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ABSTRACT

The typical defect reactions at the metal/oxide interface, which explain the growth and breakdown of
passive oxide films in corrosion, include creating metal and oxygen vacancies. While the creation and co-
alescence of metal vacancies are well documented, there are relatively few observations on the nanoscale
details of oxygen transport near the metal/oxide interface. We report here a new mechanism of oxygen
injection into the metal. Fast and slow passivation (i.e., corrosion involving both oxide film growth and
direct dissolution) of NiCr and NiCrMo alloys was performed by galvanostat experiments in 0.1 M NaCl
(pH 4) deaerated solution. Localized regions of an unexpected nonequilibrium metal-based oxygen solid
solution were observed beneath the outer (externally formed) oxides, and the saturated oxygen atoms
distorted the fcc metallic lattices. Oxygen injection into the metal is more significant at a fast growth
rate due to a large passivation current density for the NiCr alloy. In this case, there is a high volume of
rock salt Ni(Cr)O nanocrystals in the O-rich Ni(Cr) substrate, which is consistent with greater suscepti-
bility to chloride-induced breakdown found in potentiostat experiments. The addition of Mo promotes
the formation of the corundum phase in the outer oxide layer for NiCrMo, which changes the transport
mechanism as well as the diffusivity of oxygen through the oxide film and across the metal/oxide inter-

face.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Passivity of metallic materials is critical to our metals-based
civilization [1]. Many metals and alloys exhibit extraordinary ki-
netic stability in oxidizing environments due to the existence of
thin oxide films on metal (or alloy) surfaces. This passivating oxide
film prevents the metal from attack by the corrosive environment
so long as it remains intact and does not break down. A critical
issue in both gaseous oxidation and aqueous corrosion is under-
standing under what conditions breakdown is prevalent and why
it occurs.

Numerous models have been proposed to account for the kinet-
ics of passive oxide formation, growth, and breakdown [2-18]; we
will provide a brief background here. All these models describe the
system via a combination of point defects in the oxide and elec-
trostatic terms. The solubility of oxygen in the metals of interest is
small, and the metal is assumed to at most include some vacan-
cies [19,20]. We will use here the Point Defect Model (PDM) [15-
18,21] as a basis. In the PDM, typical defect reactions include at the
metal/oxide interface: (1) oxidation of metal and creation of metal
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vacancies; (2) generation of cation interstitials in the oxide; (3)
creation of anion (oxygen) vacancies. At the external oxide/ambient
environment interface, similar processes take place due to oxide
growth or dissolution: (1) generation of cation vacancies and anni-
hilation of cation interstitials; (2) annihilation of anion vacancies;
(3) dissolution of the barrier layer.

These different processes are coupled to transport equations
in the oxide combining chemical potential gradient and elec-
trostatic contributions, implicitly assuming local equilibrium (re-
versible thermodynamics) at the interfaces. Normally the models
are reduced to one dimension, in effect considering some mean-
field average over microstructure, composition, and crystallogra-
phy, which may be a severe approximation [22].

One common approach to breakdown is to consider it as a con-
sequence of large numbers of cation vacancies coalescing at the ox-
ide/metal interface as well as Kirkendall voids due to differences in
Ni and Cr transport rates, for which there is extensive experimen-
tal and computational evidence in both oxide and metal [23-29]. If
these occur at the metal/oxide interface, they can lead to rupture
or delamination, exposing the underlying metal to attack. While
there is certainly good evidence that this can occur, it does not
need to be the only mechanism for failure - different conditions
may well lead to different breakdown processes [30]. Usually, the
metal itself is not considered as a significant player in breakdown
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processes, except perhaps via these Kirkendall voids; as we will
see, this is not always correct.

Beyond this general corrosion theory, various models have also
been developed to predict specific alloys’ passivity. In particular,
minor alloying elements such as molybdenum (Mo) have exper-
imentally significant effects on the localized corrosion resistance
of many alloys [31-34]. Earlier explanations of the role of Mo fall
into three broad categories: (1) Mo could stabilize cation vacan-
cies minimizing the formation of voids [35]; (2) passivation due to
a critical concentration of Cr plus minor amounts of Mo at active
localized corrosion sites [36,37], focusing on compositional, elec-
tronic, and physical features of the oxide such as the film thickness
and microstructure of passivating layers [33,38]; (3) a role for Mo
in the latter stage of corrosion, such as at crevice sites promoting
repassivation [39,40].

