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Abstract: This study investigated the structural stability and electrochemical properties of alloying
additives M (M = Mn, V, Ti, Mo, or Ni) at the γ-Fe(111)/Cr2N(0001) interface by the first-principles
method. Results indicated that V and Ti were easily segregated at the γ-Fe(111)/Cr2N(0001) interface
and enhanced interfacial adhesive strength. By contrast, Ni and Mo were difficult to segregate at
the γ-Fe(111)/Cr2N(0001) interface. Moreover, the results of the work function demonstrated that
alloying additives Mn reduced local electrochemical corrosion behavior of the γ-Fe(111)/Cr2N(0001)
interface by cutting down Volta potential difference (VPD) between clean γ-Fe(111) and Cr2N(0001),
while alloying additives V, Ti, Mo, and Ni at the γ-Fe(111)/Cr2N(0001) interface magnified VPD
between clean γ-Fe(111) and Cr2N(0001), which were low-potential sites that usually serve as local
attack initiation points.

Keywords: γ-Fe/Cr2N interface; segregation; adhesive behavior; electronchemical property;
first-principles

1. Introduction

High-nitrogen austenitic steels (HNAS) are widely used in many industrial fields owing to their
excellent corrosion resistance and mechanical properties. As an interstitial element, nitrogen dissolved
in solid solution holds several beneficial effects on the mechanical properties of steels, especially
related to an excellent combination of high yield strength and high fracture toughness. The excellent
properties of HNAS are damaged by nitride precipitation during thermal progress such as hot forming,
heat treatment, and welding, etc. [1–7].

Precipitation behavior of HNAS has been studied mainly focusing on the effect of nitrogen
addition on the precipitation of the second phases, and properties of HNAS. Cr2N precipitaion
deteriorated the toughness, especially in the presence of cellular-type Cr2N, and decreased corrosion
resistance by forming Cr- and N- depleted regions in the vicinity of the Cr2N [8–11]. HNAS not only
contains a certain amount of Cr, Ni, Mn, and nitrogen, but is also composed of a number of microalloys,
e.g., Mo, Nb, V, Ti, and carbon, which can form carbide, nitride, or carbonitride. However, the effect of
alloy elements on the properties of steel depends on the type and characteristics. V, as a strong nitride
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former, improves wear resistance by promoting nitride dispersion in the austenite matrix [12]. Mo can
improve creep strength by solid solution hardening [13]. However, grain boundary is considered as the
most favored segregation site because of its high interfacial energy [14]. Segregation of alloy additions
at grain boundaries substantially affects microstructural evolution and the mechanical properties
of HNAS. Many studies have been carried out related to the precipitation behavior and corrosion
resistance in the HNAS, while only a few investigations exist for the effect of alloy elements on phase
interfaces that formed by precipitation and the austenite matrix. Additionally, finding published
data on the γ-Fe/Cr2N interface with alloy elements, which is examined in this study, is difficult
to accomplish.

The present study aims to examine the structural stability and electrochemical properties of
different alloying additives M (M = Mn, V, Ti, Mo, or Ni) on the γ-Fe/Cr2N interface using the
first-principles method. We pursue such a goal to provide some theoretical basis for the alloy design
and heat processes.

2. Calculation Method

First-principles calculations were carried out using the CASTEP (Cambridge Sequential Total
Energy Package) code, which is based on density functional theory [15,16]. We used local density
approximation with the Ceperle-Alder-Perdew-Zunger (CAPZ) functional [17,18] as the exchange
correlation functional. All the atoms in the slabs were allowed to relax freely to the ground state by
minimizing Hellmann-Feynman forces. Ultrasoft pseudopotentials, which are known for their high
efficiency in calculating structural and electronic properties, were expanded within a plane-wave
basis set. A cut-off kinetic energy of 340 eV was adopted in our calculations. The Brillouin zone was
sampled with Monkhorst-Pack k-point grid [19], and a [4 ˆ 4 ˆ 1] k-point mesh was employed for the
slabs. The convergence parameters used in the calculations were as follows: total energy tolerance,
1.0 ˆ 10´5 eV/atom; maximum force tolerance, 0.03 eV/Å; maximal stress component, 0.03 GPa;
and maximal displacement, 1 ˆ 10´5 Å. Full relaxation was allowed, and structural relaxation was
terminated when the four convergence parameters were satisfied simultaneously.

