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While it is well known that 12—13 at.% chromium is required for stainless-like passivation behavior of binary Fe-Cr alloys, there
remain outstanding questions regarding the compositional dependence of this behavior. In order to explore these issues, we examined
the passivation behavior of short-range ordered (SRO) Fe-Cr alloys and compared this to that of their random solid solution
counterpart. Our results reveal that for alloys containing between 12—-18 at.% Cr, passivation in the SRO alloys is delayed and we
attribute this to ordering effects on percolation behavior. Finally, we discuss some major outstanding questions regarding passivation
in the Fe-Cr system and suggest that first-principles based calculations could make important contributions to our understanding of

passivation in this system.
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Austenitic stainless steels and binary Fe-Cr and Ni-Cr alloys are
well known for their excellent corrosion behavior owing to the exis-
tence of a thin, ~2 nm passive film, that has the ability to self-heal.
That is, if a scratch breaches the film or if it is otherwise compromised,
it reforms in aqueous environments. This self-healing behavior serves
as a model for the development of modern corrosion protection coat-
ing schemes for other families of alloy systems including aluminum
and magnesium.

A face centered cubic (fcc) austenitic stainless steel, such as 304
or 316 contains approximately 18 at.% Cr and 10 at.% Ni. How-
ever, one of the best-known facts in corrosion science is that only
about 13 at.% (12 wt%) Cr is sufficient to prevent rusting in moist
atmospheres or mildly acidic media."> The composition and structure
of the passive film that forms in aqueous media on stainless steels
has been extensively studied both in situ and ex situ over the past
50 years using the entire array of surface science spectroscopy tech-
niques, electrochemical techniques, scanning probe and transmission
electron microscopy.® Additionally, the breakdown of the passive film
in aqueous media containing halides has also been extensively studied
and modeled.’ Nevertheless, we currently know very little about the
initial stages of passivation, and also the latter stage processes during
which the film adopts a crystalline structure.

In order to more clearly elucidate the issues associated with pas-
sivity in stainless steels we consider the behavior of the binary Fe-Cr
system, which has been extensively studied. Figure 1 shows typical
linear sweep voltammetry (LSV) behavior for Fe-Cr alloys in 0.5 M
H,S0,.* Elemental Fe passivates at ~+550 mV (SHE) whereas el-
emental Cr passivates at ~—300 mV (SHE). These data are typical
of those obtained in similar electrolytes by other investigators.>> If
one examines the passivation potential and the critical current density
for passivation versus the Cr concentration a rather sharp decrease in
these parameters occurs in the range of 10—14 at% Cr. Below this
range in Cr concentration the alloy behavior is said to be “Fe-like”
and above this range the behavior is “Cr like”. The classical 13 at.%
Cr threshold appears as a so-called reactivation potential, E,*. That is,
following the development of the passive film at high potentials, if one
reverses the potential scan; dissolution is reactivated at a composition-
dependent E, owing to the reductive dissolution of Fe III oxide that
forms at potentials more positive than E;.

Although elemental Cr is more electrochemically active (less-
noble equilibrium potential), owing to its ability to passivate at low
potentials compared to Fe, it behaves as the more-noble component
(i.e., it is kinetically stabilized) in the alloy while Fe is selectively
dissolved.5® Selective dissolution of Fe allows for the Cr surface con-
centration to increase eventually resulting in the evolution of a primary
protective film. Since all the Cr concentrations in Figure 1 are below
the three-dimensional (3D) Cr site percolation threshold, the immedi-
ate question that arises is what prevents existing Cr-oxide/hydroxide
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4In older literature, such as in the work of Uhlig"2 and Frankenthal,'*"'2 E, is sometimes
referred to as the activation potential, E,.

