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Abstract: The addition of B can inhibit the precipitation of o phases at the grain boundary to improve
the hot workability and corrosion resistance for super austenitic stainless steel with high Cr and Mo
content. This study focused on the interaction between B and Mo at the Fe-Cr(111)/Cr,O3(0001)
interface and its effect on interfacial adhesion by employing the first-principles method, especially the
effect of B on the segregation behavior of Mo. The most stable O-terminated Fe/Cr, O3 interface was
chosen as the basic configuration. The segregation energy and the work of separation were calculated
for the metal/chromia interface with Fe—Cr as the substrate. It has been demonstrated that B can
promote the diffusion of Mo atoms into the oxide layer to increase the content of Mo in the passive
film. In addition, the interfacial adhesion is higher at the most segregated sites. However, it is more
difficult for two or more Mo atoms than a single Mo atom to diffuse into the oxide part with the
effect of B, indicating that B can only improve the Mo content of the passive film to a small extent.
The electronic properties were also further discussed to analyze the interactions and the binding
characters between doped atoms and their surrounding atoms and to explain the underlying reasons
for the variation of interfacial adhesion.
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1. Introduction

Super austenitic stainless steel, possessing the austenitic microstructure with a face-centered cubic
crystal structure, has been extensively applied in harsh service conditions such as seawater, oilfields,
cooling water systems, flue gases, chemical applications, and nuclear reactions [1-3] due to its excellent
corrosion resistance. In general, a high content of Cr and Mo assures its unique corrosion resistance.
Particularly, the addition of Mo can significantly heighten the resistance to pitting and crevice corrosion
in a reductive and chloride environment. Nonetheless, higher Cr and Mo content is likely to induce
precipitation of the brittle second phases such as sigma, chi, and laves phase [4-6], which deteriorates
the hot workability and corrosion resistance. Fortunately, B atoms are easier to segregate at grain
boundaries, suppressing the precipitation of the second phases. Bai et al. clarified the inhibition effect
of B on the o phase [7]. Besides, it has been demonstrated experimentally that B can elevate the content
of Mo oxide in the passive film [8], which improves pitting corrosion resistance. The compactness
and composition of the passivation film and its adhesion with the substrate can affect the corrosion
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resistance of stainless steel to some extent. Thus, it is worthwhile to study the effects of the added
microelement B on the metal/chromia interface.

Currently, there have been many theoretical studies on metal/oxide interfaces [9-14]. The structure
and properties of such heterogeneous interfaces can significantly affect the performance of materials,
and they even play a decisive role in some special properties such as corrosion resistance and
high-temperature oxidation resistance. Stainless steel is a typical example, with a dense protective
passivation film formed on its surface. Dong et al. investigated the segregation behavior of different
alloying additives of the Fe/Cr,O3 interface and their effects on the interfacial adhesive strength [15],
which can provide theoretical guidance for the chemical composition design of austenitic heat-resistant
stainless steels. However, the substrate was pure iron, the composition of which was inconsistent
with the actual austenitic stainless steel enriched in Fe, Cr, and Ni. Kamiya et al. carried out ab initio
calculations of electronic structures and carrier transport properties for ZnO-metal interfaces and
revealed the nature of the interfaces [16]. First-principles calculations can describe the interactions
among atoms in detail and obtain some information like the interfacial atomic coordination, bonding
nature, and electronic structures, which compensates for such disadvantages in experiments.

In our previous work [17], the effect of B on the segregation of Mo at grain boundaries was
studied by first-principles calculations. The results showed that B can restrain the segregation of Mo at
grain boundaries to reduce the precipitation of the o phase. However, the effects of B on Mo at the
metal/oxide interface have not been discussed yet. Moreover, the effects of B on the composition of the
passive film and the interfacial adhesion play a significant role in corrosion resistance. In addition, it is
hard to observe the effect of B on the diffusion of Mo by means of existing characterization methods.
Therefore, in this work, first-principles calculations were adopted to study the segregation behavior
and the interfacial adhesion of the Fe—Cr/Cr,Oj3 interface and to explore the reason for this from the
perspective of charge interaction.