It has recently become clear that some of the assumptions
in these approaches are open to question and may be invalid.
First, when the velocity of metal/oxide moving interface is faster
than solute atom interfacial diffusivity, local equilibrium at the
metal/oxide interface is often violated, leading to nonequilibrium
solute capture [41,42]. In this case, the cation composition of the
resulting oxide can be far from what one would otherwise ex-
pect [43]. For instance, one can easily have a rock salt Nij_xCr;,;30
where the fraction x significantly exceeds the thermodynamical
solubility limit. For completeness, we are using the term “rock salt”
here (later) and “corundum” following standard crystallographic
convention where these are structure types, not specific compo-
sitions; see [41,42], for further discussion. Second, both theoret-
ically [14] and experimentally [44,45]|, there can be morpholog-
ical instabilities leading to non-planar interfaces - using a per-
fectly planar and thus 1-D high field model assumption can be
misleading as it omits essential phenomena. Third, as we have re-
cently discussed [46], crystallographic variations can be significant,
so mean-field averages are open to question. Last, there is grow-
ing evidence on oxide phase changes. For instance, Mo promotes a
corundum phase with some additional nonequilibrium solute cap-
tured species [47,48].

Do we yet have a complete model, or are there other assump-
tions in the literature that should be questioned? As mentioned
above, the solubility of oxygen in the transition metal such as Ni is
typically low, particularly for the temperature of most aqueous cor-
rosion cases. In other metals such as Zr, Ta, and Nb, where oxides
grow by anion ingress, the oxygen flux arriving at the metal/oxide
interface is large. Oxygen may react with metal or enter the metal
in solid solution [27]. The equilibrium oxygen solubility in these
metals (e.g., Zr [49], Ta [50], Nb [51]) is large and increases with
temperature. Oxygen in solid solution is often seen under exter-
nally oxidized test samples. In contrast, oxygen solubility is low
[52], and high oxygen content above equilibrium solubility has not
been reported in transition metals, especially near room tempera-
ture during aqueous corrosion. However, ignoring oxygen injection
into a transition metal with lower O solubility is only valid if there
is local equilibrium at the metal/oxide interface. If there is not, the
oxygen chemical potential could be high enough to force oxygen
dissolution into the metal. As we will demonstrate here this is, in
fact, the case for rapid passivation.

Specifically, in this study fast and slow aqueous repassivation
of NiCr and NiCrMo alloys was performed by galvanostat experi-
ments in 0.1 M NaCl (pH 4) deaerated solution. Regions of localized
oxygen injection in the underlying alloy were found throughout
TEM cross-section samples beneath the outer oxide layer, where
the saturated oxygen atoms distorted the fcc metallic lattices. Oxy-
gen injection into the metal is more significant during fast growth
with a large passivation current density applied to NiCr. Moreover,
a high volume of the rock salt oxide phase is mixed with the O-
rich metal substrate. High oxygen dissolution conditions in the al-
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loy are associated with stabilizing cation vacancies near the inter-
face due to available electrons in the metal. Mo promotes the for-
mation of the corundum phase in the outer oxide layer for NiCrMo,
which changes the transport mechanism and the diffusivity of oxy-
gen through the oxide film and across the metal/oxide interface.

2. Experimental and computational methods

Ni-22%Cr and Ni-22%Cr-6%Mo (wt.%) alloys were prepared from
pure components (>99.99%) by arc melting. The samples were then
homogenized in a tube furnace at 1000°C for 5 hours followed by
a water quench. All samples were ground to 4000 grit using SiC
paper under deionized (DI) water, 18 MQ2 cm obtained via a Mil-
lipore system, then finished with polycrystalline diamond suspen-
sion to 0.25 pum. Samples were rinsed with DI water, then dried
with flowing N, gas.

All the electrochemical experiments were performed in the 0.1
M Nacl solution with a final pH adjusted to 4.0 using 1.0 M HCI.
The solution was deaerated by N, gas during the measurement to
maintain the oxygen concentration at a low level and the same
in the electrolyte for each experiment. A Gamry Reference 600™
potentiostat was used to control and measure the electrochemical
current and potential. A standard three-electrode electrochemical
cell was used with a saturated calomel electrode (SCE) as a ref-
erence electrode and a Pt mesh as a counter electrode (CE). The
sample surface was exposed to the electrolyte with a surface area
defined as 0.1 cm? from an O-ring, inert to the chemical reaction.
Prior to the galvanostatic experiments, a constant potential at -1.3
V vs. SCE was applied for 600 s to minimize the air-formed oxide.
Either fast or slow galvanostatic passivation experiments were per-
formed. Specifically, a constant current of 50 wA cm~2 (fast) or 0.5
1A cm~2 (slow) was applied while the potential was recorded as
a function of time until the potential reached +200 mV vs. SCE,
just below the onset potential of metastable pitting. It should be
recognized that at 0.5 uA/cm? the applied anodic current den-
sity likely underestimates the true anodic current density due to
residual oxygen reduction. After each experiment, the sample sur-
face was characterized by a microscope, and no crevice corrosion
was seen except in the Ni-Cr alloy case during slow growth. An-
other set of galvanostatically passivated samples were immediately
subjected to a constant potential at E;p = 4200 mV vs. SCE for
10,000 s to monitor the passive film’s stability and metastable pit-
ting events indicated by current bursts in current density vs. time
data.

