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Abstract

This study investigates metallurgical factors influencing the interplay between oxygen evolution
reaction (OER)/water oxidation and alloy dissolution as well as the intergranular corrosion (IGC)
susceptibility of Ni-Cr-Fe corrosion-resistant alloys (Alloy 600, Alloy 800 and model Ni-15Cr-
10Fe) in 0.1 M K>SO4 (pH =5) at transpassive potentials. The total anodic charge passed is fully
accounted by the transpassive dissolution in Alloy 600, against only 50% accounting for
dissolution in Alloy 800. In fact, Alloy 800 suffered 6 times lower dissolution than Alloy 600
under the same electrochemical conditions. In terms of localized corrosion, Alloy 600 suffers
from severe IGC and grain-fallout, while Alloy 800 experiences lower IGC resisting grain-
fallout. While the lower overall dissolution in Alloy 800 is explained by secondary passivation
due to higher Fe content, IGC seems to be strongly influenced by special grain boundaries (GBs)
and their interconnectivity. The fraction of special GBs (X < 29) and resistant triple junctions
increase between Alloy 600 and Alloy 800, coinciding with decreasing IGC susceptibility.
Further analysis on model Ni-15Cr-10Fe alloy under two different heat treatments revealed that
the interconnectivity of special GBs had a greater influence in governing the transpassive IGC
than the absolute special GB fraction, at a fixed Fe content.
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1. Introduction

Ni-Cr-Fe corrosion-resistant alloys (CRAs) are tuned to exhibit excellent corrosion resistance
through formation of a thin, protective Cr-rich passive film [1]. However, under high anodic
potentials/in highly oxidizing environments, these CRAs lose their passivity and enter the
transpassive regime [2-5]. There is a renewed interest in investigating the transpassive regime
due to increasing practical relevance in terms of applications such as fuel-cell bipolar plates [6-9]
and nuclear waste reprocessing plants [10-12], where the operating conditions take these alloys
into transpassive regime. The transpassive corrosion mechanisms are also relevant to high
temperature-high pressure environments including in nuclear reactors and organic waste
supercritical oxidation treatment plants. For example, Ni-Cr-Fe Alloy 600 underwent
intergranular stress corrosion cracking (primary water stress corrosion cracking) during constant
extension rate tests carried out at transpassive potentials but did not crack in the passive
range[13]. Furthermore, intergranular corrosion of Ni-based Alloy 625 was reported to occur

under conditions of supercritical water oxidation of organic wastes [14, 15].

The key issue in the transpassive regime in Cr-passivated alloys is the loss of protection from
Cr-rich passive film that prevented corrosion. In the transpassive regime, Cr203 or Cr(OH)3
undergoes further oxidation to form Cr (VI) species such as chromate (CrO4?) in basic pH or

dichromate (Cr,07%) in acidic pH [16], through the following reactions as follows (Eq. (1) to Eq.
() [5]:

Cry05 + 4H,0 = Cr,02~ + 8H* + 6e~ (1)
2Cr(0H); + H,0 = Cr,02~ + 8H* + 6e~ (2)
Cr,05 + 100H™ = 2Cr02~ + 5H,0 + 6e~ (3)
Cr(OH)s + 50H™ = Cr0?™ + 4H,0 + 3e~ (4)

While Cr is no longer protective under transpassive conditions, Fe could potentially curb the
alloy dissolution [4, 17], through Fe-rich NiFeOOH secondary passive film. While studies show
reduced total anodic currents in Fe-rich alloys, it is not clear if this is due to reduced alloy

dissolution, as there are other reactions such as oxygen evolution reaction (OER) occurring
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simultaneously under these conditions [18]. Therefore, we need to use complementary non-
electrochemical testing methods such as in situ respirometry along with conventional
electrochemical polarization experiments. While respirometry was initially developed to study
cathodic reactions such as hydrogen evolution or oxygen reduction reaction [19-21]. Recent
studies, including our own study on pure Ni has shown the applicability to tracking an anodic
water oxidation reaction (i.e. OER) [18] and decouple it from dissolution and secondary passive

film formation.

In addition to studying the effect of Fe alloying in determining the OER-dissolution interplay in
the transpassive regime, it is essential to study factors affecting localized intergranular corrosion
in the transpassive regime [22, 23], which can pose a challenge to structural integrity of the

alloys. Moreover, there is substantial literature showing Alloy 600 subjected to IGC and IGSCC

in variety of environments, making an important aspect to investigate further [24-26].