2. Computational Details

The first-principles calculations based on density functional theory (DFT) [18-20] were implemented
with the Vienna Ab initio Simulation Package (VASP) [21,22]. The Perdew—Burke—Ernzehof (PBE) [23]
generalized gradient approximation (GGA) [24] was adopted to describe electronic exchange and
correlation effects. The interaction between valence electrons and ion cores was represented by
projector-augmented wave pseudopotentials (PAW) [25,26]. The kinetic energy cutoff was 400 eV, and the
Brillouin zone was sampled by a 5 X 3 x 1 I'-centered k-points mesh following the Monkhorst-Pack
method [27]. As for magnetism of the paramagnetic austenitic phase y-Fe, there are different ways to
deal with the directions of the magnetic moments, including disregard [28-30], setting spin according
to the ferromagnetic phase [31], and adopting the disordered local moments model [32-34]. Spin
polarization was not adopted in this study. Unless otherwise stated, the convergence criteria of all
optimizations were 107* eV and 0.01 eV/A~! for electronic and ionic relaxations, respectively.

To verify the rationality of calculation parameters chosen in this paper and to build interface models
for the next step, the lattice constants of face-centered-cubic (fcc) Fe and rhombohedral corundum
structure Cr,O3; were calculated. The obtained crystal lattice constants were a =b =c=3.45 A
anda=b=506A, c = 13.85 A, respectively, in good agreement with the calculated [29,31,35] and
experimental values [36-39] (within 5% difference). Then, the interface structures were built with
optimized unit cells.

The segregation energy and the ideal work of separation can be utilized to investigate the diffusion
behavior of impurity atoms and their effects on interfacial adhesion. All these definitions are depicted
in more detail below.

The formation energy of impurity atoms can be defined as [40—42]:

X int—X int bulk bulk
E¥ = Efi X — Eltf + mER* — nEY! )
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where M and X represent the doped and the substituted atoms, respectively, and m and n correspond
to the number of M and X atoms, respectively; Eiﬁf‘x and E;’;tt refer to the total energy of the interface
structure with and without X impurity atoms, respectively; E%lk and Eé’(”lk denote the total energies of
per M and X atom in their bulk states, respectively.

The segregation energy of one doped state can be defined as [41,42]:
Eseg = E;( - E]b(”lk )

where EX and EY"¥ represent the impurity formation energy of doped atom(s) at possible segregation
sites (interface, near the interface, passive film and other transition positions) and in the substrate,
respectively. The segregation energy reflects the tendency of the impurity atom to migrate from
substrate to other sites. A negative Es¢ value suggests that it is energetically favorable for the
impurity atom to segregate to this state. In addition, a more negative value means a stronger tendency
of segregation.

The ideal work of separation is the energy required for an interface to separate into two free
surfaces regardless of deformation, which can be obtained by Equation (3) [43-45]:

Wsep = (EX+Ey—EX/y)/A (3)

where A is the cross-sectional area of the interface; Ex/y is the total energy of interface system, while
E; (iis X or Y) corresponds to the total energy of slab i kept in vacuum with the other one replaced.
The higher the W, value indicates better interfacial binding.

3. Results and Discussion

3.1. Interface Structures

For modeling a heterogeneous interface, it is necessary to determine the basic orientation relation
and other fine details, such as misfit dislocation, atomic stoichiometry, and atomic coordination of the
interface. Here, the close-packed direction of Fe(111)/[110] parallel to that of Cr,03(0001)/[1120] was
chosen as the crystalline orientation on the basis of the similar fcc-metal/hcp—oxide interfaces [46-50].
The Cr;0Oj3 slab has three termination types: O-rich, stoichiometric, and Cr-rich. In this simulation,
the stoichiometric O-terminated metal/chromia interface was adopted, as this interface has lower
formation energy than the other two kinds of stoichiometric Cr-terminated interfaces [49]. While the
average lattice parameters of Fe slab and Cr,O3 slab were employed as interface lattice constants, the
lattice mismatch is less than 0.05%. The lattice mismatch can be computed as [45] 1 — [2A/(A; + A)],
where A is the interface area, and A; and A; are the area of Fe and Cr,O3 supercells corresponding
to the interface. As A; is larger than A7, the Fe part and the oxide part near the interface are under
tension and compression, respectively. The stress caused by lattice mismatch can weaken the interface.

