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(Received 7 January 2011; accepted 19 February 2011; published online 7 June 2011)

We perform a systematic ab initio study of the interface energetics of thin coherent rocksalt (nacl)

structured MN and tetragonal CrMN films in bcc Fe (M¼V, Nb, Ta), motivated by the vital role of

MN and CrMN precipitates for the long-term creep resistance in 9%–12%Cr steels. The

similarities and differences in the work of separations and the elastic costs for the coherency strains

are identified, and the possibility for formation of coherent films are discussed. Our findings

provide valuable information of the interface energetics, which in continuation can be combined

with thermodynamical modeling to obtain a better understanding of the initial nucleation stage of

the MN and CrMN precipitates, and their influence on the long-term microstructural evolution in

9%–12%Cr steels. VC 2011 American Institute of Physics. [doi:10.1063/1.3573392]

I. INTRODUCTION

Martensitic 9%–12%Cr steel alloys are widely used

today for components in fossil-fired steam power plants with

steam temperatures up to 600 �C, where excellent creep

properties and sound oxidation protection are required.1

Their strength and long-term creep resistance rely strongly

on a fine-grained martensitic microstructure, Cr-rich M23C6

(M¼ Fe, Cr) carbides, and dispersion strengthening by den-

sely distributed MN (M¼V, Nb, Ta) precipitates, which to-

gether effectively restrict migration of dislocations and

subgrain boundaries under service. In particular, the MN pre-

cipitates have a very important role for the creep strength

due to their high number density and extremely slow coars-

ening rate.2,3 However, after long-term exposure at elevated

temperatures (600-650 �C), the 9%–12%Cr steels have been

discovered to experience premature breakdown due to the

precipitation of a complex nitride phase known as Z-phase,

CrMN (M¼V, Nb, Ta).4,5 The Z-phase nucleates and grows

large coarse platelets on the expense of the finely distributed

MN phase,4–7 which leads to a decreased dispersion strength-

ening and to a detrimental reduction of the creep strength.5

The discovery has initiated intense research with the aim to

either suppress the Z-phase nucleation during the entire life-

time of components or alternatively to accelerate the nuclea-

tion process to such an extent that the Z-phase can be

utilized for dispersion strengthening.5,8,9

The Z-phase has, from experimental observations, been

found to be more thermodynamically stable than the MN

phase in the creep service temperature range 600–700 �C,5,10

which has also been supported by thermodynamical model-

ing.8,11,12 Yet, the Z-phase has surprisingly never been found

to nucleate on its own, despite that the only difference in

composition compared to the MN phase is Cr, which is abun-

dant in the alloy.9 Instead, the Z-phase nucleation occurs

slowly through a continuous process where metastable pre-

cursors are created by Cr diffusion into pre-existing MN pre-

cipitates. The precursors are then subsequently gradually

transformed into the Z-phase by internal atomic rearrange-

ments.5,10,13,14 The apparent difficulty for direct nucleation

has been suggested to be attributed to a significantly lower

probability for compositional fluctuations to form a nucleus

of the complex Z-phase (or Z-phase-like) structure compared

to a nucleus of the MN phase,11,15 or alternatively to a higher

interface energy for the Z-phase, which according to classi-

cal nucleation theory would give a substantially higher

nucleation barrier.14,16

The importance of the interface energetics for the nucle-

ation stage is supported by experimental observations,17

which have shown that the (V,Nb)N precipitates nucleate as

thin coherent platelets in steel alloys. These platelets suggest

that the corresponding interface energies are very small,

which opens up for the possibility that the Z-phase com-

pounds could have a higher interface energy. A fundamental

understanding of the interface energetics of the MN and Z-

phase precipitates is therefore an important area for investi-

gation as a step toward finding an explanation for the nuclea-

tion difficulty of the Z-phase.