The transpassive IGC does not stem from chromium depletion at the vicinity of GBs, as it
occurred even in case of ultra-pure (99.999%) Ni. Palumbo and Aust studied the IGC in pure Ni
in the transpassive regime showed that the special coincidence-site lattice (CSL) GBs resisted
IGC [23]. Therefore, increasing the fraction of these CSL GBs could make the alloys resistant to
IGC in the transpassive regime. The beneficial effect of special CSL GBs to the classical form
of IGC in Alloy 600 [29] and Alloy 800 [30] is well known, while there is no study exploring the
role of CSL GBs on transpassive IGC in Ni-Cr-Fe alloys. Furthermore, the literature also
suggests that it is not just the fraction of special CSL GBs that governs the IGC, but it is also
influence by how well they are connected within the microstructure (i.e. special triple junctions),

as interconnected special GBs prevent percolation [31-34].

In this work, we investigate the phenomena of transpassive IGC using two commercial single-
phase austenitic Ni-Cr-Fe CRAs — Alloy 600 and Alloy 800 and a model Ni-15Cr-10Fe alloy to
investigate the role of alloy chemistry (i.e. Fe contents) and microstructure (i.e. GB nature) using
a combination of electrochemical polarization coupled with in situ respirometry with
microstructural effects investigated using electron backscattered diffraction (EBSD) analysis of

grain boundary character distribution (GBCD).
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2. Materials and Methods

2.1 Materials — Composition and Heat treatment

Alloy 600 and Alloy 800 plates of 1 mm thickness were procured from Goodfellow, UK in
solution annealed condition. The model alloy with nominal composition (wt.%) Ni-15Cr-10Fe
ingot was vacuum arc melted, homogenized, and subject to cold rolling up to 50% area reduction
and was subject to recrystallization at two conditions — one set was held at 850 °C for 1 h
followed by water quenching, and the other set was held at 1100 °C for 30 min followed by
water quenching. The actual composition of all the three alloys was measured using spark optical

emission spectroscopy (OES) — Table 1.

2.2 Specimen preparation for potentiodynamic respirometry experiments

The alloy plates were cut into small square pieces (approximately 0.75 cm x 1 cm), and they
were mechanically ground using 600-grit and 1200-grit SiC papers followed by polishing in a
polycrystalline diamond paste of 3 pum grit size on both sides. Then, the specimen surface was
rinsed with deionized water for cleaning. After the polishing, a 304L stainless steel wire (0.5 mm
diameter) was spot welded to one side of the sample for establishing electrical contact during the
experiment. The samples were coated with a blue laquear to control the exposed area to
approximately 0.05 cm? to 0.1 cm?, as well as to cover the spot-welded portion as shown in

Figure 1la.

2.3 Metallographic preparation for electron backscattered diffraction analysis

Square samples cut from all the 3 alloy plates were mounted using a conductive mounting
powder. The mounted samples underwent mechanical polishing up to 1200-grit SiC paper,
followed by polishing in polycrystalline diamond paste of 3 um and 1 pm grit sizes,
successively. Final polishing for EBSD analysis was done with a non-crystallizing colloidal
silica suspension for 24 h in a vibratory polisher. The polished samples were cleaned and
sonicated in deionized water, ethanol, and again in deionized water, successively for 10 min

each.

2.4 Potentiodynamic respirometry experiments
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The potentiodynamic respirometry measurements were carried out using a PalmSens 4
electrochemical workstation (PalmSens BV, The Netherlands) in a three-electrode setup with
Ag/AgCl (satd. KCI) electrode as reference, and platinum sheet as a counter electrode. The
counter electrode was placed in a separate compartment that was connected to the working
electrode chamber and ionic contact was established using a NafionTM membrane, while
making sure the chambers were gas and electrolyte flow tight. The reference was also separated
from the working electrode chamber. A connection was made to the working compartment
through a metal bridge made of 304L stainless steel[35], to prevent chloride contamination of
the electrolyte and hence preventing pitting artifact.

The working electrode compartment itself was a 10 mL glass vessel (Duran® GL25) with a port
for connecting to the counter electrode compartment. The working electrode chamber was
hermetically sealed and the contactless PyroScience optical O, sensor spots glued on to the inner
surface of the chamber walls for measuring the oxygen in the electrolyte phase as well as the
headspace above the electrolyte. The response time of these sensors is about 10 s as shown in the
work of our collaborators using benchmark experiments on Pt using galvanostatic pulse [36]. We
must note that we are scanning at a rather slow 0.5 mV/s —assuming 10 s response time, it would
lead only in a potential shift of 5 mV, which is well within the error range of the reference
electrodes. Therefore, the OER measurements can be considered as real-time, and can be used to

indirectly infer dissolution rates.