According to the relative positions of the interfacial Fe atom with respect to the Cr,Oj3 slab,
there are five types of interface models, as shown in Figure 1. An Fe atom on the top of the Crl-site,
Cr2-site, Cr3-site, and O-site, and an Fe vacancy on the top of O-site of the O-terminated interface, are
labeled in Figure 1 as topCr1, topCr2, topCr3, topO, and topV, respectively. The atomic coordination of
topO and topV are almost the same, the only difference being that the Fe atom is replaced by an Fe
vacancy. All the heterogeneous interfaces were composed of a Fe(111) slab with seven Fe atomic layers
and a Cr,O03(0001) slab with four sets of O-Cr—O and Cr-O—Cr alternate-stacking atomic layers. A 12 A
vacuum was set perpendicular to the Cr,O3(0001) surface, which was used to avoid the interaction
of periodic slabs in this order. The top two layers of the metal-substrate part were kept fixed at their
initial bulk positions to mimic a semi-infinite bulk crystal.
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Figure 1. The atomic structures of the O-terminated Fe(111)/Cr,O3(0001) interface models. A side view
of (a) the O-terminated topCr1 interface. The top view of the O-terminated interfaces with five different
interfacial atomic coordination: (b) topCr1 with an Fe atom on top of Cr1 site; (c) topCr2 with an Fe
atom on top of Cr2 site; (d) topCr3 with an Fe atom on top of Cr3 site; (e) topO with an Fe atom on
top of Ol site; (f) topV with an Fe vacancy on top of O1 site. (The only difference of the e and f plots
is that there is no gray Fe atom on the middle red O atom at the topV interface. For clarity, only the
interfacial Fe layer of the top view is shown. Unless otherwise stated, the gray spheres correspond to
the Fe atoms, the blue spheres represent the Cr ions, the smaller red spheres are the O ions, the smaller
pink spheres represent the B atoms, and the larger cyan spheres are the Mo atoms.).

The work of separation Wj,, and the interface energy y;,; [51,52] were then calculated to assess
the adhesion strength and the stability of interfaces, respectively. The y;,; can be expressed as:

Vint = [ZEFe/CrZO3 - (Efﬁr + E$303) - (XE?edk + yE?:L;’lsz3)]/2A (4)
where Er./cr,0, is the total energy of the interface; Ef¢ and ESJrZ% represent the energy of the Fe and
Cr, O3 surfaces, respectively; Eglk and Elg;lzkoa are the total energy of bulk Fe and CryOj3 in their formula
unit, respectively; and x and y correspond to the number of unit cells in the interface. The lower
Vint values means the better thermodynamic stability of an interface. The results of Ws., and yy; for
different O-terminated interfaces are shown in Figure 2. The topCr1 construction has the highest work
of separation (2.25 J-m~2), while there are fewer differences among the other four. The interface energy
of the topV structure (6.33 J-m~2) is around 2.5 times the value of the others, which is much larger than
the difference in work of separation. This suggests that vacancy defects can significantly reduce the
stability of the interface rather than greatly weaken the interfacial adhesion strength. It will take a
lot of computation time to study the segregation behavior of all interface configurations, so it was
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necessary to choose one typical case. As the highest Ws,, and the lowest y;,;, the topCr1 interface
model was chosen as the structure in focus for the following discussion.
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Figure 2. The work of separation Ws, and the interface energy y;,; for Fe/Cr,O3 systems.
3.2. Diffusion Behavior of B Atom

In order to make the simulation closer to the actual composition of super austenitic stainless steel,
13 Cr atoms replaced Fe atoms in the Fe—Cr substrate as uniformly as possible. From Figure 3, the Cr
atoms are uniformly distributed, and are neither adjacent to the interface nor clustered. According
to one previous study [53], B was placed in interstitial sites of y—Fe to explore the effect of alloying
on the behavior of B and S at the grain boundary. We computed the formation energy of B in Fe or
CrpOs3 bulk, as shown in Table 1. According to the most energetically favorable sites, we placed B in
the octahedral interstitial sites of fcc—Fe and the substitutional sites of the oxide, respectively, to study
its segregation behavior.

interface
,

Figure 3. The Fe—Cr(111)/CrpO3(0001) interface with Cr atoms distributing uniformly.