The electrochemically tested samples were immediately sealed
in a portable vacuum chamber (Vacu-Storr™) provided by Ted
Pella, Inc. for the TEM characterization. Samples for electron mi-
croscopy were prepared and analyzed within three months; how-
ever, we believe the relaxation of the passivated oxide layer and
the oxidation-influenced region would be negligible at room tem-
perature and under low oxygen pressure. TEM samples were lifted
out after the deposition of Pt protective layers on the passi-
vated surface in the FEI Helios Nanolab focused ion beam instru-
ment and then thinned using beam energy of 30 kV. Low en-
ergy (2 kV) final cleaning was used to reduce the amorphous
layer thickness. Atomic resolution scanning transmission electron
microscopy (STEM) imaging was acquired using an aberration-
corrected JEOL ARM200CF microscope. Collection angle 8 was 11
mrad<f<22 mrad for the annular bright field (ABF) imaging and
90 mrad<f<220 mrad for the high angle annular dark field (ADF)
imaging. ADF and ABF images were taken simultaneously. Com-
positional analysis was performed using energy-dispersive x-ray
spectroscopy (EDS) with a dual silicon drift detector.

To elucidate the role of cation vacancies coupled with the inter-
stitial oxygen in the metal, spin-polarized density functional the-
ory (DFT) calculations were performed using the Vienna Ab initio
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Simulation Package (VASP) [53-55] with the projector augmented
wave method [56]. Calculating the energetics of a system such as
a Ni/NiO interface using density functional theory involves mak-
ing significant approximations. Unfortunately, while standard func-
tionals do a decent job for metals such as fcc Ni, they do not for
strongly correlated oxides such as NiO. We therefore compromised,
using the SCAN meta-GGA [57,58] in all the simulations, leading to
reasonable values for the lattice parameters and formation ener-
gies but too small values for the band gap and magnetic moment.
Hence, the results are semiquantitative only. 550 eV was chosen
for the plane wave cutoff, and the k points sampling used the
Monkhorst-Pack scheme [59]. The electronic structures were re-
laxed with a convergence of 10> eV for the total energy, and the
atomic structures were relaxed until the forces on each ion were
less than 0.01 eV/A.

3. Results

We will first describe the electrochemical results before turn-
ing to the structural analysis, which provides critical information
on what is taking place; an explanation will be provided in the
discussion.

3.1. Electrochemical passivation of NiCr and NiCrMo alloys under fast
and slow galvanostatic growth

Upon application of a high anodic galvanostatic current density
(i.e., 50 pA/cm?) to the Ni-22Cr alloy, the applied potential vs. the
SCE reference electrode increases almost linearly with the time of
application except for initial stripping by oxidation of any hydrogen
generated which takes about 10 seconds (Fig. 1(a)). This hydrogen
is produced due to the initial cathodic reduction step as discussed
above, where adsorbed hydrogen is deposited and then oxidized.
The potential of +0.2 V vs. SCE is reached in about 70 seconds af-
ter about 3.5 mC/cm? of anodic charge density is passed (stars).
Similar behavior is seen in the case of NiCrMo with little differ-
ence between Ni-22Cr and Ni-22Cr-6Mo. A positive linear increase
in potential, E(t), versus growth time indicates passivation during
the galvanostatic growth. The oxide thickens roughly linearly with
time with E(t), and the voltage gradient across the oxide is thus
relatively constant during galvanostatic growth. The potential drop
across the interface also likely rises to control and sustain a fixed
reaction rate. To do this, the potential, E, must be driven linearly
to higher values as observed. The increase in E is indicative of this
condition and is entirely consistent with the Cabrera-Mott [3-5],
Point Defect Model [15-18,21], or Generalized Growth Passivation
Models [9,10].