In the present paper we perform a systematic investiga-

tion of the coherent interface energetics of nacl-structured

MN and tetragonal CrMN precipitates in bcc Fe. The coherent

interfaces are treated with density functional theory (DFT)

calculations, which in previous theoretical studies18–34 have

proven to be a powerful and an accurate tool to describe the

electronic structure at metal–ceramic interfaces. Our results

provide valuable information about the similarities and differ-

ences in the interface energetics of the MN and CrMN phases,

which in continuation can be combined with thermodynamical

modeling8,12 to obtain a better understanding of the initial

nucleation stage of the MN and Z-phase precipitates in 9%–

12%Cr steel alloys.

The paper is organized as follows. First, the methodol-

ogy to treat the coherent interfaces is presented in Sec. II.

Then, in Sec. III the computational techniques for the atom-

istic calculations are described followed by the results
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(Sec. IV) and discussion (Sec. V). The main conclusions of

our study are summarized in Sec. VI.

II. METHODOLOGY

In this paper we focus on thin plate-like precipitates

which are defined by two sharp interfaces and a thickness h
of the slab. The precipitates are assumed to have an infinite

extension in the parallel direction to the interface and hence,

effects such as mismatch at the sides of a real finite precipi-

tate are neglected. Further, the surrounding Fe phase is

assumed to have an infinite extension, and all coherency

strains are thus taken up by the nitride phase.

The orientation relationship for the interfaces is adopted

to the so-called Baker–Nutting relationship, i.e., 001ð Þnacl

jj 001ð Þbcc; 100½ �nacl jj 110½ �bcc for the FejMN interfaces, and

001ð ÞZ jj 001ð Þbcc, 100½ �Z jj 100½ �bcc for the FejCrMN interfa-

ces. This orientation relationship has been experimentally

established for VN,37 (V,Nb)N,4 NbN,38,39 and Cr(V,Nb)N

(Ref. 40) precipitates, whereas for TaN, CrNbN, and CrTaN no

data are currently available. However, in order to allow for a

consistent investigation of the interface energetics we adopt the

Baker–Nutting relation for all compounds.

We decompose the total interface energy Etot into two

terms,

Etot ¼ Eel þ Echem; (1)

where Eel describes the elastic costs associated with the

coherency strains of the nitride phase, and Echem the chemi-

cal energy originating from the breaking and creation of

bonds in the interface formation. The former will depend on

the size of the lattice misfit f and increase linearly with the

slab thickness, Eel / hf 2.

III. COMPUTATIONAL DETAILS

The calculations are performed within the framework of

DFT as implemented in the Vienna ab initio simulation

package (VASP).43–45 Blöchl’s all-electron (frozen core) pro-

jector-augumented-wave formalism (PAW) as implemented

by Kresse and Joubert46 is employed for the electron–ion

interaction, where the standard Fe, Cr, V, Nb, Ta, and N

potentials with 14, 12, 11, 11, 11, and 5 valence electrons,

respectively, are used. For Fe it is well-known that spin–

polarized generalized gradient approximations (GGAs) for

the electron exchange-correlation (xc) functional are needed

to give an accurate description of its structural, energetic,

and magnetic properties.47 The xc-functional is therefore

here treated with the spin–polarized GGA according to Per-

dew, Burke, and Ernzerhof (PBE),48 which in previous com-

parisons between semilocal functionals has shown to provide

the best overall description of the bulk properties of 3d tran-

sition metals, in particular of Fe, and a good account of the

bulk properties of 4d and 5d transition metals.49,50

The k-point integration over the Brillouin zone is per-

formed by using a Monkhorst–Pack grid and the first order

Methfessel-Paxton smearing scheme, where the fictitious

temperature broadening is set to 0.1 eV in order to allow for

an accurate extrapolation to T ¼ 0 K. The plane-wave

energy cutoff 700 eV is used in all calculations to ensure that

the absolute total energies are converged within 1 meV/

atom. The equilibrium volumes and cell shapes of the com-

pounds are optimized by minimizing the stress tensor com-

ponents, whereas the internal structural parameters are fully

relaxed by using a conjugate-gradient algorithm until the

Hellman–Feynman forces acting on each atom are less than

0.02 eV/Å.