Table 1. The formation energy of a B atom in Fe or CryO3 bulk. (The subscript “int” represents B in an
octahedral interstitial site, and the “sub” indicates B at a substitutional site. The subscripts “sub_O"
and “sub_Cr” mean that B replaces the O atom or the Cr atom in Cr,O3 bulk, respectively.).

B Sites Fe-int Fe-syp,  C1203-int  C1203-54p 0 Cr203-5up Cr
E; (eV) 014 054 1.26 ~0.43 5.43
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Then, a B atom was introduced in different interstitial sites to study its diffusion behavior, as
shown in Figure 4, where numbers 1-7 denote the different diffusion positions of the B atom. A Mo
atom or two atoms substitute the Fe atoms in the substrate labeled Mo/2Mo, respectively; this can be
used to study the diffusion of B with different Mo content. As can be seen from Figure 5 and Figure 7,
the segregation energy of a single B atom at the most stable position is —0.67 eV, while that of a single
Mo atom is —0.10 eV. Owing to the greater negative segregation energy and the smaller atomic radius
of B, it is reasonable to believe that the B atom diffuses faster than the Mo atom to affect the migration
of Mo. Therefore, the diffusion of B was first studied to determine the most favorable sites, when B
and Mo were added together. Following that, the effect of B on the segregation behavior of Mo, which
is hard to migrate, was analyzed, as described in the following section.
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Figure 4. The different diffusion sites of a B atom at the Fe-Cr/Cr, O3 interface with varying Mo content.
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Figure 5. The segregation energy Es.; and the work of separation Wsp of different diffusion sites for
a B atom with varying Mo content. (The left and right ordinates reflect the values of Esee and Wi,
respectively. The blue solid lines and crimson dashed lines indicate the values of Es.; and Wy with
different diffusion sites, respectively. The labels of the symbols mean the effect of the element after “+”
on the other one before “+”. Points under the lines stand for the work of separation between the B
layer and the substrate part, and corresponding on-line points represent that of the B layer and the
oxide part. Unless otherwise specified, the red dashed line corresponds to the contrast value of the
work of separation without dopant atoms.).

To understand the segregation behavior of B with varying Mo content and its effect on interfacial
adhesion, the segregation energy, and the work of separation are illustrated in Figure 5. The lowest
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segregation energy of a single B is —0.67 eV in the Fe—Cr substrate portion near the interface (Site
3), while those with one Mo atom and two Mo atoms are —0.47 eV and —0.49 eV, respectively. It is
beneficial for a single B atom to diffuse a position near the interface in the substrate, mainly because the
Fe-Cr part near the interface is under tension, while the corresponding oxide part is under compression.
Obviously, the addition of Mo can suppress the diffusion of B atom, and the most stable site of B has
changed from the vicinity of the interface (Site 3) to the substrate (Site 2). The Ws, of the Fe-Cr/Cr,O3
interface without impurity atoms is around 2.50 ]-m. By comparison, the addition of B weakens
interfacial adhesion in almost all cases, even if the substrate contains Mo additive distributed uniformly,
except when a single B atom is located in the substrate near the interface. The work of separation
increases when B is at the interface with a Mo atom (2.40 ]-m~2 and 1.68 J-m~2), mainly due to the higher
surface energy of the substrate after interface fracture. Moreover, the work of separation between the B
layer and the oxide is much greater than that of this layer and the Fe—Cr substrate, implying that the B
atom has stronger interactions with O atoms than with Fe or Cr atoms when a B atom is at the interface.

3.3. The Effect of B on the Segregation of Mo

The most energy-favorable sites of the B atom have been defined, and the larger Mo atom has
been shown to have an inhibition effect on B atom migration. The B atom, in turn, can also have an
effect on the segregation of the Mo atom. Mo can play a different role in the interfacial adhesion at
different diffusion sites, either weakening or strengthening them, and the Mo content in the passive
film plays a significant role in corrosion resistance. The interfacial adhesion and the composition of
the passive film can affect the properties of stainless steel. The effect of B on the diffusion of Mo and
the variation of interfacial adhesion were further explored in the following discussion to explain the
experimental phenomenon.