The signals were recorded by a fiber optic O, meter (Firesting® PRO probe, PyroScience
GmbH), the free ends of the two fiber optic cables were held in place behind the sensor spots on
the outer wall (see schematic in Figure 1b) of the working electrode compartment, and data
collection took place at a rate of 0.1 Hz. During the measurements, the entire setup was
submerged in water using a water bath, and temperature variations during the experiment were
monitored continuously using Pt100 temperature probe placed close to the outer walls of the
working compartment. Further details about the calibration, working principle, response time,
detection limits, and resolution of the sensor are well described in our recent work [37] and the

work of our collaborators [38].
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The electrochemical polarization sequence involved hold at the open circuit potential (OCP) for
1 h to attain a reasonable steady state followed by potentiodynamic polarization starting at +0 V
vs. OCP up to +2 V (vs. Ag/AgCl (sat. KCI)) at a scan rate of 0.5 mV/s. During the experiment,
the electrolyte was continuously stirred at 200 rpm using a magnetic stir bar. The 0.1 M K2SO4
electrolyte was freshly prepared before the experiment, with pH of the electrolyte adjusted to 5
just before the start of the measurement by pipetting desired quantities of sulfuric acid. The tests

were repeated thrice to validate reproducibility.

After the experiments, the sample surface was imaged using optical microscope to check for
intergranular attack. Furthermore, the alloy was electroplated with Ni and cut with a low speed
saw. The cross-section was mounted in epoxy and polished up to 1 um, and the cross-section
was imaged with and without etching. Immersion etching ASTM Etchant No. 25 was used to
etch the cross-section to clear visualize the presence of IGC, especially for Alloy 600, where

grains suffered grain fall-out.

2.5 XPS analysis

XPS analysis was performed on the Alloy 600 and Alloy 800 samples following the polarization
test, after removing laquear. A monochromate Al Ka X-ray source (hv = 1486.6 eV) was used
with an X-ray spot size of 600 pm in diameter. The base pressure of the pump was maintained at
4X 107 torr throughout the measurement. Survey spectra were recorded with a pass energy of
187.85 eV at a step size of 0.2 eV, and high-resolution spectra of the C 1's, O 1s, Cr 2p, Ni 2p,
and Fe 2p core levels were recorded with a pass energy of 23.5 eV and 45° take off angle. To
correct for the surface charging effects, the binding energy scale was calibrated by referencing the

adventitious carbon C 1s peak to 284.8 eV.

2.6 Depth of attack analysis using 3D laser scanning confocal microscopy

Depth of attack for both alloys was analyzed using 3D laser scanning confocal microscopy (LEXT
OLS4000) with white LED Light and 2-megapixel CCD Detector. It is equipped with Laser
Imaging Mode with 405 nm Laser and Photomultiplier Detector. It has a lateral (XY) resolution
of ~120 nm and minimum Z-Resolution of 10 nm. The depths of attack were estimated by

measuring the height difference between the uncorroded surface in the vicinity of the GB and the
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attacked GB, using the step mode of measurement. 50 attacked grain boundaries were sampled to
ensure the depths of attack are statistically meaningful and representative of the material behavior.
Moreover, the depth of attack measurements avoided regions where the grains had completely
fallen off to exclude material loss from the non-faradaic “grain fallout” from skewing the measured

depth of attack.

2.7 Data analysis for respirometric measurements

The goal of the respirometric measurement is to decouple the contributions of dissolution from
that of OER. To accomplish that, the O sensor readings from electrolyte phase in mg/L were
converted to number of moles of oxygen evolved by multiplying the electrolyte volume.
Similarly, oxygen partial pressure changes in the headspace are converted to number of moles of
O: released into the headspace using the ideal gas law. Since both sensors are time-aligned, at
each instant, both gas phase and electrolyte phase O> amount (moles) is added to produce the
total number of moles of Oz present in the cell at any instant. Subsequently, the total number of
moles of Oz is converted into equivalent anodic charge by considering that 4e" are released per
mole of O produced. The subtraction of OER charge from the total anodic charge emanating
from the potentiostat dissolution charge was inferred by subtracting the oxygen charge from the
total electric charge (measured by the potentiostat). While the oxygen was continuously
monitored in real-time throughout the electrochemical sequence, the oxygen reduction reaction
charge at the OCP, which corresponds to the oxygen reduction reaction, was subtracted from the
data, since we are only interested in the anodic reaction OER in the transpassive regime. All the

above-mentioned steps were automated using a Python script.

2.8 Electron backscattered diffraction measurements and analysis of grain boundary nature
The grain structures and GBCDs of all the three alloys were characterized using EBSD in a
Helios NanoLab 600i DualBeam SEM equipped with an Oxford Symmetry detector, all imaging
was carried out with 20 kV accelerating voltage, a step size of 0.75 um was used for Alloy 600
and model alloy recrystallized at 850°C while it was 1.5 um for Alloy 800 and model alloy
recrystallized at 1100 °C, and pixels with mean angular deviation > 0.8 were filtered out. The
analysis of the EBSD data was carried out using an open-source analysis code based on