To validate the accuracy of the current theoretical scheme, the crystal lattice constants of γ-Fe (fcc)
and Cr2N were calculated. Cr2N exhibits a trigonal crystal structure and includes six Cr atoms and
three N atoms on the basis of the Wyckoff positions of the atoms, in particular, close-packed array of Cr
atoms with octahedral sites filled with N atoms [20]. As an austenitic stainless steel, Fe crystallizes in
the fcc structure, so the magnetic effects were not considered and calculations were non-spin polarized,
we discuss only the role of chemical interactions in this paper. These results were shown in Table 1,
the deviations between the simulated results and experimental data were also shown in Table 1.
Our results are very close to the experimental results and the other calculated values for γ-Fe [21–23]
and Cr2N [24,25]. Good agreement between the crystallattice constants obtained validates the
applicability of the selected methodology for studying interfacial adhesion.

Table 1. Calculated lattice constants between them and experimental data for γ-Fe and Cr2N.

Compositions This Work (Å) Others (Å) Exp. (Å)

γ-Fe a = b = c = 3.428 a = b = c = 3.430 [23] a = b = c = 3.647 [21]
a = b = c = 3.654 [22]

Cr2N a = b = 4.799; c = 4.452 a = b = 4.773; c = 4.406 [24] a = b = 4.752 c = 4.429 [25]

3. Results and Discussion

3.1. Interface Structure of γ-Fe/Cr2N

Cr2N in the trigonal unit cell are stacked along the [0001] direction following the sequence
R-Cr4-N2-Cr4-N2-R, where R represents the continuing sequence in the bulk. Two unique
stoichiometric slice planes, namely, Cr-terminated and N-terminated can be found in Cr2N(0001)
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stacking sequence. Considering the experimental results, we noted that the orientation relationship
between Cr2N and γ-Fe was that of Burgers [26,27]: [110]γ-Fe//r´1100sCr2N and (111)γ-Fe//p0001qCr2N.
At first, we calculated surface energies σsurf of γ-Fe(111) and Cr2N(0001):

σsurf “
1

2A
“

En
slab ´ n∆E

‰

(1)

where En
slab is the total energy of an n-layer slab, ∆E is the incremental energy determined by

´

En
slab ´ En´2

slab

¯

{2, and A is the total surface area.
To prevent the interactions between the slab and its periodic images, a vacuum region of at least

10 Å was included in a 2ˆ 2 supercell. The calculated surface energy of the clean γ-Fe(111) is 3.581 J/m2,
which is in agreement with available theoretical value of 3.62 J/m2 for γ-Fe(111) [28]. The calculated
surface energies for N-terminated Cr2N(0001) and Cr-terminated Cr2N(0001) are 2.824 J/m2 and
1.913 J/m2, respectively. The calculated surface energies of the N-terminated Cr2N(0001) is slightly
larger than that of Cr-terminated Cr2N(0001), implying that the N-terminated surface is energetically
favorable to form the γ-Fe/Cr2N interface.

To investigate the interfacial property, we focus on studying the interfacial structure. To simplify
the model, we addressed the Cr-terminated and N-terminated γ-Fe(111)/Cr2N(0001) interfaces shown
in Figure 1a,b. A five-layer γ-Fe(111) slab was placed on the Cr2N(0001) slab in a 2 ˆ 2 supercell.
A substantial amount of lattice mismatch (2.1%) was present between γ-Fe(111) and Cr2N(0001)
slabs, we obtained the average lattice constants of γ-Fe and Cr2N slabs as interface lattice constants.
In Figure 1a, a 36-atom supercell was built to simulate the γ-Fe/Cr2N interface, which contain
two Fe/N boundaries as follows: one is in the middle, and the other is on the top/bottom edge.
In Figure 1b, the γ-Fe/Cr2N interface was modeled by a 34-atom supercell containing two Fe/Cr
boundaries. The supercell area was calculated as 0.214 nm2. Considering the atomic matching of two
phases, numerous constructions in the interface model were expected. However, after relaxation, most
of the constructions converged into the same structure. Therefore, by adopting the adhesion energy
criterion, we calculated the Cr- and N-terminated interface, respectively.
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Figure 1. Side view of (a) Cr-terminated and (b) N-terminated γ-Fe(111)/Cr2N(0001) interface model.
Top view of (c) interface configurations. Side view of (d) N-terminated γ-Fe(111)/ Cr2N(0001) after
different solution atoms introduced (M = Mn, V, Ti, Mo, or Ni). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Adhesion energies were then calculated for all the geometries after allowing for atomic relaxations.
The ideal work of adhesion, Wad is defined as the reversible work needed to separate an interface