3.3.1. The Segregation Behavior of a Mo Atom

As shown in Figure 6, we introduced a Mo atom with a B atom located at the most stable site,
where numbers 1-6 indicate the different diffusion substitutional sites of Mo. The mass fraction of a
Mo atom in the substrate is about 3.07%. The segregation behavior and the interfacial adhesion of the
interface with a Mo atom at different sites can be assessed by the segregation energy and the work of
separation, respectively, as shown in Figure 7. From Figure 7, it can be seen that the Es.¢ values of a
Mo atom with B are more negative than that without B. Furthermore, the segregation energy of Mo
from the substrate (Site 1) to the interface (Site 3) becomes gradually more negative, indicating that
Mo can spontaneously segregate to the interface (Site 3) under the effect of B. However, the negative
Eseq at the next diffusion site (—0.44 eV) is suddenly greater than the value at the interface (-0.68 eV),
which is metastable and prone to segregate to Site 5. The reason for this may be that the Mo atom in
the oxide layer near the interface causes a larger distortion of its adjacent atoms and it is difficult to
accommodate a larger atom under compression. The lowest Eseg value is about —0.97 eV at Site 5 in
the middle of the Cr,O3 oxide, and the value of the surface site becomes positive. It shows that the Mo
atom in the middle of the oxide layer is most stable. Above all, the addition of B contributes to the
segregation of Mo, which can raise the Mo content in the Cr,O3 oxide layer.
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Figure 6. The different diffusion sites of a Mo atom at the Fe—Cr/Cr,O3 interface with and without the
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Figure 7. The segregation energy Es.; and the work of separation Wy, of different diffusion sites for a
Mo atom with and without B.

When the Mo atom is in the substrate (Sites 1 or 2), the values of W, with B are lower than that
without B, which suggests that the presence of B can reduce the interfacial adhesion. However, when
the Mo atom migrates to the interface or into the oxide layer, the opposite is true. The metastable
segregation site of the Mo atom (Site 4) has the lowest Wy, = 2.49 J-m~2, which is slightly weaker than
the pure Fe—Cr/Cr,O; interfacial adhesion. Fortunately, the Mo atom is favorable to the performance
of interfacial bonding at the most stable position, and its work of separation is 2.76 ]-m~2. The better
interfacial adhesion means that the passivation film is not easily separated from the substrate, which is
beneficial to the corrosion resistance of stainless steel.

3.3.2. The Segregation Behavior of Two Mo Atoms

One Mo atom added in the interface is inconsistent with the actual composition of super austenitic
stainless steel. Consequently, the number of Mo atoms was added so that the mass fraction increased
to 6.06%. The diffusion sites of two atoms are shown in Figure 8 and the calculation results of two Mo
atoms are shown in Figure 9. The Esq values of two single Mo atoms for different segregation sites
are basically positive, except for Site 5, implying that two Mo atoms are more difficult to segregate
into the oxide. The presence of B reduces the segregation energy to a negative value, and it becomes
more and more negative from the substrate (Site 1) to the interface (Site 3). The effect of B on the
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segregation of two Mo atoms is similar to that of a single Mo atom. However, the lowest Eseg was
recorded at the interface (—0.84 eV) instead of in the oxide layer, indicating that the most stable position
has changed and the two Mo atoms are more likely to segregate to the interface rather than to the oxide
layer. According to the segregation behavior of a single Mo atom and two Mo atoms, the addition of
B can promote the diffusion of Mo into the oxide layer, but will only increase the Mo content in the
passivation film to a small extent.
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Figure 8. The different diffusion sites of two Mo atoms at the Fe—C1/Cr,O3 interface with and without
B. (The labels 1-6 represent different diffusion sites of two atoms. The same number means a diffusion
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Figure 9. The segregation energy Es.; and the work of separation Wy, of different diffusion sites for
two Mo atoms with and without B.

