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Abstract— The early stages of the oxidation of stainless steel is
studied wusing first principles density functional theory
calculations. A Monte Carlo approach was used to efficiently
identify the most probable low energy structures in the high-
dimensional configuration space. The composition, structure, and
oxidation states of the atoms in the oxide layers were analyzed by
atomic density profiles, nearest neighbor distribution, and Bader
charge analysis. The results suggest that the passivation of steel by
chromium is largely due to its high preference for the Cr**
oxidation state with 6 oxygen neighbors. In contrast, iron is more
susceptible to oxygen penetration because of its variable oxidation
state between Fe?" and Fe®*, and a range nearest oxygen neighbor
numbers.

Keywords- density functional theory, stainless steel, oxidation of
steel, metal passivation

L. INTRODUCTION

Iron-chromium alloy systems have been used as models for
stainless steel in various computational studies [1]-[7]. Given
the difficulty of studying long-term phenomena like rusting
using first principles computational methods, various
approximations and simplifications have been employed to gain
useful insights, and first principles approaches have necessarily
been limited to the early stage phenomena.

Given the industrial and economical significance of
understanding and controlling the corrosion of steel, this area
has been a topic of experimental research for many decades [9]-
[14], and continues to be active to this day [15]-[21]. It has been
known from the earliest experiments that chromium plays a
central role in the passivation of the oxidative process.
However, a clear understanding of the molecular mechanisms
responsible for the passivation of the oxidative process is still
lacking. Recent experiments have used sophisticated surface
characterization and depth profiling techniques to provide
detailed information about the chemical composition and
structure of the surface layers formed during the early stages of
steel oxidation under low and high temperature conditions.
These results suggest that lower temperature processes result in
greater concentration of iron oxides at the interface with air
while the oxides of chromium are dominant in the surface layers
at higher temperatures.
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In this paper, we present a first principles computational
study of the oxide layers formed during the early stages of steel
oxidation at low temperature, when the oxide layer thickness is
on the order of ~1- 2 nm. An innovation introduced in our work
is a Monte Carlo procedure that allows us to rapidly explore the
complex energy landscape of the system and identify structures
that are most likely to correspond to the lowest energy atomic
configurations. The computations are initiated from four
different initial configurations. It is found that the final stable
configurations identified are largely independent of the starting
structures, thus establishing that the Monte Carlo procedure is
robust, and that the identified stable configurations are likely to
be among the most stable thermodynamically. The oxide layers
are then characterized chemically using nearest neighbor
analysis and Bader charge analysis. These provide interesting
insights into the mechanism of chromium passivation.

II. COMPUTATIONAL METHODS

Total energy calculations were carried out in the
framework of Kohn-Sham (KS) plane-wave density functional
theory (DFT) using the Vienna Ab intio Simulation Package
[22]. The Perdew, Burke and Ernzerhof (PBE) form of
generalized gradient approximation [23] is used to describe the
exchange-correlation energy. Potential due to core electrons is
accounted by the projector augmented wave method which
combines the features of pseudopotential approach and the
linear augmented plane wave method [24], [25]. The KS
orbitals for valence electrons are expanded in terms of plane
wave basis set with 400 eV cutoff energy [26]. A k-point mesh
of 2x2x1 in the Monkhorst-Pack scheme is used for sampling
the first Brillouin zone [27].

The four initial structures were selected based on
information provided by experimental work [10]. Six layers of
Fe (001) (36 atoms) stacked in the z-direction (~9 A) were
matched with six layers of Fe;O3 (001) (60 total atoms; ~15 A)
forming an interface with Fe (001) perpendicular to the z-
direction, and an additional 12 A of vacuum in the z-direction.
The pure Fe phase was in contact with the oxygen terminated
oxide layer surface, which resulted in a lower energy
configuration. To create the FeCr alloy, one Fe atom per layer
was randomly selected and replaced with a Cr atom (or one in
six atoms). Four different arrangements of Fe and Cr were used
in the oxide layer to create the starting structures with layered
oxides, again by replacing Fe atoms with Cr. The starting
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structures differ in the compositions of the vacuum/oxide
interface, the oxide/alloy interface, and the subsurface layers.
The first input structure is explicitly shown in Figure 1, along
with schematics of the other three. Note that the vacuum/solid
interface is at the “bottom” in this figure.
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Fig. 1. Input structures used as starting points for the Monte Carlo
procedure. Structure 1 is shown explicitly, and the remaining three
are shown schematically.