Moreover, the slope E-t changes slightly with time and poten-
tial, indicating the evolution of oxide characteristics as both its
composition and thickness change over time. In general, a high
slope or fast potential rise indicates efficient passivation and facile
growth. When the potential is constant with time and does not
rise, there is a finite anodic current density indicative of a re-
sistive interface undergoing oxidation and possibly cation ejection
into solution instead of oxide growth, as shown by Ogle and col-
laborators [60]. In that case, the surface is poorly passivated, and
some cation ejection occurs instead of film growth and thicken-
ing. These cations have been measured by AESEC [61]. In fact, a
significant breakdown would produce no rise in E(t). In Fig. 1(b),
it can be seen that the time to reach +0.2 V vs. SCE is slower as
expected when 0.5 pA/cm? is applied (about 9000 sec for Ni-Cr-
Mo or 4.5 mC/cm?) and, secondly, never reaches +200 mV dur-
ing the experiment in the NiCr alloy without Mo indicative of the
possible breakdown effects described above. Indeed, the potential
does not fully attain +0.2 V vs. SCE in 10,000 s for the NiCr alloy,
while the NiCrMo alloy is passivated to this potential in 9000 sec
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after 4.5 mC/cm? (star). Finally, it should be noted that even for
NiCrMo, the conversion efficiency of oxidized Ni and Cr found in
the oxide (or hydroxide) as opposed to directly ejected in solution
or oxide dissolution is often less than 100% [62]. This is particularly
true in acidic solutions when oxides may be metastable. The con-
sequence of this would be that the flux of cation (metal) vacancies
injected into the substrate is slightly larger than just the number of
moles of oxidized metal found in the oxide. 3.5 to 4.5 mC/cm? of
anodic charge is passed, as is evident from the data during both
slow and fast growth. The charge may be slightly higher at the
low rate as the applied current density is less than the true an-
odic current density due to residual oxygen reduction on the elec-
trode even after deaeration. 1 nm of ideal compact rocksalt oxide
with no porosity requires about 1.5-2 mC/cm? of charge, neglecting
finite values of x in Ni;_4CrxO. Porous outer hydroxides may pro-
duce 1 nm per mC/cm? of more voluminous films due to lower hy-
droxide density. Thus, oxide thicknesses from 3.5-4.5 nm might be
expected from these electrochemical assessments, but a better def-
inition is obtained from TEM cross-sections below. Less than 100%
efficiency would lead to a situation where the total anodic charge
devoted to the oxide is slightly less than the total anodic charge,
as is discussed elsewhere [61].

3.2. Passive film growth and breakdown during 10,000 s potential
holds

After fast or slow oxide formation and growth, the alloys were
held at a nominally passive potential for 10,000 s to investigate
which condition was more resistant to corrosion in 0.1 M NaCl
acidified to pH 4. The potentiostatic hold enables passivation and
possible breakdown of the passive film already formed by fast or
slow growth. Three general features are observed during the sub-
sequent potential hold for 10,000 s at +0.2 V vs. SCE. These are
(1) gradual current density decay due to additional passivation
and/or beneficial exposure aging, (2) gradual current density de-
cay followed by an abrupt rise signaling initial film growth fol-
lowed by breakdown, respectively, or (3) a high steady anodic cur-
rent density indicating that the alloy underwent breakdown dur-
ing the galvanostatic phase. The first (1) can be attributed to ox-
ide film thickening, which at constant potential may result in a
lowering of the voltage gradient across the oxide and likely alters
the potential drop at the metal/oxide and oxide/electrolyte inter-
faces as well, while (2) indicates abrupt breakdown during pas-
sivation or (3) sustained breakdown. In general, current densities
are higher after fast growth compared to slow growth for each al-
loy (Fig. 1(c) and (d)). The current density in the former case de-
cays for NiCr, and then breakdown occurs instantaneously at about
500 s (Fig. 1(c)). In contrast, the current density on the NiCrMo al-
loys decays steadily (Fig. 1(c)). In the case of slow growth, the cur-
rent density is lower for the NiCrMo alloy. It decays indicative of
passive film thickening while the current on the NiCr alloy is high
the entire 10,000 s suggesting small areas of breakdown, which is
on-going (Fig. 1(d)).