surface clusters and those that form during selective dissolution from
being undercut?’ If undercutting did not occur, we would expect that
even for alloys dilute in Cr, Fe dissolution would result in the even-
tual evolution of a primary protective film. For example, consider the
behavior of a Fe,Cry_; alloy in acid during the passivation process. As-
suming selective dissolution of Fe occurs, the surface concentration of
the Fe as a function of the number of equivalent monolayers dissolved,
N, is simply given by p" where p corresponds to the initial atom frac-
tion of Fe in the alloy.'” For a 5 at.% Cr alloy only 3 monolayers of
dissolution would result in a surface concentration of Cr of ~14 at.%
for which one might expect to observe Cr-like passivation behavior.
‘We know of course that a Feg 95Crg o5 alloy never displays this behavior
and this taken together with Frankenthal’s identification of the primary
passivation process'!~!* was behind the conjecture developed by Sier-
adzki and Newman for the concentration dependence of passivation of
Fe-Cr alloys.'*'® At that time, they proposed that long-range perco-
lation, i.e., involving 2" and 3 nearest neighbors (nn) could account
for the concentration dependent passivation behavior. The neighbor
distances in the bee Fe-Cr lattice (13 nn = a+/3/2; 2" nn = a; 34
nn = aﬁ, where a the lattice parameter = 2.87 A) taken together
with the hard sphere ionic radii for Cr’* (0.69 A) and 0>~ (1.40 A) set
the appropriate long-range percolation length scale insuring the con-
tinuity of an incipient 3-dimensional Cr-O-Cr polymer-like network
that was envisioned to represent the primary passivation structure and
prevent undercutting. Based on the hard sphere ionic radii, the max-
imum Cr atom separation distance in a Cr-O-Cr mer-unit is 4.18 A
and this closely coincides with the 3™ nn distance of 4.06 A. The
percolation threshold for the bec lattice including up to 2" nn and 3™
nn, is 17.5% and 9.5% respectively.!” Similar arguments were made
for the fce Ni-Cr system, for which they predicted that 13.6 at.% Cr
was required for Cr-like passivation.
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Figure 1. LSV behavior of Fe-Cr alloys. LSV behavior for elemental Cr
(gray), elemental Fe (red), Fe-14 at.%Cr (green), Fe-10 at.%Cr (black), Fe-6
at%Cr (blue). Data adapted from Ref. 4. Indicated for the Fe-10 at.%Cr is the
passivation potential, E,, the “critical” current density for passivation, i
and the approximate location of the reactivation potential, E,.
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Figure 2. (a) Linear sweep voltammetry results of RSS Fe-Cr alloys with Cr concentration of 7.0 at.%, 9.1 at.%, 11.6 at.%, 14.4 at.% and 17.4 at.% (scan rate
10 mV/s). (b) Linear sweep voltammetry result on the RSS Fe-Cr 17.4% alloy defining four stages of the passivation process referred to in the text. 1. Active

dissolution, 2. Primary passivation, 3. Passivation, 4. Trans-passive behavior.