MATLAB — MTEX [39].
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We use CSL theory to classify GBs and identify special GBs based on CSL numbers (Xn). In
general, the literature classifies following GBs or class of GBs as special, they are (i) £3 (the
annealing twin boundary), (ii) 23" boundaries, and (iii) low-CSL GBs with £ <29. We quantify
and report all the three classes to make sure not to miss any correlation. However, the
quantification itself is subjective, and the amount depends on the angular tolerance used to
classify a GB as particular CSL. While a particular CSL GB has a theoretical misorientation
angle, boundary plane and direction defined, there is an acceptable angular deviation from the
theoretical misorientation angle for the boundary to still be considered as a CSL GB. There are
several criteria used for angular deviation. Brandon’s criterion [40] (Eq. 5) is the most widely
used criterion, even though it allows for larger spread. Another competing criterion was
proposed by Palumbo and Aust[30], this is based on the ability of the GB to exhibit special
properties corresponding to a CSL GB, and it is more restrictive as can be seen from the Eq. 6.
Furthermore, the choice of 15° as pre-factor is rather arbitrary based on low-angle to high-angle
GB transition. Thomson and Randle [41] suggested that one could further refine definition of a
“perfect” CSL, by considering a lower pre-factor (5°) — Eq. 7, 8. Depending on the criteria used,
fraction of GBs classified to a particular CSL boundary would change, this leads to an
uncertainty in quantification of special CSL GB fraction from EBSD data. The error bars

reported in Figures Se and 6e are representative of this spread.

1

AgBrandorL = 150(2)_5 (5)
o(s)% (6)

AHPalumbo—Aust =15 (Z) 6
o(3)"z (7)

AGBrandon,}oerfect =5 (Z) 2
_5 (8)

AePalumbo—Ausi:,perfect = 50(2) 6

3. Results and Discussion

3.1 in situ Respirometry and OER-Dissolution interplay in Ni-Cr-Fe alloys

The charge density vs. time plot for Alloy 600 (Figure 2a), from a representative
potentiodynamic-respirometry experiment shows that no oxygen evolved up to +2 Vag/agci and
the entire anodic charge was due to the dissolution of the alloy. The cumulative dissolution
charge density in the representative experiment was +380 C.cm™ and Cr (IIT) oxidation likely

contributes the most to the overall alloy dissolution, since the onset potential of transpassive
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dissolution in Alloy 600 (~0.5 Vsce), is close to that of Cr +0.4 Vsce [5]. Furthermore, the
presence of Cr(VI) in the solution was corroborated using the characteristic yellow coloration of
the electrolyte. Previously, Oblonsky and Ryan reported based on in situ X-ray absorption near-
edge spectroscopy [42], that Ni cannot prevent Cr from further oxidation in binary Ni-18Cr alloy
in an acidic sulfate environment and the alloy behaved like pure Cr, consistent with our
observations. Conversely, the charge density vs. time plot for Alloy 800 (Figure 2b) presents a
contrasting picture with 45% of cumulative anodic charge density going to water oxidation with
the rest going to dissolution. Interestingly, the cumulative alloy dissolution charge density was

only 60 C.cm™, dropping by a remarkable amount in comparison to Alloy 600.

The inhibition of dissolution in Alloy 800 may be attributed to the effect of Fe (Alloy 800 has
44.29 wt.% Fe compared to 8.53wt.% in Alloy 600). The beneficial effect of Fe has been
attributed to secondary passive layer comprising of Fe(III) likely in the form of Fe-rich
Ni(Fe)OOH [43], which prevents Cr(III) to Cr(VI) oxidation [44], when Fe > 10 wt.% [45]. The
transpassive film formed at pH =5 sulfate on Ni was found to have signature of y phase of
NiOOH with a layered, rhombohedral structure[46]; it is expected that Ni(Fe)OOH could also
have a similar structure, but further studies are necessary to ascertain crystallinity as well as the

structure.

The Fe-doped NiOOH film is a known OER catalyst in the electrocatalysis literature[47],
explaining the significant OER current in Alloy 800 due to strong likelihood of Fe incorporation
in the NiOOH. However, one could argue that even the undoped NiOOH, such as the one formed
on pure Ni, should catalyze OER to a considerable extent. It is more pertinent since the catalytic
nature of NIOOH secondary passive film on pure Ni has been shown in our recent series of
papers [18, 37, 38]. However, such an argument is not tenable for Cr-passivated low Fe alloy like
the Alloy 600. In Alloy 600, Ni being a relatively noble element in the alloy cannot compete
with Cr(IIT)/Cr(VI) oxidation to form the NiOOH film at least until Cr is considerably depleted
in the surface by selective leaching. The Fe content of Alloy 600 further makes the formation of
Ni,Fe-based secondary passive film difficult, the 8.43 wt.%Fe in Alloy 600 is less than the 10
wt.% threshold required for secondary passivity as shown by Zhang et al.[45], and consequently,
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Fe cannot curb Cr(III)/Cr(VI) oxidation to allow Ni the possibility to form NiOOH film in the
first place.