Metals 2016, 6, 156 4 of 15

into two free surfaces in a theoretical experiment, and characterizes the strength of the metal/ceramic
interface [29]. In this simulation, the Wad related to the adhesive properties of the γ-Fe(111)/Cr2N(0001)
interface can be easily calculated in the slab model as follows:

Wad “
´

EFe ` ECr2N ´ EFe{Cr2N

¯

{2A (2)

where EFe and ECr2N are the total energy of fully relaxed, isolated γ-Fe and Cr2N slabs in the same
supercell when one of the slab is retained and the other is replaced by a vacuum. EFe{Cr2N denotes the
total energy of γ-Fe(111)/Cr2N(0001) interface system. A is the interface area of the unit cell. In general,
the experimental cleavage energy values exceed Wad because of plasticity and diffusion. Larger Wad
requires a higher energy for cleavage. Hence, the work of adhesion provides a useful quantity readily
accessible to theoretical calculation or simulation.

We calculate the total energies of the relaxed interfaces. The total energy of N-terminated and
Cr-terminated Cr2N/γ-Fe interfaces are ´38559.821, and ´47873.051 eV, respectively. A difference
exists between total energy of N-terminated and Cr-Cr2N/γ-Fe interfaces. Wad values obtained from
N-terminated Cr2N/γ-Fe configuration (4.396 J/m2) is slightly larger than that of the Cr-terminated
one (4.178 J/m2), suggesting that N-terminated interface is energetically favorable. This discrepancy
of adhesion work value can be attributed to the weak hybridization and negligible interfacial charge
transfer of the Cr-terminated interface compared with strong ionic-covalent interactions and significant
charge transfer of the N-terminated interface. Similar simulations were reported for the adhesion
of different stoichiometric metal/nonmetal interfaces [30–32]. Thus, we chose (b) the N-terminated
interface configuration was chosen as our initial γ-Fe(111)/Cr2N(0001) interface structure in the
subsequent calculations.

3.2. Segregation Behavior

Given the Section 3.1 interface structure of γ-Fe/Cr2N, we further studied the
γ-Fe(111)/Cr2N(0001) interface after introducing M (M = Mn, V, Ti, Mo, or Ni) shown in
Figure 1d. To investigate the preferred site and segregation behavior of different alloying additives on
the γ-Fe(111)/Cr2N(0001) interface, the heats of segregation (∆EM

X ) of the γ-Fe/Cr2N interfaces after
introduction of M (M = Mn, V, Ti, Mo, or Ni) were investigated. The segregation energy ∆EM

X of M at
site X can be written as [33]:

∆EM
X “ Etot

M´X ´ Etot
M´matrix (3)

where Etot
M´X and Etot

M´matrix are total energies of the supercells for M at site X (X is in the interface
or in precipitated phase) and that for M in the matrix, respectively. In this method, we adopt the
state with M embodied in the matrix as reference, and avoid calculating the pure-element reference
states. A negative segregation energy indicates that M can transfer from the matrix to site X, whereas a
positive segregation energy indicates that M prefers to dissolve within the matrix. The segregation
energy reflects the competitive capacity of trapping M between the matrix, the interface, and the
precipitated phase. This strategy has been previously used to predict segregation behavior in the
α-Fe/Cu interface [33] and partition behavior between cementite and ferrite [34]. Moreover, the
method has been verified to be appropriate.

Herein, we use the state with M (M = Mn, V, Ti, Mo, or Ni) embodied in Model A as reference.
The calculated value of ∆EM

X are shown in Figure 2. For T-, V- alloying additive systems, ∆EM
X < 0,

indicate that Ti and V more easily transfer from the matrix to the interface than other atoms. For Mo-,
Ni- alloying additive systems, ∆EM

X > 0, indicating that these alloying additives prefer to dissolve
within the γ-Fe matrix. By contrast, the ∆EM

X of Mn- alloying additive systems reflect that Mn
prefers to dissolve within the Cr2N precipitated phase or the γ-Fe matrix rather than segregate at the
γ-Fe(111)/Cr2N(0001) interface.
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Figure 2. The heat of segregation (∆Eseg) for the Fe(111)/Cr2N(0001) interface after M (M = Mn, V, Ti,
Mo, and Ni) atom is introduced.

3.3. Interfacial Adhesive Behavior

The adhesive behavior and bonding characteristic of an interface can be partly described
by its adhesion. We still choose the formula of Wad in Section 3.1 to explore the clean the
γ-Fe(111)/Cr2N(0001) interface and after introduction of M (M = Mn, V, Ti, Mo, and Ni).