The similarities and differences in the electronic struc-

ture for the considered systems are studied in terms of atom-

projected density of states (DOSs) and charge transfers

between different constituents. The charge transfers are

quantified through Bader analysis51 based on the approach

given in Ref. 52. The Bader scheme represents an intuitive

way to separate atoms from each other in compounds, based

solely on the charge density, and can provide value informa-

tion about charge redistributions. The evaluation of the

DOSs are also carried out within the Bader volumes by using

a tool to VASP developed by Tang and Henkelman,53 which

allows the entire electron charge density to be projected onto

the atoms.

A. Bulk properties

The bulk calculations are performed by using a two-atom

unit cell for bcc Fe, a four-atom unit cell for the nacl MN sys-

tems, and a six-atom unit cell for the tetragonal CrMN com-

pounds (cf. Fig. 1). The converged k-point grids are set to

12 � 12 � 12, 12 � 12 � 12, and 12 � 12 � 6, respec-

tively. Ideal stoichiometry is assumed for all structures, and

thus the presence of nonmetal vacancies, which experimen-

tally are known to stabilize the MN phases, are omitted in

order to reduce the number of varying parameters.

FIG. 1. Lattice structure of the tetragonal CrMN phase (Z-phase) (Refs. 5,

35, and 36). The white, gray, and black spheres denote the Cr, M, and N

atoms, respectively. Further, cAB denotes the interlayer distance between

(001) planes consisting of A and B atoms.
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B. Interface properties

The coherent interface systems are represented by using a

computational unit cell containing a standard slab geometry

with nFe Fe layers on top of nN coherently strained nitride

layers, where the interlayer distances perpendicular to the

interface in the nitride phase are adjusted to account for the

Poisson relaxation. Each MN layer contains one M atom and

one N atom, whereas each Fe and Cr layer corresponds to one

Fe and one Cr atom, respectively. The cell is subjected to peri-

odic boundary conditions in all three directions. The relative

translation of the two phases is chosen so that the Fe atoms

are on top of the N atoms, which has been shown to be the

optimal configuration for the FejMN interfaces.18,21,34 The

converged k-point grids are set to 12 � 12 � 1.

At T ¼ 0 K the chemical contribution to the interface

energy can be evaluated according to

Echem ¼
E�

P
i liNi

2A
; (2)

where A is the area, Ni the number of atoms for the constitu-

ent i, and E is the internal energy of the interface system.

The factor 2 in the denominator is included to account for

the presence of two interfaces in the computational unit cell.

The chemical potentials li are evaluated under the assump-

tion that each interface is in equilibrium with the bulk bcc Fe

phase and the strained nitride compound. For the FejCrMN

interface systems, this choice of the reference states restricts

the number of layers nN to multiples of four. Consequently,

three different interface terminations become possible,

which we denote by ZMN�MN�Cr�Cr, ZMN�Cr�Cr�MN, and

Z Cr�MN�MN�Cr, respectively, where the jth subindex corre-

sponds to the jth interface layer. For the ZMN�MN�Cr�Cr ter-

mination, the two interfaces in the computational unit cell

are not identical to each other, and hence, throughout this

work we will present the average of the two interface ener-

gies in this case.

Further, atomic relaxation along the z-axis at the inter-

face is permitted for the Fe and the CrMN phases, whereas

for the MN phases the interlayer distances are kept fixed.

This constraint is imposed as a consequence of the dynami-

cal instabilities along the X and K high symmetry points

found for the stoichiometric nacl-structured VN, NbN, and

TaN compounds.54–56 These instabilities introduce large

shear displacements in the nacl-structure, which are stabi-

lized first when nitrogen vacancies are introduced. The

implications from omitting the atomic relaxation of the MN

phases are discussed in Sec. V A.

Convergence tests with respect to the number of layers

show that nFe ¼ 9 is sufficient to reduce the interface energy

error arising from the artificial interface interactions through

the Fe phase to less than 0.01 J/m2. Based on these conver-

gence results, the interface energy calculations are performed

by using nFe ¼ 9 10ð Þ in combination with nN equal to an

odd (even) number of layers.