There is an intrinsic difficulty to use ex sifu techniques to characterize the secondary passive film
composed of NiOOH, in absence of an applied external potential control, due to the transient
nature of Ni (IIT) when potential control is removed. In our recent study on pure Ni in the same
electrolyte[37] we showed that the NiOOH transpassive film lost its stability immediately upon
releasing the potential control (i.e. the film reduces back to Ni (II) upon returning to OCP), based
on operando Raman measurements. Furthermore, there are several studies to be found in the
literature that rule out characterization of Ni(Ill)-based secondary passive film using ex situ

surface analytical techniques such as XPS or UV photoelectron spectroscopy [48, 49].

Nevertheless, ex situ XPS is useful to show that Fe was incorporated into the transpassive film
only in the case of high-Fe (~41 wt.%) containing Alloy 800 and was absent in low-Fe
containing (~8 wt.%) Alloy 600. Therefore, the next subsection presents the evidence from ex

situ XPS to bolster the claims of Fe affecting the transpassive film nature.

3.2 Ex-situ XPS analysis

Ex-situ XPS performed post-transpassive polarization on the two commercial alloys (Alloy 600
and Alloy 800), clearly demonstrates that Fe was oxidized and incorporated into the transpassive
film of Alloy 800, while Fe was absent in the film as well as at the film/alloy interface in Alloy
600. In Alloy 800, Fe 2p spectrum (Figure 3a) shows a clear metallic Fe peak as well as oxidized
Fe peak corresponding to the 2p3/2 level binding energy (BE). The Feoxidized 2p3/2 peak in Figure
3a is likely a combination of Fe(Il) and Fe(IIl) species, with predominant Fe(III). The 2pi. level
BE window is noisy due to poor signal-to-noise ratio, and no further inference is drawn to avoid
overinterpretation. Moreover, 2p1,2 level peaks are weaker than 2p32 with their expected integrated
intensity (area) in the ratio of 1:2[50-52]. Therefore, the noisy spectrum in 2p2 level BE window
does not invalidate the claim that Fe is oxidized and incorporated into the film. Ni 2p3/> spectrum
on the same alloy shows a strong metallic Ni peak with a minor Ni(II) species peak, shake-up
satellites are not discernible, consistent with limited Ni oxidation. Cr 2p spectrum from Alloy 800
shows peaks of metallic Cr and Cr(III) species in both 2pi1» and 2p32 level BE windows. The 1:2

integrated intensity ratio between 2p12 and 2ps32 is evident in the Cr 2p spectrum.



This work is licensed under CC BY-NC-ND 4.0. To view a copy of this license, visit https://creativecommons.org/licenses/by-nc-nd/4.0/

On the other hand, in Alloy 600, Fe is neither present in the oxidized film nor present significantly
at the alloy/film interface as seen in Figure 3b. In the region where Fe 2p peak is expected, we
observe only a shifting background (see y-axis range) with a broad hump around 708-710 eV,
likely corresponding to Ni L3M23Mas Auger signal present in this range. When Fe is significantly
present and oxidized, the Ni L3sM23Mas Auger line is buried inside the Fe 2p spectrum and shows
up clearly only in absence of Fe. The Ni 2ps/2 spectrum in Alloy 600 shows a stronger Ni (II) peak
with a smaller metallic Ni peak, the shake-up satellite also becomes discernible, consistent with
increased Ni oxidation in this alloy. Cr 2p spectrum does not show any significant difference from
that of Alloy 800. A summary of peak positions used in the above interpretation as well as the

corresponding references are listed in Table 2.

The ex-situ XPS analysis is presented solely to clarify that Fe is incorporated into the transpassive
film in Alloy 800, while it is not in Alloy 600. The exact nature of the transpassive film cannot be
determined using ex-situ XPS, as Ni(IIl) in the Ni(Fe)OOH is a transient species in the acidic
environment and it reduces back to Ni(Il) in the absence of external potential control, as discussed
earlier, consistent with the observation of only the Ni(II) species in the XPS spectra presented

above.

3.3 Transpassive IGC and the role of grain structure

Beyond general material loss, it is important to investigate the attack morphology, as localized
corrosion is more detrimental to structural integrity. Figure 4 presents a comparison between the
attack morphology of both alloys after the corrosion test. Alloy 600 suffered severe intergranular
attack and extensive grain fall-out (Figure 4 b,d) while the Alloy 800 also suffered from IGC in
the form of ditching, with sparing grain-fallout. Figure 5a shows 3D confocal laser images and
5b shows the depth of attack probability density plot showing the probability density for both the
alloys. It is clear that there is a significant difference between the depth of attack for both alloys.
In low-Fe containing Alloy 600, the average and maximum depths of GB attack were 21.2 + 4.9
pum, and 34.7 um, respectively. On the other hand, for Alloy 800, the average and maximum
depths of GB attack were 7.92 + 3.64 um, and 19.8 um. Therefore, Alloy 800 not only