In the compositional range of interest ~ 5-20 at.% Cer, the conven-
tional phase diagram for the binary Fe-Cr system is not well defined
at temperatures below ~800°C. Extrapolation of thermodynamic data
predicts no solid-solubility of Cr in Fe at ambient temperature. Impor-
tantly, a growing number of first principles-based calculations show
an inversion in the sign of enthalpy of mixing, Hpx, at ~ 7-11 at%
Cr.'3-2* Below this concentration, a single bce phase is stable, Hypy
is negative and the system has a tendency toward ordering. Above
this composition, Hy, is positive (in the range of 0.01-0.02 eV/atom)
and the system tends toward clustering of Cr-rich and Fe-rich, o +
o’ bee phases. This inversion of Hy, is discussed in terms of mag-
netic frustration.?® Elemental Fe is ferromagnetic (FM) and elemental
Cr is antiferromagnetic (AFM). If a Cr atom (in a dilute Cr alloy)
is placed in a Fe lattice the magnetic moment of Cr will be AFM
aligned with respect to the Fe atom moments. As the Cr concentra-
tion in the alloy increases, random mixing statistics will result in the
formation of Cr dimers, trimers, etc., within the Fe lattice. Several
scenarios for the alignment of the Cr atom’s magnetic moments are
possible. If 2 nn Cr atoms align AFM with respect to each other,
one of these moments will be FM aligned with respect to the sur-
rounding Fe atoms. This high-energy configuration and other possible
high energy configurations effectively enforce Cr-Cr atom repulsion at
low concentrations and attraction at high concentrations (where Hy,ix
changes sign). These first-principles based calculations predicting the
inversion in Hy,;x have experimental verification from both neutron
scattering® and Mossbauer spectroscopy studies.”*>® The neutron
scattering experiments examined the Cowley-Warren short-range or-
der (SRO) parameter as a function of Cr composition in polycrystalline
Fe,Cry, alloys for 0 < 1-p < 0.15. Samples were homogenized at
800°C and then heated in an evacuated quartz tube at 520°C to reach
an equilibrium SRO state. Subsequently, the temperature was reduced
to 430°C and maintained at this temperature for extended periods of
time prior to a water quench. These results show an inversion in the
SRO parameter occurs at 11.1 at.% Cr. The Mossbauer study exam-
ined Fe,Cry, alloys for 0 < 1-p < 0.20. Samples were heat treated
in a manner similar to that described in the neutron scattering study.
These results showed an inversion in the SRO parameter for the first
and second neighbor shells occurring at ~13 at.% Cr.

If the spatial separation between Cr atoms on a surface is an im-
portant aspect of the passivation process as conjectured by Sieradzki
and Newman, SRO should alter the LSV behavior of properly heat-
treated Fe-Cr alloys. Compared to that in a random solid-solution

alloy, short-range order will reduce the average number of Cr atoms
in the 1% nn shell of a “central” Cr atom. For example, consider the
behavior of an alloy containing exactly 12.5 at.% Cr. For a random
alloy this means on average that 1/8 of the nearest neighbors will be
Cr, but for the short-ranged ordered alloy the average Cr population
in the 1% shell will be reduced from this value. Consequently, the
3D site percolation threshold must increase to values larger than that
of the random alloy and passivation of short-ranged ordered alloys
should be delayed when compared to the behavior of a random alloy
at the same composition. In order to test this, we performed LSV of
Fe-Cr alloys (9.1 at% Cr, 11.6 at% Cr, 14.4 at% Cr and 17.4 at% Cr)
that were subjected to heat treatments in order to obtain random and
short-range ordered alloys.

Experimental

Master high-purity Fe-Cr alloys (99.85% Fe, 99.99% Cr, Goodfel-
low) were prepared by vacuum induction melting. The composition
and homogeneity of all alloys was verified by energy dispersive spec-
troscopy (EDS). For electrochemical tests, electrodes were made into
5 mm diameter disks using electrical discharge machining. Prior to
heat treatments, all samples were abraded to an 800-grit finish, and
subsequently sealed in quartz tubes in an atmosphere of Ar for heat-
treatment.

All heat treatments started with a homogenization step at 1100°C
for 24 hours after which the temperature was lowered and maintained
to 800°C for 24 hrs. A series of these samples (here termed random
solid solution, “RSS”) were water quenched from 800°C. In order to
obtain short-ranged ordered, “SRO” samples, following the 800°C,
24 hour treatment, the temperature was lowered to 520°C for 24
hours (FeCr 17.4) or 430°C (FeCr 9.1, FeCr 11.6, FeCr 14.4) for 96
hours, following the protocols used in the neutron diffraction® and
Mossbauer studies.?*>® These samples were not abraded or polished
prior to electrochemical testing following these heat treatments since
such a procedure would destroy the SRO in the surface of the samples.