The absolute bond strength of the interface systems is

analyzed is terms of the work of separation

Wsep ¼ rFe þ rN � Echem; (3)

where rFe and rN denote the surface energy of the free Fe

surface and the strained nitride surface, respectively. The

surface energy r is for each phase calculated according to

r nð Þ ¼ Esurf nð Þ �
P

i liNi

2A
; (4)

where Esurf nð Þ is the internal energy of a surface system rep-

resented by a standard slab geometry with n layers and a 12-

Å-thick vacuum region. Convergence tests show that

nFe ¼ 16 and nN ¼ 16 are sufficient to reduce the surface

energy errors to less than 0.02 J/m2.

Finally, the surface energies are also used to evaluate

the intrinsic work of separation in each bulk phase according

to

�Wsep ¼ 2r; (5)

which reflects the absolute strength of the internal bonds.

IV. RESULTS

A. Bulk properties

In Table I we present the bulk properties as calculated

with DFT together with experimental data for bcc Fe, nacl

MN, and tetragonal CrMN. The magnetic structure at the

equilibrium volume is determined to be ferromagnetic for Fe

and nonmagnetic for the nitrides.

For VN, we find that GGA–PBE gives a very accurate

account of the lattice parameter, whereas for Fe, NbN, and

TaN the relative differences are larger (�1.0%, 1.8%, and

2.1%, respectively). For NbN and TaN, it is however impor-

tant to note that a direct comparison with experimental data

should be done with caution, as the compounds, in general,

are substoichiometric with varying amounts of nitrogen

vacancies. It is known that such defects can have an effect

on the lattice parameter of the material.

For the CrMN phases the calculated structural parame-

ters are found to be in reasonable agreement with the meas-

ured structural data, apart from a deviation of the internal

buckling cMN in CrNbN and the c lattice parameter of CrVN.

However, it should be noted that the experimental measure-

ments are performed at finite temperatures, in contrast to the

DFT calculations, which are performed at 0 K, which can

give rise to thermal expansion and changes of the interlayer

distances. Such effects have not been accounted for in this

study. In addition for the CrVN phase the discrepancy may

be due to the finite Nb content in Cr(V,Nb)N, or alterna-

tively, due to the very long transformation time of the

(V,Nb)N phase into the Cr(V,Nb)N compound.5 The latter

could lead to the fact that the experimental values of the

Cr(V,Nb)N phase are measured on precursor states to the sta-

ble tetragonal phase. A more thorough study, exploring alter-

native structures, would be needed though to resolve the

origin of this discrepancy.

Further, for CrVN and CrNbN, we are aware of two the-

oretical studies of the structural parameters,11,12 obtained

with DFT–PAW and the xc-functional according to Perdew

and Wang57 (PW91), cf. Table I. Our calculated results are

in qualitative agreement with the cell parameters in Refs. 11
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and 12, whereas there are some discrepancies for the stated

interlayer distances for the CrVN phase in Ref. 11. In an

attempt to understand these deviations, we have repeated the

bulk calculation for CrVN with the PW91 xc-functional.

However, the obtained interlayer distances and cell parame-

ters are within 0.005 Å identical to our PBE results, and

hence, the different xc-functional cannot explain the discrep-

ancies. Presumably, the differences can instead be attributed

to the number of valence electrons utilized in the PAW

potential for each element, the precise k-point grid, or the

used energy cutoff. Neither is explicitly stated in Ref. 11.

Further, the atom-projected DOSs of the nitride phases

are presented in Fig. 2. The nature of the chemical bonding

in the MN compounds is well established and has been deter-

mined as a mixture of covalent, ionic, and metallic contribu-

tions. The contributions are associated with (i) the

hybridization between the M and N atoms, leading to forma-

tion of bonding and antibonding pd states, (ii) the charge

transfer from the M atom to the N atom, and (iii) the hybrid-

ization between the M atoms.58–60 The formed electronic

structure consists of (i) a lower valence band (LVB) below

�15 eV with mainly N states, (ii) an upper valence band

(UVB) between �10 eV to �4 eV with a mixture of bonding

N and M states, and (iii) a conduction band (CB) above �4

eV containing antibonding and nonbonding states with

mainly M character.