3.3. Passivation and microstructural analysis

The fast-growth passivating oxide thin film on the Ni-22Cr sam-
ple was examined by TEM using cross-sectional samples, as shown
in Fig. 2(a) from the region labeled in Fig. 2(d) at a lower mag-
nification. The outermost layer is a rock salt oxide similar to NiO,
but with partial substitution of Cr for Ni due to nonequilibrium so-
lute capture [41,45,47]. There is about 20 nm thick rock salt and
fcc Ni(Cr) nanocrystalline mixture layer beneath, as indicated in
the power spectrum in Fig. 2(c). Fourier filtering of the images in
Fig. 2(b) highlights the rock salt nanoparticles formed both within
the mixture layer and at the oxide/metal interface, indicating the
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Fig. 1. The potential E vs. an SCE reference electrode as a function of time for the electrochemical passivation of NiCr and NiCrMo alloys in 0.1 M NaCl (pH 4) under (a) fast
and (b) slow galvanostatic growth conditions. Potentiostatic hold for 10,000 seconds at +0.2 V vs. SCE after (c) fast and (d) slow galvanostatic growth.
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Fig. 2. TEM cross-section sample of NiCr after fast passivation (a) HREM image shows top rock salt layer and beneath rock salt and metal nanocrystalline. (b) Fourier filtered
image highlights the rock salt distribution. (c) Power spectrum shows a rock salt-metal mixture. (d) Low magnification bright-field image of the cross-section sample, the
imaging region of Fig. 2(a) is labeled in the green rectangle.
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Fig. 3. NiCr fast passivation sample (a) ADF image of top oxide layer, oxygen injection region, and metal substrate. The interfaces between the three distinguished regions
are labeled in dashed lines. (b) ADF image of top rock salt structure. (c) EDS composition profile shows a high concentration of O in the fcc Ni(Cr). (d) EDS profile shows Cr

cations are captured in the rock salt oxide.

oxygen penetration and the oxide nucleation. The EDS composi-
tional profile in Fig. 3 shows a high concentration of Cr in both
the oxygen penetrating layers (Fig. 3(a) and (c)), and top rock salt
oxide (Fig. 3(b) and (d)), due to nonequilibrium solute capture
[41,45,47].

For the slow passivated NiCr sample, an oxygen penetration re-
gion is also observed under the rock salt top layer; see Fig. 4(a) and
(b). However, the oxygen and Ni(Cr) mixture layer becomes local-
ized rather than continuous with fewer rock salt nanocrystallites
in the Ni(Cr)-O solid solution compared to the fast growth sample.
Solute oxygen atoms introduce lattice distortions indicated by the
slight orientation changes in Fig. 4(c), while the dominant struc-
ture remains fcc. The EDS compositional profile in Fig. 5(a) and (b)
shows that the oxygen concentration decreases from the outer ox-
ide surface towards the inner metal substrate, consistent with a
diffusion process.

The oxygen penetration only occurred locally in the fast pas-
sivated NiCrMo sample in Fig. 6(a), comparable to the slow passi-
vated NiCr case, except with an fcc Ni(Cr, Mo)-O solid solution. The
oxygen introduced lattice distortion contributes to the diffraction
contrast in the bright-field image, Fig. 6(a), and the phase contrast
in the high-resolution image, Fig. 6(c). The compositional changes
due to oxygen contribute to the atomic number or Z contrast in the
dark-field image in Fig. 7(a). Both structural and chemical changes
make the oxygen injection region distinguishable from the passive
oxide above and the metal below. A high concentration of oxygen
in the fcc Ni(Cr, Mo) lattice is also evidenced by the EDS composi-
tional profile in Fig. 7.

The most important difference compared to the NiCr sample is
that the top oxide layer is a corundum structure in Fig. 6(b). As
we have seen in in-situ high-temperature gaseous oxidation exper-
iments [47], the Mo addition promotes the nucleation rate of the
corundum phase, which is consistent with the observation in the
current aqueous corrosion case. The corundum oxide mitigates the

inward oxygen transport, evidenced by the distribution of rock salt
particles concentrating in the upper part of the penetration region
and far away from the metal/oxide interface in Fig. 6(c) and (d).

For the slow passivated NiCrMo sample, the nucleation of rock
salt nanoparticles is even less, and the location is further from the
metal beneath, as shown in Fig. 8. The top flat oxide layer has a
corundum structure, and notably, the composition contains about
20 at.% ~30 at.% Ni by EDS line scanning in Fig. 9. The result shows
that not only Cr can be captured in rock salt, but also Ni can be
captured in corundum [41,45,47]. The formation of a metastable
Niy_4CrxO3 phase is a consequence of nonequilibrium solute cap-
ture [41], which is general during aqueous corrosion where inter-
face velocities are large, particular in a fast growth rate such as
repassivation.

4. Discussion

The experimental results indicate a significant difference in the
altered layer of metal just under the oxide due to oxygen inside the
metal, which is unexpected based upon established models where
the metal is assumed to be somewhat passive (except for conse-
quences of metal vacancies). As we will show, the reason for this
is oxygen interstitial injection into the metal due to the high con-
centration of cation and metal vacancies.