Linear sweep voltammetry (LSV) experiments were conducted in
0.1 M H,SO; at scan rates of 10 mV/s and 1 mV/s using a Gamry
series-G potentiostat. Platinum mesh was used as the counter electrode
and a mercury-mercurous sulfate electrode (MSE) was used as the
reference. All voltages in the manuscript are given with respect to
the standard hydrogen electrode (SHE), where the conversion 0.00 V
MSE = 0.64 V SHE was used. The electrolyte was de-aerated for
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30 minutes using ultra high purity (UHP) nitrogen right before LSV
runs. A two-step reduction protocol (—1.5 V vs MSE for 120 s and
—1.2 V vs MSE for 30 s) was used to reduce the air-formed oxide on
Fe-Cr surfaces. Hydrogen bubbles generated during oxide reduction
were blown off from the surface by UHP nitrogen just prior to initiating
LSV. During an experiment, nitrogen flow was maintained above the
solution.

Results

Figure 2 shows LSV results for Fe-Cr alloys with random Cr
distributions (RSS). As shown in Fig. 2a, among the five tested Fe-Cr
alloys with random Cr atom distribution (7.0 at.%, 9.1 at.%, 11.6 at.%,
14.4 at.%, 17.4 at.%), the Fe-Cr 7.0 passivation behavior is distinct
from the other four alloys. This alloy displays a broader dissolution
plateau spanning 600 mV, which we believe occurs until most of the
Fe in the alloy surface starts to passivate at ~500 mV vs SHE. This
type of behavior is similar to that of pure Fe, hence is categorized
as “Fe-like”. The Fe-Cr alloys with 9.1 at.%, 11.6 at.%, 14.4 at.%
and 17.4 at.% Cr all exhibited “Cr-like” passivation behavior, where
the dissolution peak is relatively sharp and occurs at a much lower
potentials (below 0 V vs SHE). A general trend is that as the Cr
concentration increases, both the passivation potential and the critical
current density for Cr passivation decrease. The anodic polarization
behavior of the RSS Fe-Cr alloys is in excellent agreement with many
published reports.>*>

Four stages could be roughly identified in a typical “Cr-like” polar-
ization curve, as shown in Figure 2b. The four stages represent active
dissolution, primary passivation, passivation and trans-passive behav-
ior, respectively. In the active dissolution stage Cr and Fe atoms are
dissolved at different rates.”®" As the potential is increased, the alloy
enters into the primary passivation regime, where continued selec-
tive dissolution of Fe occurs. The Cr surface concentration increases
and Cr-O-Cr networks are forming. Owing to the length of the Cr-O
bond, these networks can form among Cr surface atoms within 3™
near-neighbor distances.

Since Fe atoms separate Cr atoms at 2" and 3 neighbor distances,
it seems likely that these Fe atoms are incorporated into the incipi-
ent passive film and are prevented from dissolving. This behavior is
reflected in the abrupt current decay, and we refer this as primary pas-
sivation. At slightly higher potentials (composition-dependent), once
percolating Cr-O-Cr networks exist, a significant fraction of the as
yet non-passivated surface Fe is incorporated into an amorphous film
forming a complicated network consisting of Fe-Cr oxide/hydroxide.
Correspondingly, the dissolution current density continues to decrease
and enters the passive regime. It should be noted that this “secondary”
passivation behavior led by Fe participation is more clearly seen in
Fe-Cr alloys in the range of ~ 10-12 at.% Cr with the presence of a
second dissolution wave (local maximum). In the present study, we fo-
cus on the primary passivation regime (region 2 of Fig. 2b), where Cr
atomic ordering could affect the initial formation of Cr-O-Cr networks
and subsequent Fe passivation behavior.