The DOSs for the CrMN phases are found to be similar

to the electronic structure of the MN phases, where charac-

teristics of the LVB, UVB, and CB are clearly visible. The

main difference is a pronounced hybridization occurring

between the Cr and M states above �4 eV, which modifies

the antibonding states in the CB. Presumably, this beneficial

Cr–M interaction is an important contributing factor to the

higher stability of the CrMN phases compared to the MN

compounds. Further, we find a presence of Cr states in the

UVB between �9 to �4 eV, which supports formation of

Cr–MN bonds. This interaction is also confirmed by the

TABLE I. Lattice parameters (a, c), interlayer distances cAB between planes consisting of A and B atoms (cf. Fig. 1), magnetic moments (m), and Bader

charge transfer from the M to the N atoms (Bader) for the investigated bulk phases.

Method System a (Å)a c (Å) cMM (Å) cMCr (Å) cCrCr (Å) cMN (Å) m (lB) Baderb ( ej j)

DFT–PBEc Fe 2.8385 � � � � � � � � � � � � � � � 2.20 � � �
Experiment Fe 2.866 � � � � � � � � � � � � � � � 2.22 � � �
DFT–PBEc VN 2.917 � � � 2.063 � � � � � � � � � 0.0 1.62

NbN 3.151 � � � 2.228 � � � � � � � � � 0.0 1.73

TaN 3.130 � � � 2.213 � � � � � � � � � 0.0 1.86

Experiment VNd 2.918 � � � 2.063 � � � � � � � � � � � � � � �
NbNe 3.096 � � � 2.190 � � � � � � � � � � � � � � �
TaNd 3.066 � � � 2.168 � � � � � � � � � � � � � � �

DFT–PBEc CrVN 2.862 7.148 2.380 1.730 1.308 0.219 0.0 1.44 (0.14)

CrNbN 3.039 7.401 2.624 1.756 1.265 0.277 0.0 1.55 (0.10)

CrTaN 3.017 7.407 2.656 1.740 1.273 0.334 0.0 1.67 (0.10)

DFT–PW91 CrVNf 2.86 7.14 2.313 1.763 1.300 0.158 0.0 � � �
CrVNg 2.857 7.125 � � � � � � � � � � � � � � � � � �
CrNbNg 3.041 7.387 � � � � � � � � � � � � � � � � � �

Experiment Cr(V,Nb)Nh 2.86 7.39 � � � � � � � � � � � � � � � � � �
CrNbNi 3.037 7.391 � � � � � � � � � � � � � � � � � �

3.029 7.360 2.576 1.730 1.324 0.350 � � � � � �
Cr1.2Ta0.8Nj 3.004 7.334 � � � � � � � � � � � � � � � � � �

aThe lattice parameter a is for the MN compounds related to cubic nacl parameter d according to d ¼
ffiffiffi
2
p

a.
bFor the CrMN systems the Bader transfer from the Cr to the N atoms is also given in parentheses.
cDFT-PBE denotes results obtained in the current work.
dExperimental data from Ref. 41.
eExperimental data from Ref. 42.
fTheoretical data from Ref. 11.
gTheoretical data from Ref. 12.
hExperimental data from Ref. 4. The V:Nb atomic ratio is given as approximately 6:1.
iExperimental data from Refs. 36 and 35.
jExperimental data from Ref. 35.

FIG. 2. (Color online) The atom-projected DOSs for the MN and CrMN

bulk phases.
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Bader analysis, which in addition to the charge transfer from

the M to the N atoms also shows a charge transfer from the

Cr atoms to the MN layers. All together, the bonding nature

in the CrMN phases therefore comprise covalent, ionic, and

metallic contributions as for the MN compounds, although

with more weight on the metallic character.

B. Interface properties

In Table II we summarize the strains and the corre-

sponding changes in the internal structural parameters for the

coherently strained nitride bulk phases. Further, the calcu-

lated surface energies for the unstrained and strained phases

are presented in Table III.

For the NbN and TaN compounds, we find that the mis-

fit with respect to the iron lattice introduces very large

strains, which cause a substantial decrease of the surface

energies, and correspondingly, a reduction of the interlayer

bonding along the c-axis. In contrast, the strains in the VN

phase are much smaller and the effect on the interlayer bond-

ing is less pronounced.