outperformed Alloy 600 in terms of general corrosion resistance but also in localized corrosion.
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The improved resistance to transpassive IGC in Alloy 800 as compared to Alloy 600 cannot be
purely explained based on alloy chemistry and requires microstructural considerations. We
hypothesize that it is related to the GB character distribution as it occurs in absence of Cr
depletion. One may contest that there is a distinct possibility of carbide precipitation, and Cr-
depletion even in the unsensitized condition. However, in the present case this cannot be the
reason for the different susceptibility to IGC, as Cr-depletion (if present) at the GB is incapable
of triggering IGC in the transpassive regime. Because the classical form of IGC occurs in the
passive conditions, where the alloys derive their passivity from an adequate presence of Cr
(Cr203-enriched passive film), and Cr-depletion at the GBs make them susceptible to IGC.
However, Cr is no longer the protective passivating element in the transpassive regime but rather
a detrimental agent promoting accelerated dissolution [4, 17], as shown and discussed earlier. As
Cr promotes the dissolution in the transpassive regime, its depletion at the GBs could have
slowed down dissolution at GBs, contradicting the observation of IGC. Consequently, possible
Cr depletion cannot explain the attack seen in Figure 4.

Before proceeding to analyze the relationship between special boundaries and the transpassive
IGC, it is essential to establish that there is no statistically meaningful difference in the grain
sizes of the alloys that may also impact IGC. Figure 6 shows the EBSD IPF-maps for Alloy 600
(Figure 6a), Alloy 800 (Figure 6b), and the probability density vs. grain diameter for both alloys
(Figure 6¢). It is clearly seen that there is not a considerable difference between the grain sizes,
in the context of their impact on corrosion resistance, as it usually require grain sizes to differ by
order(s) of magnitude [53]. When we compare the average grain size, it only differed by ~5 pm
(27 pm in Alloy 800 vs. 32 um in Alloy 600), which further shows that the grain size of both
alloys was practically the same.

Figure 7a,b shows the special coincidence-site lattice (CSL) boundaries (X < 29) marked over the
band-contrast map on Alloy 600 and Alloy 800, respectively. It is evident that Alloy 800 has the
higher number density of special boundaries in comparison to Alloy 600. Moreover, as noted
earlier, it has been reported that it is not just the number density of special CSL boundaries, but
special GB triple junctions, with at least 2 intersecting CSL boundaries (referred to as J2
junctions) that influences the IGC [31-34]. J2 junctions prevent the percolation of IGC, since an
attack front cannot advance at a triple junction, with two resistant boundaries. Therefore, Figure

7¢,d shows J2 triple junctions overlaid over the IPF map for Alloy 600 and Alloy 800,
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respectively. It is again clear that the number density of J2 in Alloy 800 is higher than Alloy 600.
It should be noted that for the triple junction analysis, we used only the X3 boundaries. However,
as shown by several studies, the trends in £3 boundaries hold for all low-~ CSL boundaries[54,
55].

While Figures 7a-d showed qualitatively higher number density of CSL boundaries and J2
junctions, since the maps were taken over different areas, it is necessary to compare their relative
fractions. The CSL boundaries were normalized to the total length of GB segments, while J2 was
normalized to total number of junctions. The data is summarized in Figure 7e, the error bars
represent the uncertainty in CSL classification from different angular tolerance criteria [30, 40,
41](as described in section 2.7). The histograms are consistent with the visual interpretation from

Figure 5a-d, that Alloy 800 possessed structural features that make them resistant to IGC.

From the above discussion, the ability of the Alloy 800 to resist grain-fallout (Figure 4e,f) shows
an evident correlation with the higher content of low-~ CSL boundaries and resistant GB triple
junctions than in the Alloy 600. Since both alloys were fully annealed, the origin of variation of
special boundary fraction must be analyzed in the context of differences in alloy chemistries
between the two alloys. It is an established fact that lower stacking fault energies (SFE) promote
higher £3 boundary fraction, which is the most prevalent CSL GB for the alloys under
consideration. Considering the role of different alloying elements, Fe additions lower the SFE of
ternary Ni-Cr-Fe alloys [56, 57]. From the data reported by Arora and Aidhy, at a fixed Cr
content = 20 at.%, an increase of Fe from 10 at.% to 40 at.% lowers the SFE from ~80 mJ/m? to
~30 mJ/m? [56]. We can apply this to Alloy 800 (with ~40% Fe), where the higher 3 content
can be explained by a lowered SFE. However, since the exact thermomechanical histories of
Alloy 600 and Alloy 800 are not known beyond annealing, Fe addition driving increased special
CSL boundaries and J2 junctions in commercial alloys must be treated as a hypothesis with
correlation, not as causation. Because thermal history prior to annealing is known to significantly
alter special boundary formation[58]. Future work changing Fe content with tight control of
thermomechanical history would bring further clarity. Moreover, the Cr content differs slightly
between in Alloy 800 and Alloy 600, which could influence the SFE. However, we cannot
attribute the increased fraction of 3 in Alloy 800 to Cr as the effect of Cr is influenced heavily
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by its local coordination in the alloy lattice and can even lead to increased SFE under certain

conditions, as discussed elsewhere [57].