Figure 3 shows results of LSV experiments on the SRO and RSS
alloys carried out at a scan rate of 1 mV/s (See Experimental Methods).
Four sets of alloys (Fe-Cr 9.0, Fe-Cr 11.6, Fe-Cr 14.4 and Fe-Cr 17.4)
were used to investigate the effect of SRO on the passivation behavior.
We note that these results are representative of several experimental
trials for both the RSS and SRO alloys for the compositions indicated.
We first focus on the initial Cr-O-Cr network formation, “Cr passiva-
tion”, defined by the first wave in Figs. 3b—3e. The largest difference
between the RSS and SRO alloys is seen in the 11.6 at% Cr alloy
(Fig. 3c). The passivation potential increased by more than 50 mV,
and the corresponding critical current density for passivation in the
SRO alloy is twice as large as the RSS alloy. Also, the Cr passivation
in the RSS alloy results in a reduction of current density by one order
of magnitude, whereas that of the SRO alloy decreased by less than
50%. These results indicate more rapid and efficient Cr passivation
process in the RSS alloy compared to the behavior of the SRO alloy
for the same Cr concentration. We believe that this difference in pas-

sivation behavior of the Fe-Cr at.% 11.6 alloy can be understood by
considering the likely effect of SRO on percolation. Since, on aver-
age, SRO tends to increase the average separation between Cr nearest
neighbor atoms in the alloy, we can expect that this would result in an
increase in the percolation threshold and delayed passivation behav-
ior. At lower Cr concentrations, e.g., 9.1 at.%, the average separation
between Cr atoms is too low to allow for efficient network formation
and correspondingly there is little difference in the first waves in Fig.
3b. Nevertheless, we observe a slightly deeper minimum for the RSS
alloy following the first wave indicating more efficient formation of
Cr-O-Cr networks that incorporate Fe. This is also observed in the
behavior of the second wave that displays higher current densities for
the SRO alloy. In the Fe-Cr 14.4 and Fe-Cr 17.4 at.% alloys, the Cr
concentrations are 3—-6 percent above the RSS percolation threshold,
so it seems likely that percolation over 2" and/or 3" nearest neigh-
bor Cr atoms also occurs for the SRO alloys at these compositions.
Interestingly, the SRO 14.4 at.% Cr alloy shows a second wave while
its RSS counterpart does not. This second wave must be related to Fe
dissolution indicating some subtle differences in the way that Fe is in-
corporated into the primary passive film. Somewhat similar behavior
is seen in the comparison of the 17.4 at.% alloy as the passive current
density of the SRO alloy is larger than that in the RSS alloy.

Discussion

A key aspect of the current study was the previous neutron
diffraction® and Mossbauer work?®-2® that provided us with proto-
cols for obtaining short-range ordered alloys. At 800°C, Fe and Cr
atoms are well mixed, hence quenching from this state yields ran-
dom solid solution alloys.*'*> Annealing at intermediate temperature
allows for the redistribution of Cr atoms, and over a certain composi-
tion range the establishment of SRO in the alloy. We note that while
the conventional Fe-Cr phase diagram shows that phase separation
is thermodynamically favored at 400-500°C for Cr contents greater
than ~7-8 at.% Cr, this transformation is extremely sluggish.3'-?
Phase separation was experimentally observed in Fe-Cr containing Cr
contents in the range of 20-35 at% (deep within the spinodal region
of the phase diagram) upon thermal aging,’!3? but the kinetics were
quite slow. As a reference, in a 20 at.% Cr alloy annealed at 475°C for
50 hours, only 2% of the volume was transformed.’! Hence, it seems
safe to assume that for the alloy compositions and the annealing tem-
peratures/times we used, phase separation was negligible.

It is important to point out that the different passivation behaviors
we identified for the RSS and SRO alloys does not derive from a sur-
face segregation process resulting from the heat treatments used. We
note that some literature incorrectly attributes the passivation behavior
of Fe-Cr alloys to a surface segregation process.>* Clearly, this notion
is inconsistent with the self-healing behavior of binary Fe-Cr alloys
and stainless steels. Additionally, at scan rates of 1 mV/s, the peak
current density in the active dissolution regime is of order 1 mA/cm?
corresponding to the removal of ~ 2-3 equivalent monolayers mono-
layer per second. In the case of the 11.6 at.% Cr alloy this corresponds
to the removal of several hundred monolayers of alloy prior to the
occurrence of the peak in the first dissolution wave.