As noted in the Introduction, a Monte Carlo procedure was
introduced to efficiently search the complex configuration
space for lowest energy structures. The method used a Markov
chain in which each successive step allowed two random Fe
atoms to be exchanged with two random Cr atoms, excluding
those in the two layers next to the FeCr/vacuum interface. In
each step, two Fe atoms and two Cr atoms were swapped at
random, followed by a geometry optimization. Four such trials
were carried out from each starting structure and the structure
with the lowest energy after optimization (within a window of
0.1 eV, to prevent getting trapped in local minima) was retained
for further swaps. The optimization step modifies the oxide
structure. Therefore, the structures evolve throughout the MC
procedure. With this approach, the total energy after each step
was nearly always lower than that of the structure from which
it evolved. A total of 250 MC steps were employed for each.

The elemental compositions of the oxide layers were
analyzed by computing atomic density profiles as a function of
the vertical coordinate. The vacuum/solid interface was placed
at z = 0 and the oxide and alloy layers at higher values of z, so
that the “depth” profile could be discussed, as in the case of
experimental analyses. The density profiles were computed by
convoluting the atomic distribution with a Gaussian function
with a width of 1 A (see below).

The number of nearest neighbors of each atom in the oxide
layers was calculated to examine how the atoms were
distributed. Two atoms were considered nearest neighbors if
their interatomic distance was within the first peak of their
radial distribution function. Further insights into the chemical
compositions of the oxide layer was obtained using Bader
charge analysis [28] using the code provided by the Henkelman
group [29]-[33].

III.  RESULTS AND DISCUSSION

Figure 2 shows the changes in total energy as a function of
the Monte Carlo swaps described above. The total energy
decreased rapidly early in the swapping procedure and at a
much slower rate for the remaining steps until the changes
became negligible, suggesting that the identified structures
were among the lowest energy configurations that could be
found. The atomic density profiles of the final structures
obtained from the four starting structures were found to be
remarkably similar. As noted above, the relative insensitivity of
the final structures to the starting structure is an indication that
the Monte Carlo procedure is robust, and that the structures
were allowed to evolve for sufficient numbers of steps. The
structure resulting from initial structure 3 is shown in Figure 3
along with the starting structure from which it evolved. To
further remove the initial structure dependence, we averaged
the density profiles of all four structures, which is shown in
Figure 4.
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Fig. 2. The variation of total energy for each starting structure,
relative to the total energy of the lowest energy structure (Model 1
at 250 steps) as a function of Monte Carlo steps.
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Fig. 3. Example of the structural evolution as a result of Monte
Carlo atom swaps followed by energy optimization. Structure 3 at
step O (input) and at step 200 are shown.

Figure 4 shows that the surface layer of the oxidized steel
is dominated by oxides of iron, which is qualitatively consistent
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with the findings from experiments conducted at lower
temperatures. The results also strongly suggest that it was
energetically favorable for Cr from the alloy phase in the 15-
20 A range to migrate into the oxide layer. The apparent
depletion of Cr in the alloy layers near the alloy/oxide interface
was a consequence of the alloy initial configuration and
including those layers in the atom swaps. Excluding the two
layers closest to the alloy/vacuum interface from swapping
leaves two Cr atoms in those layers, as seen in Fig. 3 and
reflected in the density profile in Fig. 4.
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Fig. 4. Distribution of Fe, Cr, and O atoms averaged over the four
final structures identified.

In the same spirit as Fig. 4, nearest neighbor analysis was
also performed for all four final structures and averaged. The
results are shown in Figure 5. The distribution P(n) represents
the probability of an atom to have a certain number of atoms n
within a certain cut-off radius, which is based on the first peak
of'its radial distribution function. The cut-off radii used were as
follows: O-Cr: 2.1 A, O-Fe: 2.5 A, and Fe-Cr: 2.5 A.
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Fig. 5. Distribution of nearest neighbors of specified types,
averaged over the four final structures identified.