4.1. Point defect flux

We will first establish the basics of the point defects using stan-
dard methods. According to the point defect model (PDM) [1,15,18],
the typical defect reactions at the metal/oxide interface include (1)
creation of metal vacancies, (2) generation of cation interstitials in
the oxide, and (3) creation of oxygen vacancies. Here, we do not
consider cation interstitials, which are not the dominant defects in
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Fig. 4. TEM cross-section sample of NiCr after slow passivation (a) ADF and ABF im-
ages show localized oxygen penetrating region beneath flat rock salt layer. (b) ADF
and ABF images of oxygen penetrating area with a higher magnification indicate a
distorted metallic lattice. (c¢) HREM image and Fourier filtered image highlight rock
salt distribution.
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Fig. 5. NiCr slow passivation sample (a) ADF and ABF images of the layered oxi-
dized region (b) EDS composition profile from the metal substrate to oxide surface.
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5nm Ni(Cr, Mo)

Fig. 6. NiCrMo fast passivation sample (a) Bright-field image shows localized oxy-
gen penetrating region beneath top oxide layer (b) ABF image shows the top flat
oxide is corundum structure. (c) HREM image shows the oxygen penetration region
and metal. (d) Fourier filtered image highlights the rock salt distribution.

the rock salt structure [63,64] nor in corundum [65-67]. For sim-
plicity, we will assume that the growth rate of oxide is much faster
than the dissolution rate in the solution, as Fig. 1 supports. There-
fore, the approximations and analysis in Generation [ PDM [21] are
appropriate.

The relationship between the working electrode and reference
electrode in an electrochemical cell and the corresponding poten-
tials are given by

Dm0 + Po + Pojs = Pr+V (1)

The parameters @0, Po, Poys, Pr represent the potential drops
at the metal/oxide, across the oxide, oxide/solution, and solu-
tion/reference electrode interfaces, respectively. V is the applied
potential.

Two reactions occur at the metal/oxide interface:

m+ VX = My +Un + x€' 2)
- Xy /
mHMM+§VO+Xe 3)

and at the oxide/solution interface:

My = VX + M%* (solution) + (8 — x )€’ (4)

Vi + H,0 = 2H* (solution) + O, (5)

where m represents the metal atom, My, is the cation in oxide, vy

is the metal vacancy. Vj; is the oxygen vacancy in oxide, Vﬁ, is a
cation vacancy in the oxide with the charge of x, and e is an elec-
tron, M®* is the hydrated metal cation with the charge of § in the
electrolyte.

Specifically, (4) and (2) describe the generation of cation vacan-
cies at the oxide/solution interface and the annihilation of cation
vacancies at the metal/oxide interface. Similarly, (3) and (5) de-
scribe the generation and annihilation of oxygen vacancies, respec-
tively.

For the (nonequilibrium) rock salt structure of Ni;_CryO, the
dominant transport mechanism is cation diffusion [63,64|. The
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Fig. 7. NiCrMo fast passivation sample (a) ADF image of oxygen injection region and metal substrate. (b) ADF image of top corundum structure. (c) EDS composition profile
shows a high concentration of O in the fcc Ni(Cr, Mo). (d) EDS profile shows Ni cations are captured in the corundum oxide.

Fig. 8. TEM cross-section sample of NiCrMo after slow passivation (a) Bright field
image (b) ADF image of top corundum structure. (c) HREM image shows the oxy-
gen penetration region and metal. (d) Fourier filtered image highlights the rock salt
distribution.

growth rate of the passive film is related to the flux of the cation
vacancies,

. Q

E = N_V]Vx’ (6)

M
Where L is the thickness of oxide, t is time, dL/dt is the film growth
rate, and ]VX/ is the flux of Vﬁ , which can be calculated from the
M

Nernst-Planck equation:

ac C,
T A 7 L
Jy =Py 5% ~ Py rr X F ok (7)

D*X, is the diffusivity of Vé,, F is Faraday constant. Assuming the
v,

M
electric field across the oxide film is independent of thickness so
that

¢ ¢o
- =T (8)
ac , , C,
v :_fvﬂg 4 7 XF@ 9)
ox D, RTML
M

The integration of (9) along the cation diffusion path from the
oxide/solution interface to the metal/oxide interface gives the flux
of cation vacancies:

Vﬁzrvl/o) dcv&(’ L
= g dx (10)
V& s XF ¢o _
M(0/S) T Cv,;’ D;&/
exp(xKL)C , -C ,
J o = xKD* POXEL Vi O Vi M/0) (11)
vii vy exp (xKL) —1

where K = RF—T ¢T°. Under galvanostatic conditions dominated by ox-
ide growth as opposed to cation ejection, the electrochemical cur-
rent density is:

. Ny dL
i= 2F§E = Constant (12)
Combining Eq. (6)-(12),
RT

CV&’(O/S) - 4F2D‘*;X,El (13)
M
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Fig. 9. NiCrMo after slow passivation (a) ADF image of oxygen injection region and top oxide layer. (b) ADF image of top corundum structure. (c) EDS line profile shows O
in the Ni(Cr, Mo). (d) EDS profile of the top corundum layer shows the solute capture of Ni.

where E = ¢/L is the electric field strength across oxide.