Wad “
´

EFe:nM ` ECr2N ´ EFe{Cr2N:nM

¯

{2A (4)

Here, when alloying additives are introduced to the relaxed clean interface, we suppose that
the alloying additives located at the Fe slab after the adhesion process. What’s more, EFe:nM is the
total energy of fully relaxed, Fe slabs after introduction of M (M = Mn, V, Ti, Mo, and Ni) in the same
supercell when one of the slabs is retained and the other is replaced by a vacuum. EFe{Cr2N:nM denotes
the total energy of γ-Fe/Cr2N interface when alloying additives M (M = Mn, V, Ti, Mo, and Ni) are
introduced. n is the number of M atoms; here n = 1.

The Wad values obtained for the clean γ-Fe(111)/Cr2N(0001) interface and after introducing M
(M = Mn, V, Ti, Mo, and Ni) are listed in Figure 3. Figure 3 clearly shows that the Wad of the new
interface γ-Fe/Cr2N:M (M = Mn, V, Ti, Mo, and Ni) after introducing alloying additives to the relaxed
clean interface is significantly different from that of the clean γ-Fe/Cr2N interface. Furthermore,
the work of adhesion characterizes the strength of the whole metal/nitride interface containing the
adhesion of all atoms at the interface, but the effects of only one alloying atom on the adhesion
behavior of the γ-Fe(111)/Cr2N(0001) interface is apparent. In particular, for V-, Ti-, and Mn-additive
systems, the Wad of the new interface γ-Fe/Cr2N:M is larger than the clean case, which indicates that
interactions between V (or Ti or Mn) and nitrogen were reinforced. Therefore, V, Ti, or Mn can improve
the γ-Fe(111)/Cr2N(0001) interfacial strength. Figure 3 also clearly shows that the Wad of the new
interface γ-Fe/Cr2N:Mo to the relaxed clean interface was similar to that of the clean interface. For
Ni additive systems, the Wad of the new interface Fe/Cr2N:Ni was lower than the clean case, which
indicates that interactions between Ni and nitrogen were weakened. To understand the small effect of
different alloying additives on the adhesive behavior of interfaces more clearly, we carefully analyzed
the interfacial structure of atomic bond-length and volume change.
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Figure 3. The work of adhension (Wad) for the clean Fe(111)/Cr2N(0001) interface and that after M
(M = Mn, V, Ti, Mo, Ni) atom introduced.

The adhesive properties of an interface are closely related to interfacial atomic bonding, the atomic
bond-length reflects bond-strength. Thus, in this part, atomic bond-length and volume change of the
interface model were thoroughly investigated to reveal possible atomic-scale mechanisms.

To understand the effect of alloying additives M (M = Mn, V, Ti, Mo, Ni) on the adhesive behavior
of the γ-Fe(111)/Cr2N(0001) interface, we measured the model volume and atomic bond length near
the interface. In Figure 4, introduction of Mn, V, Ti, Mo, or Ni makes no apparent change for the
volume of the model compared with the clean interface. For the atomic bond length near the interface,
the pink line represents the atomic bond length between Fe and M. The red line (or blue line) represents
the atomic bond length between M (or Fe) and nitrogen. The orange and green lines correspond to
the atomic bond length between nitrogen and Cr. The behavior of the interfacial bonds in Figure 4
clearly suggests that the different alloying additives obviously altered the M(A)-Fe(B) and M(A)-N(E)
bond lengths near the interface but negligibly changed the Fe(C)-N(D), N(D)-Cr(F), and N(E)-Cr(G)
bond lengths. Therefore, the alloying additives mainly affected the M(A)-Fe(B) and M(A)-N(E) bond
lengths near the interface. Introducing V, Ti, and Mo rapidly decreases the M(A)-N(E) bond length
from 1.832 Å (Clean) to 1.811 Å (V), 1.787 Å (Ti), and 1.785 Å (Mo), but increases the M(A)-Fe(B) bond
length from 2.257 Å (Clean) to 2.268 Å (V), 2.354 Å (Ti), and 2.346 Å (Mo). On the contrary, Ni increases
the M(A)-N(E) bond length from 1.832 Å (Clean) to 1.914 Å (Ni) but slightly decreases the M(A)-Fe(B)
bond length from 2.257 Å (Clean) to 2.256 Å (Ni). This finding implies that the interactions of V, Ti,
and Mo with N(E) were slightly reinforced, whereas Ni with N(E) was slightly weakened. Meanwhile,
the alloying additives Mn, presented with no remarkable change in the bond length of the model
when compared with the clean interface. In conclusion, Ti, V atoms easily segregated at the interface,
which improves the interfacial adhesive strength. Meanwhile, Ni decreases the γ-Fe(111)/Cr2N(0001)
interfacial strength. Introducing Mn does not remarkably change the γ-Fe(111)/Cr2N(0001) interfacial
bond length.