Figure 5 shows that 75% of all Cr atoms are surrounded by
5 (23%) to 6 (52%) oxygens. In contrast, 26% of Fe has 6
oxygen neighbors, 19% has 3 oxygen neighbors, and 15% and
14% have 2 and 1 oxygen neighbors, respectively. Bulk Fe;O;
and Cr,0; structures have 6 oxygen neighbors within the cut-

off radius while bulk FeO has 3 oxygen neighbors within the
cut-off radius (and one more just outside that radius). These
results imply that Cr prefers to be in the Cr** oxidation state
whereas Fe has almost equal preference for +3 or +2 oxidation
states and also shows some structural flexibility. These
conclusions are further supported by Bader charge analysis.

Bader charge analysis [28] is based on the intuitive division
of total charge density in a molecule among the constituent
atoms, using a dividing surface defined by connecting the
points around an atom at which the charge density reaches a
minimum. The charge enclosed within this volume enclosed by
the dividing surface is the Bader charge, which is proportional
to the oxidation state of the atom. The results of averaging the
Bader charge analysis on the four final structures are presented
in Figure 6, as a function of the vertical coordinate. With three
exceptions (two involving Fe atoms and one involving O at the
vacuum/oxide interface) the standard deviations at each value
of z are smaller than or the same height as the symbol used. The
error bars for the three exceptions are 2 to 4 times the height of
the symbol.
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Fig. 6. Bader atomic charges on O, Cr, and Fe as a function of depth
from the vacuum/oxide surface. The charges have been averaged
over the same atom types at a particular depth and also over the four
final structures.

The Fe atoms in the bulk alloy (z > 15 A) have slightly
negative charges (0.0 to —0.08e) but the charges rise to 1.3-1.4e
in the range 7 <z < 11 A and drops to lower values as the
vacuum/oxide interface is approached at small values of z. In
contrast, Cr charges are consistently higher than those of Fe,
remaining around 1.5e, largely independent of z with in the
oxide phase (z < 15 A), dropping approaching 0.4-0.5¢ in the
fixed layer of the pure alloy phase at the largest values of z.
These observations are consistent with the conjecture advanced
above that Fe shows more flexibility or lability in its oxidation
state while Cr prefers to be in a fixed oxidation state. The
oxygen atoms appear to be quite consistent in assuming —le
charge independent of z.

Considering the results of the nearest neighbor analysis in
the light of the Bader charge analysis, the latter reinforces the
conjecture from the former that Cr shows a high preference for
the Cr,03 structure in which the Cr is in a +3 oxidation state.
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Fe, on the other hand, appears to be only slightly more likely to
be found in the +3 oxidation state than in lower oxidation states.
In contrast to Cr, the number of nearest neighbors of Fe also
shows a range, indicating that iron shows a range of preferred
structures while Cr does not. This flexibility in structure and
oxidation state on the part of Fe allows it to readily bond with
available oxygen at the surface and allow that oxygen to diffuse
through the oxide layer while undergoing changes in the
number of nearest neighbors and oxidation state. By the same
token, the ability of chromium to passivate steel appears to arise
from its lack of flexibility in the number of nearest neighbors
(i.e., preferred structure) and oxidation states.

IV. SUMMARY AND CONCLUSIONS

First principles DFT calculations are applied to gain
insights into the structure and properties of the oxide layers
formed when a FeCr alloy slab is oxidized. A Monte Carlo
atom-swapping algorithm was employed to efficiently explore
the large configuration space to identify the most favorable
distribution of atoms. Although four different initial structures
were used, the Monte Carlo approach yielded final structures
that are quite close in energy and atomic distributions,
confirming that the swapping algorithm is robust. The final
energies of the structures were quite stable during the last
several swapping steps, suggesting that the structures identified
are likely to be the most favorable ones.

Analysis of the resulting structures show that the
vacuum/oxide interface is rich in iron which is in a lower
oxidation state, possibly reacting with oxygen to form FeO.
Deeper into the oxide layers, the oxidation state of Fe becomes
more positive, possibly forming Fe,O; and perhaps also the
mixed oxide Fe;Os. The analysis also shows that the preferred
number of nearest neighbors of Fe covers a range between 0 and
6, implying that the iron oxide phases also exhibit flexibility in
structure. The Cr, while not present at the surface, also bonds
with oxygen. However, in contrast to Fe, the chromium atom
prefers to be surrounded by 6 oxygen neighbors while
remaining in a fixed oxidation state that is consistently more
positive than that of Fe.

Based on these observations, we conclude that the
passivation of steel by chromium results from a combination of
the rigidity in its preferred oxidized structure and oxidation
state.
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