From Eq. (13), the cation vacancies C , generated at the
Vik (0/8)

M
oxide/solution interface is proportional to the current i and in-

versely proportional to the electric field strength E and electro-

chemical diffusivity of VMX/ through the oxide film.

Similarly, for the corundum structure of Cr,03, the dominant
transport mechanism is the inward oxygen diffusion at room tem-
perature and ambient oxygen pressure [68]. The concentration of
oxygen vacancies created at the metal/oxide interface as a function
of current density:

RT .
Cv,0n0 = ZF2p; E! ()
(o]
D:;O. is the diffusivity of V;.

To verify Eq. (13), we use the experimental parameters to es-
timate the cation vacancies near the oxide surface. From the EDS
profile in Fig. 3(b), there are 55 at. % O, 40 at. % Ni, and 5 at. %
Cr. The 5 at. % Cr is a charge equivalence of 7.5 at. % Ni given the
differences in oxidation state and charge neutral, thus the compo-
sition is equivalent to 55 at. % O and 47.5 at. % Ni. Normalizing the
composition and according to the stoichiometry of NiO, there are
about 6.8 at. % Ni vacancies in the rock salt layer.

Taking the temperature as 298.15 K, the galvanostatic current
density as 50 pA/cm? in the fast growth of NiCr sample, D"';X, of Ni

M
vacancies in the rock salt is in the order of 1.0 x 10~8 m?/s, and
the electric field E across is of the order of 1 V/nm, Eq. (13) yields

a cation vacancies concentration C « 0r5) of about 33.3 mol/m?3.
v o/s
Considering that the molar mass and density of NiO are 74.7 g/mol

and 6.67 g/cm?3, the inverse of the molar volume of rock salt is
892.9 mol/m3. Hence the fraction of cation vacancies in rock salt
is about 3.7 at. %, which is in the same order of magnitude as 6.8
at. % in the experiments, although the exact value depends on the

more accurate data regarding D*X, and E.
7
M

From the analysis above, a large current density produces a high
concentration of defects. For the cation diffusion dominated rock
salt, cation vacancies are generated at the oxide/solution interface
and then transport towards the metal/oxide interface. For the oxy-
gen diffusion dominated corundum, oxygen vacancies are gener-
ated at the metal/oxide interface and then diffuse through the ox-
ide film and annihilate on the oxide surface.

4.2. Oxygen injection

From the conventional analysis in the prior section, there will
be a high concentration of cation vacancies in the rock salt and
oxygen vacancies in the corundum structure. We now show that
this naturally leads to the injection of oxygen interstitials into
metal for the rock salt case, as observed experimentally. What
needs to be included is that the metal can act as a sink/source of
electrons.

For a cation diffusion dominated oxide, such as rock salt, with
significant cation vacancies in the oxide, consider the following re-

action:
VX =0+ xe (15)

where O; is an oxygen interstitial in the metal. Equating the elec-
trochemical potentials on both sides:

My + XFQoxide = o, + X He + X FPutera (16)
The change in Gibb’s energy for reaction (15) is given by
° o R Q Cv,g’(M/O)
AG = ,LLoi —‘r-X[,Le—i-XF(ﬁM/O—/LVx/ —RTIn Nici (17)
M Vv “oi(M/0)

where ¢oyige and ¢y are flatband potentials for the oxide and
metal, u° is the standard chemical potential of species. This indi-
cates that a high concentration of cation vacancies in the rock salt
oxide drives oxygen interstitials into the metal, particularly as the
metal acts as a sink for electrons.
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Fig. 10. The energy changes in the formation of oxygen interstitial with (a) cation vacancy and (b) metal vacancy at the Ni/NiO interface.

In contrast, for an anion diffusion dominated oxide, such as
corundum,

0, = Vi + 0; + 2¢/ (18)
Equating the electrochemical potentials on both sides:

Mo, + 2FPoxide = My + Mo, + 2 ke + 2F Pperal (19)
The change in Gibb’s energy for reaction (19) is given by

Q
AG = My, + Mo, + 28 + 2F¢M/o—ugo+RTln[N—vcvb (M/O)Co,»(M/O)iI (20)

Now the opposite occurs; oxygen vacancies in a corundum ox-
ide reduce oxygen interstitials’ concentration in the alloy.