We attribute the occurrence of the 2" wave primarily to passivation
of Fe atoms that are not located within Cr-O-Cr networks. While the
mechanism of pure Fe passivation in sulfuric acid is still somewhat an
open issue, it seems likely that it is a result of a salt film precipitation
process and subsequent pH increases at the metal/salt film interface.
The increase in pH allows for oxide formation, which can result in
the eventual chemical dissolution of the salt film. Once the salt film
dissolves, the oxide now exposed to the low pH electrolyte chemically
dissolves and the Fe surface is once again activated to electrochemical
dissolution. This scenario results in oscillatory behavior in the electro-
chemical current (or voltage under chronopotentiometry conditions).
There are many observations of such oscillatory behavior for Fe in
sulfuric acid.** Oscillatory behavior has also been seen in Fe-Cr alloys
in pH 1-2 sulfate electrolytes containing up to 5 at.% Cr.3> At higher
Cr concentrations (e.g., 7.5at. %), two waves appear in the LSV and
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Figure 3. Comparison of LSV behavior for the RSS and SRO alloys. (a) Cartoons of 11.8% Fe-Cr alloy surface with random solid-solution, short-range ordered
and clustered Cr distributions. LSV results on RSS (black-colored curves) and SRO (red-colored curves) alloys with different Cr concentrations at a scan rate of
1 mV/s. (b) 9.1 at.% Cr, (c) 11.6 at.% Cr, (d) 14.4 at.% Cr and (e) 17.4 at.% Cr. Sweep rate 1 mV/s.
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the oscillatory behaviors are no longer present. This behavior is what
has motivated us to suggest that the second wave in the LSV behavior
is mainly associated with the passivation of Fe in the alloy.

There are several important questions that have to be resolved be-
fore we can hope to achieve a more complete understanding of the
passivation behavior of Fe-Cr alloys. Electronic and Cr-Cr-cluster size
effects connected to how Cr alloyed with Fe affects the dissociative
adsorption of H,O and OH™ and corresponding bonds energies of
oxygen with Fe (and Cr) in the alloy is an outstanding question. For
example, consider the behavior of a Fe-Cr alloy in the dilute Cr limit.
What is the electrochemical potential at which a single Cr surface
atom catalyzes the dissociative adsorption of H,O or OH~? How is
the dissolution energy of the Cr atom affected by Fe? Consider this
question for Cr clusters (dimers, trimers, etc.) of various size. Using a
similar approach, we need to understand whether Cr atoms separated
by 2" and 3" nn distances can dissociatively adsorb H,O or OH™.
Many of these issues are simillar to questions that arise in cataly-
sis on alloy surfaces and are often referred to as so-called geometric
ensemble size effects and electronic structure-based ligand effects.’
First principles-based calculations have made major contributions to
our understanding of such issues in electrocatalysis (e.g., di-oxygen
reduction on Pt and Pt alloys*) and it seems likely that such calcula-
tions could make a major contribution to our understanding of alloy
passivation. In the case of Fe-Cr alloys such calculations would have
to include magnetic effects. We hope that our brief discussion of these
issues will motivate such calculations.

Conclusions

Our results show that Fe-Cr alloys in the range of ~9-18 at.%
Cr, heat treated to obtain short-range order, display delayed passiva-
tion behaviors compared to their random solid solution counterparts.
These experiments have revealed the importance of nearest neighbor
populations in affecting passivation behavior and therefore support
the Sieradzki and Newman conjecture that such effects are vital to
our understanding of passivation in this alloy system. Our results
also highlight the necessity of first-principles based calculations for
obtaining a better understanding passivation.
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