There is a minor difference in the work of separation values with and without B. Similarly, the
work of separation without B is higher when the two Mo atoms are uniformly distributed in the
substrate (Site 1). However, the interface containing B has higher work of separation with Mo at
other sites. At the interface, the largest work of separation is 2.85 J]-m~2 at the most stable site, which
indicates that the interface has a higher adhesion. When Mo atoms are in the oxide layer excluding
the surface, interfacial bonding is weakened. That is likely because Mo atoms in the oxide near the
interface cause greater interfacial stress.
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3.4. Interface Electronic Structure

The charge density describes the distribution of valence electrons, which can mirror general
bonding situations and the strength of atomic interactions. The electron localization function (ELF)
can easily reveal types of bonding and the distribution of lone electron pairs. The value of ELF is
limited between “0” and “1”, where “1” signifies complete electron localization and “0” corresponds
to complete electron delocalization or no-electron domain [54-56]. The value ELF = 0.5 represents
electron gas-like pair probability. Therefore, charge density and ELF were computed to explore the
atomic interactions and electronic bonding properties. The computed results near the interface are
shown in Figure 10, which can be divided into three situations: A single B atom at the interface, a Mo
atom in the middle of the oxide, and two Mo atoms near the interface in the substrate with B added.

0.1g0.8

Charge Density
J13

00

Figure 10. Charge densities and the electron localization functions (ELFs) near the Fe-Cr/Cr203
interface. (a,c,e) depict the charge densities near the interface with a single B atom (Site 4), a Mo
atom + a B atom (Site 5), and two Mo atoms + a B atom (Site 3), respectively. (b,d,f) describe the
corresponding ELFs. These graphs do not represent the real size of the atoms, but only reflects the
electronic characteristics. The gray atoms are Fe, the blue atoms represent Cr, the smaller red atoms
are O, the smaller pink atoms correspond to B and the larger cyan atoms are Mo. The location of the
interface is marked by dashed lines.

With B at the interface, we can see from Figure 10a that in terms of charge density between B and O
atoms they share charges and have a strong interaction. Furthermore, Figure 10b shows a localization
domain between B and O atoms, which suggests that the binding of B-O is dominantly covalent.
However, it should be noted that the lone pair electrons of the B atom on the outside of the B-O bond
have an adverse effect on the binding between B and interfacial metal atoms. This also explains why B
has a better binding with the oxide layer than with the substrate. Similarly, we can further analyze
the effects on electronic properties for the addition of Mo. When a Mo atom is in the middle of the
passive film, we can see from Figure 10c that with the Mo atom far away from the interface, the Fe
and O atoms near the interface are more closely bound, mainly because the distortion caused by the
distant Mo atom can be relieved by the surface and only affects the interface slightly. Figure 10d
shows two different regions between interfacial Fe and O atoms, a delocalization region around the
Fe atom, and a localized domain surrounding the O atom, which reveals ionic bonds between Fe-O.
The asymmetric ELF around Fe shows the directionality of the bonds, indicating that Fe-O bonds
are somewhat covalent. When two Mo atoms are segregated at the interface, the interfacial Mo atom
migrates closer to the oxide layer than the same-layer metal atoms, which is reflected in Figure 10e.
The characteristics of Cr—O and Mo-O bonds are similar to Fe-O bonds, but their covalency is stronger,
which can be seen in Figure 10f.
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4. Conclusions

We investigated the interaction between B and Mo at the Fe-Cr(111)/Cr,O3(0001) interface through
first-principles calculations. The most stable interface is topCrl, where one Fe atom is on top of the
Cr1 site at the interface, and then Cr atoms were added into the Fe substrate part of this interface,
which was chosen as the basic configuration to explore the effects of B and Mo additives. According to
the calculated segregation energies, it is found that neither a single Mo atom nor two Mo atoms can
easily diffuse into the oxide layer. However, the results show that B can promote the segregation of Mo
into the Cr,O3 oxide to increase the Mo content in the passive film, and that the most stable interface
structure has better interfacial adhesion under the combined effect of B and Mo. Therefore, the addition
of B can not only inhibit the precipitation of second phases, but also improve the adhesion between the
substrate and the passive film and the Mo content in the oxide layer. All these effects of B can improve
the corrosion resistance of super austenitic stainless steel. Analyses of the electronic properties reveal
the bonding characteristics and the strength of atomic interactions. The interfacial B atom has a weak
interaction with the substrate and is harmful to the interfacial adhesion. The Cr-O and Mo-O bonds
are both ionic and covalent, and the addition of a Mo atom can cause greater distortion, which has a
significant effect on the interfacial adhesion.
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