To validate the hypothesis on reaction 15, we calculated the en-
ergy change employing a NiO/Ni slab model using density func-
tional theory, as shown in Fig. 10. As a benchmark, the lattice
constant, formation energy, bandgap, and magnetic moment of
Ni and Cr atoms in NiO and Cr,03 are shown in Table 1. (As
mentioned earlier, the bandgap and magnetic moments in the
oxide are too small, a compromise to adequately represent the
metals.)
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Table 1
Lattice constants, bandgap, and magnetic moment of Ni and Cr atoms in NiO and
Cr,03, using the SCAN functional.

NiO Cry03
Parameters This work Experiment This work Experiment
a(A) 4.15 418 [69]  4.95 4.95 [70]
c (A) 13.62 13.57 [70]
cla 2.75 2.74 [70]
Formation energy (eV/atom) -1.39 -1.24* -2.63 -2.34*
Band gap (eV) 2.39 4.3 [71] 2.81 3.4 [72]
Magnetic moment (ug) 1.56 1.77 [73] 2.77 3.8 [70]

* Standard enthalpy of formation at 25°C and 1 atmosphere of pressure.

Table 2
The energy changes in the formation of oxygen interstitial with and without cation
and metal vacancies at the oxide/metal interface.

Energy (eV) NiO/Ni Slab Model

Oxygen interstitial Step One Step Two
Without vacancy 2.16 -1.71
With cation vacancy 1.79 -1.50
With metal vacancy 2.72 -2.12

Two reaction steps are considered; step one is the formation of
oxygen interstitial in the metal, leaving an oxygen vacancy in the
oxide; step two is the annihilation of oxygen vacancy. We compare
the energy changes with and without cation and metal vacancies
at the oxide/metal interface, as shown in Fig. 10.

From the results in Fig. 10 and Table 2, it can be seen that oxy-
gen needs to overcome an energy barrier of 2.16 eV to create an
oxygen vacancy in the oxide and jump from the oxide into the
metal in step one. However, the overall energy decreases by 1.71
eV after the annihilation of oxygen vacancies on the oxide surface
during step two. Moreover, the presence of cation vacancies de-
creases the energy barrier (step one) to 1.79 eV for the formation
of an oxygen vacancy in the oxide and interstitial oxygen in the
metal. The metal vacancy at the oxide/metal interface decreases
the free energy by 2.12 eV after the oxygen vacancies are filled
(step two). We note that the absolute energy changes calculated
in the NiO and Ni bulk models are different from the NiO/Ni slab
models, but the major conclusions still hold. Within the limits of
the calculations, the results support the analytical analysis.

4.3. Creation of mixed metal/oxide region

From the above analysis, both analytical and via density func-
tional theory, cation vacancies near the interface promote the in-
jection of oxygen interstitials into the alloy. The solubility of oxy-
gen in nickel in equilibrium with NiO is only 0.0175 at. % at 800°C
[52] and the levels detected in the experiments are far above this.
At slow growth rates, a high solubility regime is evident; at high
growth rates, the experimental evidence indicates that rock salt ox-
ides are precipitating inside the metal. Since the fast growth rate
leads to more breakdown events, it is logical to connect the oxide
precipitation to the breakdown directly; a mixed alloy/oxide phase
will have significantly more local strain, defects, and higher-energy
interfaces, so it can be expected to not provide as much corrosion
resistance.

4.4. The role of Mo

The addition of Mo promotes the formation of corundum in the
outer oxide layer for the NiCrMo alloy. This was shown in Figs. 6-9.
This difference in oxide changes the transport mechanism as well
as the diffusivity of oxygen through the oxide film and across the
metal/oxide interface. As discussed above, an anion diffusion domi-
nated oxide such as corundum alleviates the oxygen injection com-
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pared to rock salt oxide, in which the dominated cation vacancies
facilitate the oxygen transport into the metal.

5. Conclusions

The fast and slow corrosion of NiCr and NiCrMo was performed
by galvanostat experiments in 0.1 M NaCl (pH 4) deaerated solu-
tion. Oxygen solid-solution regions were found beneath the outer
oxides throughout TEM cross-sectioning, and the supersaturated
oxygen atoms distorted the fcc metallic lattices. Oxygen injection
into metal is more significant at a fast growth rate brought by a
large passivation current density for the NiCr alloy, where there is
a high volume of rock salt nanocrystals mixed with the Ni(Cr)-O
solid solution. The faster growth leads to greater susceptibility to
Cl~ induced breakdown, consistent with the potentiostatic exper-
iments following. Mo addition promotes the corundum formation
in the external oxide layer for NiCrMo, which changes the trans-
port mechanism as well as the diffusivity of oxygen through the
oxide film and across the metal/oxide interface. Consequently, only
localized oxygen penetration is observed in this case. The corun-
dum is more protective.
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