To understand the effect of different alloying elements on the adhesive behavior of interfaces
more clearly, we further analyzed the interfacial electronic properties in Section 3.4.
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Figure 4. The bond lengths and volume of change of γ-Fe/Cr2N:M (M = Mn, V, Ti, Mo, and Ni).

3.4. Electronic Structure

The adhesive properties of the interface is unavoidably determined by the atomic bonding
strength. Thus, the electronic structure and bonding nature of the γ-Fe(111)/Cr2N(0001) interface must
be investigated. Therefore, we used the density of states (DOS) and Mulliken population to investigate
the interfacial electron properties and the effect of different alloys M (M = Mn, V, Ti, Mo, and Ni) on
the Fe/Cr2N:M interfacial structure.

The DOS and partial DOS (PDOS) analysis of the effect of different alloying additives on
γ-Fe(111)/Cr2N(0001) interface are shown in Figure 5. For the clean Fe/Cr2N interface (Figure 5b),
we can clearly see that the range from ´9.73 eV to 1.61 eV is filled by valence electrons. In addition,
some charges in the region ranging from ´18.62 eV to ´15.28 eV are mainly dominated by N-2s and
Fe-3d orbitals. Owing to the Fe-3d, Cr-3d, N-2s charge, the clean interface holds the strongest peak
(46.91 electrons/eV) at ´1.78 eV, resulting in the value (44.60 electrons/eV) of the DOS at the Fermi
energy (at 0 eV). Given the participation of different alloying atoms M (M = Mn, V, Ti, Mo, and Ni),
resonance is achieved with the formation of the polar covalent bond between M and nitrogen atoms
in the region from ´18.05 eV to ´15.11 eV and from ´9.73 eV to ´4.81 eV. Reactions occur between
M and nitrogen at the interface. However, for the interfacial system of different alloying additives,
the PDOS shows that the patterns obtained are similar. To distinguish small gaps from the DOS of
different alloying additives M, the total DOS (TDOS) near the interface was measured. We focused
on the value of TDOS at the Fermi level. The change in the TDOS value at the Fermi level is the
most significant factor in evaluating phase stability and electrochemical activity. A low Fermi level
indicates a stable corresponding phase [35]. In other words, lower TDOS value at the Fermi level, yield
more stablestructures. Compared with electronic structure of the Fe/Cr2N:M (M = Mn, V, Ti, Mo, Ni)
interface, the change in TDOS value at the Fermi level is highly apparent (Figure 5a). The TDOS at the
Fermi level of Ti-, Mo-, V-, and Mn-doped interfaces was lower than that of the clean and Ni-doped
interfaces. Thus, doping with these elements resulted in increased structural stability compared with
that of the clean and Ni-doped interfaces.
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Figure 5. (a) Total density of states of the clean γ‐Fe(111)/Cr2N(0001) interface and that after different 
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Figure 5. (a) Total density of states of the clean γ-Fe(111)/Cr2N(0001) interface and that after different
solution atoms introduced (M = Mn, V, Ti, Mo, Ni); DOS and PDOS of different solution atoms: (b) clean
interface; (c) Mn; (d) V; (e) Ti; (f) Mo; (g) Ni.
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Although DOS analyses can reveal valuable information about the nature of covalent bonding,
such an approach provides limited insight into matters related to charge transfer. However, such
data are important for understanding the characteristics of interfacial bonding. A common tool used
to provide semi-quantitative measurements of charge transfer is Mulliken population analysis [36].
Table 2 lists atomic charges on the alloying additives M (M = Mn, V, Ti, Mo, and Ni) and nitrogen
close to the γ-Fe(111)/Cr2N(0001) interface. In the clean interface, the transfer charges of Fe and
nitrogen close to the interface were 0.09 and ´0.55. As alloying elements were introduced to the
interface, significant changes in charge transfer and atomic interaction were observed. In Ti-, Mo-,
V-, and Mn- additive systems, the transfer charges of Ti, Mo, V, and Mn were 1.01, 0.93, 0.77, and
0.63, respectively, and the transfer charges of nitrogen close to Ti, Mo, V, and Mn were ´0.58, ´0.58,
´0.58, and ´0.55, respectively. These results indicate that the alloying atoms produce a strong positive
electric field, which provides additional attractive forces for nitrogen anions, acting as acceptors.
This hypothesis is supported by the high electronegativity of nitrogen atoms close to Ti, Mo, V, and Mn.
In Ni- additive systems, when Ni replaced Fe, the transfer charges of Ni and nitrogen close to Ni were
0.03 and ´0.51. This result confirms that nitrogen atoms close to Ni exhibited low electronegativity,
and Ni generated a weak positive electric field that provided small additional attractive forces for
nitrogen. This hypothesis showed that the interaction between Ni and nitrogen was weak. Thus,
interfacial strength decreased after Ni introduction.