3.4 Decoupling Fe alloying effect from microstructure effect

As Fe alloying and special GB effects are not decoupled, model Ni-15Cr-10 Fe alloy
recrystallized at two temperatures (850° C for 1 h, and 1100° C for 30 min) were tested under
same electrochemical conditions. The electrochemical-respirometric plot in Figure 8a,b reveals
that the overall dissolution kinetics as well as OER kinetics was insensitive to recrystallization
temperature and the resultant microstructure. Unlike Alloy 600, the model alloy with 10Fe
showed considerable OER, this can be rationalized through the Fe content of the model alloy
meeting the secondary passivity threshold of 10 wt.% [45]. This clearly shows that OER-
dissolution interplay is largely governed by Fe content exceeding a threshold for secondary
passive film formation and curbing of Cr(III)/Cr(VI) oxidation, irrespective of grain size, grain
structure, or their interconnectivity.

The attack morphology in Figure 8c,d shows that the alloy recrystallized at 850° C underwent
limited IGC than the alloy recrystallized alloy at 1100° C (deeper IGC). Figure 8¢ summarizes
the statistics of special GBs and J2 junctions (corresponding EBSD-IPF map and CSL overlay
can be found in Figure S1 in supplementary materials), the IGC resistance do not correlate
positively with the special GB fraction, but it clearly increases with increasing J2 fraction.
Therefore, transpassive IGC resistance improves with increasing special GB interconnectivity
than the mere increase in special GB fraction.

3.5 Other confounding factors affecting differences in IGC susceptibility

However, one must be aware of other confounding factors while interpreting the results. The
impurity contents (e.g. P, S, B) are considerably higher in the commercial alloys than in the
model alloy (Table 1), whose segregation could exacerbate IGC. The impurity effect is evident
by comparing Figure 4 and Figure 8c,d that the severity of IGC is invariably higher in the

commercial alloys than the model alloy.

It is noteworthy that previous studies reporting the beneficial influence of special CSL
boundaries on classical IGC attributed either to its ability to resist carbide precipitation [34],

and/or increased capability to heal Cr depletion [59]. However, potentially new perspective from
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this work is that even without the possible effects of special GBs on precipitation or
microchemistry, these may be intrinsically more resistant to attack than a random GB. It must be
emphasized that the interconnectivity of special GBs is important to resist transpassive IGC.
Therefore, during alloy development, we must not only attempt to increase the special GB
fraction but ensure that their interconnectivity is enhanced, to avoid situations such as in the

model alloy.

Limitations

The main intention of the paper is to investigate alloy chemistry and microstructural effects on
transpassive corrosion mechanisms in Alloy 600 and Alloy 800; therefore, electrolyte
composition was fixed at 0.1M K>SO4. However, it is likely that anions in the electrolyte could
have an effect on the OER-dissolution interplay. Therefore, future studies could explore the role

of electrolyte composition on this behavior, at a fixed alloy composition

Conclusions

In this study, we investigated transpassive corrosion of non-sensitized Ni-Cr-Fe alloys probing
metallurgical factors governing the interplay between oxygen evolution reaction (OER) on the
surface and transpassive dissolution of the alloy itself as well as the localized intergranular
corrosion (IGC). The study utilized two commercial alloys, namely Alloy 600 and Alloy 800
along with an arc melted model Ni-15Cr-10Fe alloy in fully annealed condition to accomplish its
intended goals. The study used a combination of electrochemical polarization coupled with in
situ respirometry and ex situ XPS analysis to probe the OER-transpassive dissolution interplay,
while it used advanced grain structure characterization using EBSD together with post-mortem
corrosion morphology characterization and 3D laser scanning microscopy to study the IGC
behavior. Following main conclusions can be drawn from the results:

e The interplay of OER and transpassive dissolution is governed predominantly by the Fe
content, especially the Fe content exceeding a seeming critical threshold of 10 wt.% and
seems to be insensitive changes in grain structure. OER seems to contribute to almost
50% of anodic charge when Fe content exceeds the threshold as seen in Alloy 800 and the

model alloy.
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e The transpassive IGC seems to be influenced by both Fe content as well as grain
boundary character distribution and interconnectivity of the special CSL GBs, but the
predominantly latter because it was shown that it is possible to mitigate transpassive IGC
in a low Fe containing model alloy by tuning special GBs and triple junctions via
thermomechanical treatment. Even in the case of commercial alloys, Fe content effect on
transpassive IGC was likely through its influence on special GBs through lowering of

SFE.
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Figure 1 — (a) The specimen used for potentiodynamic-respirometry experiment along with blue
laquear coating and the spot welded 304L stainless steel wire, (b) Schematic drawing of the
potentiodynamic respirometry setup (reproduced with permission from Elsevier based on Ref.

