer. The significant enrichment of Mo with greater [Mo] in the
bulk alloys would also become evident in the SLD profile, unlike those shown in this thesis. As
for the NR measurements, these were cut short at the Canadian Nuclear Laboratory due to the
shutdown of the beam line. This resulted in the Ni-Cr and Ni-Cr-Mo materials not being studied
in 0.1 M Na>SO4 pH 10. In the future, this could be accomplished at another facility, such as Oak
Ridge National Labs. Similarly, the effect of passivation rate was not quantified using these
techniques. In particular, NR could have demonstrated the existence of distinct layers of
NiO/Ni(OH)2 and Cr203/Cr(OH)3 within the passive film following sufficiently slow oxidation.
Along with Mott-Schottky, ellipsometry can provide similar in situ characterization of the
electronic properties of passive films. One critical parameter for SF-EIS was not investigated in
this thesis: . This has been assumed to be 30 for all Ni-based alloys based on modeling performed
for C-22. Measurements of this parameter alone would facilitate more accurate application of the
SF-EIS method and computation of [,,. Ellipsometry can also provide some thickness
measurements and chemical information during electrochemical processes, making it a powerful
technique that should be utilized in future work. A newer technique, microwave capacitance
microscopy (MCM) could also potentially enable measurements of a passive film’s dielectric
constant, but also spatially through use of an AFM tip. Future work using this method could

demonstrate the accumulation of charge locally before pitting initiates. Measurements for various
313



alloys grown in different environments would facilitate the electrochemical metastability analysis
given previously in this thesis.

Finally, there is new availability of classically ex situ techniques which can now
characterize materials in situ or perhaps even in operando. These, when applied to study passive
films, are capable of achieving the desired atomic-scale characterization that has been desired by
ongoing research efforts. Most notably, improvements of in situ TEM and XPS techniques can

facilitate study of the evolution of passive films during electrochemical conditions.
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