Table 2. Atomic charges on the nitrogen atoms and M (M = Mn, V, Ti, Mo, and Ni) atoms closed to the
clean interface and that after M atom introduced calculated from Mulliken population analysis.

Atom Total Electron (e) Transfer Charge (e) Atom Total Electron (e) Transfer Charge (e)

Fe 7.91 0.09 N 5.55 ´0.55
Mn 6.37 0.63 N 5.55 ´0.55
V 12.23 0.77 N 5.58 ´0.58
Ti 10.99 1.01 N 5.58 ´0.58

Mo 13.07 0.93 N 5.58 ´0.58
Ni 9.97 0.03 N 5.51 ´0.51

Based on our analysis of atomic charges on the alloying element M and nitrogen close to the
interface, we further carefully analyzed a more thorough investigation of the atomic charges and the
charge transfers, where the clean interface and representative alloys Fe/Cr2N:M (M = Ti, Ni) were
cited as examples. Table 3 indicates atomic charges on all the Fe (Ti, Ni) and Cr atoms, and nitrogen
atoms in the models, which hold considerable changes in the presence of Ti or Ni atom. We found
that for the clean interface, the transfer charges of the four Fe atoms near the interface were 0.09, 0.09,
0.09, 0.09, and the transfer charges of the two nitrogen atoms near the interface were ´0.55, ´0.55.
Meanwhile, when a Ti atom represents an Fe atom, the transfer charges of three Fe atoms and a Ti
atom near the interface increase to ´0.08, ´0.08, ´0.08 and 1.01, respectively. The transfer charges of
the two nitrogen atoms near the interface were ´0.58 and ´0.55. This result shows that Ti atom carried
more positive charges, and the neighboring Fe and nitrogen atoms near the interface carried more
negative charges. These atoms should accept electrons from the Ti atom. The interactions between
Fe atoms and other atoms near the interface were strengthened, and the entire system reached the
charge transfer conservation. Meanwhile, when a Ni atom presents to represent Fe, the transfer charges
of three Fe atoms and a Ni atom near the interface were 0.09, 0.09, 0.09, and 0.03, and the transfer
charges of the two nitrogen atoms near the interface were ´0.51 and ´0.52. This result shows that Ni
atom produced a smaller positive electric field, which provided additional attractive weak forces for
nitrogen. By contrast, the neighboring Fe atoms near the interface carried positive charges. As a result
the interactions between Fe atoms and other atoms near the interface were weakened, and the whole
system satisfied the charge transfer conservation.
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Table 3. Atomic charges on the Fe, Cr, M (M = Ti, Ni), and nitrogen atoms of clean interface, Ti-additive
and Ni-additive systems calculated from Mulliken population analysis.

Atom Total
Electron (e)

Transfer
Charge (e) Atom Total

Electron (e)
Transfer

Charge (e) Atom Total
Electron (e)

Transfer
Charge (e)