18)
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Figure 2 — Charge density vs. time plot during potentiodynamic-respirometry measurements in
0.1 M K,SO4 (pH = 5) for (a) Alloy 600 and (b) Alloy 800. Qanodic'®®' represents the total anodic
charge measured by the potentiostat, Qogr is the charge associated with the water oxidation
reaction, measured through in situ respirometry, Quissolution 1S the inferred total alloy dissolution

charge obtained by subtracting Qorr from Qanodic®®.
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Figure 3: XPS Fe 2 p, Ni 2p352, and Cr 2p core level spectra for a) Alloy 800 and b) Alloy 600 in
after polarization test 0.1M K2SOa.
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Figure 4 — (a)-(d) Post-mortem optical microscope attack morphology in Alloy 600 — (a) low-
magnification top-view, (b) high-magnification top-view indicating grain fallout (yellow arrow),
(c) cross-section (unetched) showing the attack front and more evidence of fall-out, (d) cross-
section (etched with ASTM etchant No. 25) showing the IGC front — Ni plated layer visible over
the front. (e)-(h) Post-mortem optical microscope attack morphology in Alloy 800 - (e) low-
magnification top-view, (f) high-magnification top-view showing ditching of GBs (c) cross-
section (unetched) showing the attack front and a single event of fallout, (d) cross-section

(etched with ASTM etchant No. 25) showing the IGC front
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Figure 5: a) Laser and optical images for alloy 600 and alloy 800 b) Depth of attack probability
density plot showing the probability density based on gamma kernel density estimate (GKDE),
the choice to use GKDE instead of normal KDE was to correct the boundary bias that led to

unphysical negative depth of attack values in the distribution
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Figure 6 — EBSD-IPF maps for (a) Alloy 600, and (b) Alloy 800. (c) Grain diameter probability
density plot showing the probability density based on gamma kernel density estimate (GKDE)
[60], the choice to use GKDE instead of normal KDE was to correct the boundary bias that led to

unphysical negative grain diameter values in the distribution.
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Figure 7 — CSL boundaries overlaid on EBSD band contrast map for (a) Alloy 600, and (b)
Alloy 800. J2 triple junctions marked over EBSD-IPF maps for (c) Alloy 600, and (d) Alloy 800.
(e) Statistical summary of £3, 3" £<29 CSL boundaries and J2 triple junctions in both the
alloys.
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Figure 8 — Charge density vs. time plot during potentiodynamic-respirometry measurements in

0.1 M K»S04 (pH = 5) for model Ni-15Cr-10Fe alloy (a) recrystallized at 850° C for 1 h and (b)

recrystallized at 1100° C for 30 min — symbols used as is in Figure 1, (c) corroded surface
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showing shallow IGC morphology in 850° C recrystallized model alloy, (d) corroded surface
showing deeper IGC morphology in recrystallized 1100° C model alloy, (e) Statistical summary
of X3, 23", ¥<29 CSL boundaries and J2 triple junctions in model alloys, (f) Grain diameter
probability density plot showing the probability density based on gamma kernel density estimate
(GKDE) [60].

Table and Table captions
Table 1 — Spark OES measured composition of alloys tested in this study (in wt.%)

Alloy Cr Fe Co Mn Nb W Mo Al Ti Si P C S N Cu B Ni

600 1643 853 0.098 0.32 0.085 0.03 0.1 0.18 0.16 027 0.013 0.071 0.007 0.034 0.023 0.0004 Bal.

800 1993 4429 0.11 074 021 024 029 04 04 0.12 0.017 0.086 0.007 0.054 028 0.002 Bal

Model 15.82 10.08 0.024 - 0.044 0.025 0.061 - 0.008 - 0.006 0.017 0.008 - - - Bal.
alloy

Table 2 — XPS spectra peaks and corresponding references

Core level Chemical state BE (£0.1eV) References
Fe 2p3; Fel 706.6 [61]
Fe* 708.3 [62]
Fe 710.3 [62]
Cr 2ps Cr? 573.9 [62]
Cr 576.3 [61]
Cr 2p12 Cr? 583.2 [61]
Cr 585.8 [61]
Ni 2ps3»2 Ni? 852.5 [62]
Niz* 855 [52]
Satellite 861.6 [50]
Ni LsM23Mas 1486.6 eV (Al Kat)-779eV = 708 eV [63]

(hv-KE=apparent binding energy)

*KE = Kinetic Energy of Auger signal, hv = the monochromatic incident X-ray energy
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