Fe 8.01 ´0.01 Fe 8.03 ´0.03 Fe 8.06 ´0.06
Fe 8.01 ´0.01 Fe 8.04 ´0.04 Fe 8.03 ´0.03
Fe 8.04 ´0.04 Fe 7.99 0.01 Fe 8.00 0.00
Fe 8.04 ´0.04 Fe 7.99 0.01 Fe 8.00 0.00
Fe 7.97 0.03 Fe 7.98 0.02 Fe 7.98 0.02
Fe 7.97 0.03 Fe 7.97 0.03 Fe 7.98 0.02
Fe 7.96 0.04 Fe 7.96 0.04 Fe 7.96 0.04
Fe 7.96 0.04 Fe 7.96 0.04 Fe 7.95 0.05
Fe 7.83 0.17 Fe 7.83 0.17 Fe 7.83 0.17
Fe 7.83 0.17 Fe 7.83 0.17 Fe 7.83 0.17
Fe 7.89 0.11 Fe 7.87 0.13 Fe 7.88 0.12
Fe 7.89 0.11 Fe 7.88 0.12 Fe 7.90 0.10
Fe 7.90 0.10 Fe 7.89 0.11 Fe 7.91 0.09
Fe 7.90 0.10 Fe 7.89 0.11 Fe 7.91 0.09
Fe 7.94 0.06 Fe 7.92 0.08 Fe 7.93 0.07
Fe 7.94 0.06 Fe 7.92 0.08 Fe 7.95 0.05
Fe 7.91 0.09 Fe 7.91 0.09 Fe 8.08 ´0.08
Fe 7.91 0.09 Fe 7.91 0.09 Fe 8.08 ´0.08
Fe 7.91 0.09 Fe 7.91 0.09 Fe 8.08 ´0.08
Fe 7.91 0.09 Ni 9.97 0.03 Ti 10.99 1.01
N 5.55 ´0.55 N 5.51 ´0.51 N 5.58 ´0.58
N 5.55 ´0.55 N 5.52 ´0.52 N 5.55 ´0.55
Cr 13.89 0.11 Cr 13.89 0.11 Cr 13.89 0.11
Cr 13.85 0.15 Cr 13.88 0.12 Cr 13.88 0.12
Cr 13.69 0.31 Cr 13.70 0.30 Cr 13.70 0.30
Cr 13.75 0.25 Cr 13.76 0.24 Cr 13.76 0.24
N 5.56 ´0.56 N 5.56 ´0.56 N 5.56 ´0.56
N 5.56 ´0.56 N 5.56 ´0.56 N 5.56 ´0.56
Cr 13.89 0.11 Cr 13.89 0.11 Cr 13.89 0.11
Cr 13.85 0.15 Cr 13.88 0.12 Cr 13.88 0.12
Cr 13.69 0.31 Cr 13.67 0.33 Cr 13.67 0.33
Cr 13.75 0.25 Cr 13.68 0.32 Cr 13.68 0.32
N 5.54 ´0.54 N 5.54 ´0.54 N 5.54 ´0.54
N 5.53 ´0.53 N 5.53 ´0.53 N 5.53 ´0.53
Cr 13.89 0.11 Cr 13.89 0.11 Cr 13.89 0.11
Cr 13.85 0.15 Cr 13.88 0.12 Cr 13.88 0.12
Cr 13.71 0.29 Cr 13.71 0.29 Cr 13.71 0.29
Cr 13.73 0.27 Cr 13.73 0.27 Cr 13.73 0.27

This conclusion is consistent with TDOS, revealing that Ti, Mo, V, and Mn can improve the
structural stability of the γ-Fe(111)/Cr2N(0001) interface. By contrast, Ni weakened the interfacial
structural stability. Which is in good agreement with our calculated the work of adhension (Wad) in
Section 3.3 for the γ-Fe(111)/Cr2N(0001) interface.

3.5. Electrochemical Properties

Galvanic corrosion occurs when two different phases are electrically connected and immersed
in an aggressive electrolyte solution. The potential difference could be regarded as the driving
force of galvanic interaction, whereas the aggressive electrolyte solution forms a loop of galvanic
interaction. Anodic polarization occurs to the phase with a previously lower corrosion potential,
consequently its corrosion is accelerated while the other phase is protected. After removal of electrolyte
solution, the driving force still remains in the form of Volta potential difference (VPD). Such occurrence
explains why VPD measurements are used to predict galvanic interaction between the matrix and
intermetallic particles.

VPD is defined by IUPAC as the electric potential difference between one point in the vacuum
close to the surface of M1 and another point in the vacuum close to the surface of M2, where M1
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and M2 are two uncharged metals brought into contact [37]. According to previous theoretical
calculations [38–40], VPD measurement could be considered as a work function distribution map of
the measured surface. Fortunately, the calculation of work function is straightforward with the density
function theory method [41].

For the calculation of the work function of an (hkl) surface, we adopted stoichiometric slab
models with thickness three times as (hkl) interplanar spacing. The lower half of a slab model was
fixed while the upper half was allowed to relax. A 15 Å vacuum layer was inserted along the direction
of slab periodic repetition to minimize the surface-surface interaction. We retained the use of the same
parameters to calculate the work function.

The work function was calculated as the difference between the vacuum level Evacuum and the
Fermi energy EFermi:

Φ “ Evacuum ´ EFermi (5)

The vacuum level and Fermi energy were obtained from the plane-averaged electrostatic
potentials (Figure 6) and the output of density functional theory (DFT) ground-state calculation,
respectively. Since the slabs were stoichiometric, the two surfaces of a slab were usually terminated
with different elements.

Given the previous γ-Fe(111)/Cr2N(0001) interfacial model, the calculated work function was
carried out for N-terminated Cr2N(0001) surface. The work function value of Cr2N(0001) surface was
5.264 eV.
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Figure 6. (a) Plane-averaged electrostatic potential curve of N-terminated Cr2N(0001) surface model;
(b) Plane-averaged electrostatic potential curve of γ-Fe(111) surface model after different solution
atoms introduced (M = Mn, V, Ti, Mo, Ni).

The matrix of commercial Fe alloys contains many kinds of alloying additives and both the species
and concentration of these elements can modify the work function of the Fe matrix. Most alloying
additives (Mn, V, Ti) are preferably enriched in intermetallic particles, which leads to an even lower
concentration of alloying additives in the Fe matrix. We assumed that the work function of commercial
Fe alloys approximately equals to that of pure Fe. In general, the alloy surface was composed of the
matrix and the embedded intermetallic particles. Thus, the work function of commercial Fe alloys
approximately equaled that of the model we built (Figure 6b). The calculated work functions of
γ-Fe(111) alloy surfaces are listed in Table 4. The VPD values are calculated with respect to the value
of Cr2N.

Table 4. Volta potential differences of γ-Fe (111)/Cr2N(0001) and after M (M = Mn, V, Ti, Mo, and Ni)
atom is introduced.

Terminated Plane Work Function (eV) VPD Relative to the Cr2N (V)

Clean Fe 5.046 ´0.218
Fe-Mn 5.063 ´0.201
Fe-V 4.710 ´0.554
Fe-Ti 4.931 ´0.333

Fe-Mo 4.916 ´0.348
Fe-Ni 4.811 ´0.453

The VPD between Fe alloys and Cr2N could be regarded as the driving force of galvanic interaction.
Given the VPD in Table 4, we calculated the work function value of N-terminated Cr2N(0001)
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surface was 5.264 eV, while the work function of Fe(111) surface with alloying additives ranging
from 4.710 eV to 5.063 eV. As shown above, the alloying additives V, Mo, Ti, and Ni significantly
dragged down the work functions of clean γ-Fe(111) and magified the VPD between clean γ-Fe(111)
and Cr2N(0001). Therefore, alloying additives V, Mo, Ti, and Ni at the γ-Fe(111)/Cr2N(0001) interface
were low-potential sites that enhanced the interfacial electrochemical activity. In addition, γ-Fe(111)
surfaces terminated with Mn atoms shared higher potential level than that of the Fe matrix and reduced
the VDP between clean γ-Fe(111) and Cr2N(0001). Such a result decreased the γ-Fe(111)/Cr2N(0001)
interfacial electrochemical activity.

4. Conclusions

We focused on the adhesive behavior of alloying additives M (M = Mn, V, Ti, Mo, or Ni) at
the γ-Fe(111)/Cr2N(0001) interface and systematically determined the electrochemical effects of
these additives at the interface using the first-principles method. On the basis of the calculated
heats of segregation and work of adhesion, alloying additives V and Ti easily segregated at the
γ-Fe(111)/Cr2N(0001) interface and improved interfacial adhesive strength, while alloying additives
Ni and Mo were not easily segregated at the γ-Fe(111)/Cr2N(0001) interface. We also calculated the
work function to investigate the local electrochemical corrosion of the γ-Fe(111)/Cr2N(0001) interface
with alloying additives M (M = Mn, V, Ti, Mo, or Ni). The alloying additives V, Mo, Ti, and Ni at the
γ-Fe(111)/Cr2N(0001) interface magified VPD between clean γ-Fe(111) and Cr2N(0001), which were
low-potential sites that usually served as local attack initiation points at the γ-Fe(111)/Cr2N(0001)
interface, while the alloying additive Mn reduced the local electrochemical corrosion behavior at the
γ-Fe(111)/Cr2N(0001) interface by decreasing the VPD between clean γ-Fe(111) and Cr2N(0001).
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