For the CrMN compounds, the strains are reduced com-

pared to the MN phases due to a decreased misfit. Yet, the

strains are not small for CrNbN and CrTaN. The lateral

strain along the c-axis is found to arise primarily from an

elongation of the interlayer distance cMM, which suggests

that the interaction between the MN layers is of less impor-

tance for the bond strength in the CrMN phase than the MN–

Cr and Cr–Cr bonds. This weaker MN–MN interaction is

confirmed by comparing the surface energies, which shows

that the energy cost to create the ZMN�Cr�Cr�MN surface is

much lower than the other two terminations. However, it is

interesting to note that an accompanying enhanced internal

buckling in the strained bulk phases leaves the interlayer dis-

tance between the nitrogen atoms, cNN¼ cMM – 2cMN, nearly

unchanged as compared to the unstrained compounds.

1. Chemical contribution

The calculated chemical contribution to the total inter-

face energy and the work of separation for the FejMN and

FejCrMN interface systems are presented in Fig. 3 as a func-

tion of the number of layers. Further, the corresponding con-

verged values are summarized in Table III.

For the FejMN interface systems, the chemical contribu-

tions show a rapid convergence with respect to the number

of layers, with deviations occurring mainly for the first one

or two layer(s). The converged values are found to be nega-

tive, and consequently, the interface bonds are stronger than

the average bond strength of the corresponding bulk phases.

This beneficial interaction has, in previous theoretical

studies, been shown to be due to strong Fe–N and Fe–M

hybridization comprising aspects of ionic, covalent, and

metallic character similar to the bonds in the bulk MN

systems.18,21,25,34

For the FejCrMN interfaces, the chemical contributions

are found to be well converged at four layers. The

ZMN�Cr�Cr�MN layer ordering is determined to be the least en-

ergetically favorable termination for all three M-containing

systems, whereas the ZMN�MN�Cr�Cr geometry is the optimal

configuration for the FejCrNbN and FejCrTaN interfaces. In

contrast, for the FejCrVN system the Z Cr�MN�MN�Cr layer

ordering yields the lowest chemical contribution to the inter-

face energy.

Further, examination of the work of separations reveals

that even though the interface energies are positive, the

FejCrMN interface bonds are still strong. In particular, the

bonds at the FejZ Cr�MN�MN�Cr and FejZCr�MN�MN�Cr inter-

faces are stronger than the bonds at the FejMN interface, and

the intrinsic bond strength in bulk Fe ( �Wsep¼ 5.0 J/m2). In

fact, the interactions at the FejZ Cr�MN�MN�Cr interface are

also even stronger than previous theoretical results for the

work of separation for the Fe 001ð ÞjCr 001ð Þ interface

(Wsep¼ 5.37 J/m2),61 and the intrinsic bond strength for the

(001) layers in bcc Cr ( �Wsep¼ 6.48 J/m2).62 Meanwhile, the

FejZMN�Cr�Cr�MN interface is determined to be weaker than

the FejMN interface, but stronger than the MN–MN interac-

tions in the nitride phases.

2. Elastic contribution

The elastic contribution per layer to the total interface

energy is presented in Table III. For the FejVN and FejCrVN

interfaces, the energy costs for the coherency strains are

found to be small, which suggests a possibility that thin

coherent films of several layers can be stabilized in the Fe

phase. For the FejVN system, this result is consistent with

experimental observations of thin coherent VN platelets in

Fe.17,63 In contrast, for the FejNbN and FejTaN interfaces

the elastic contributions are substantially larger, and the

presence of coherent films thicker than one or two layers

would be very unfavorable. Instead a transition to a semico-

herent structure is to be expected.34 Meanwhile, for the

FejCrNbN and FejCrTaN interfaces, the elastic costs are

TABLE II. Calculated parallel and perpendicular strains (2k, 2?), induced changes in the interlayer distances between planes consisting of A and B atoms

(DcAB), magnetic moments (m), and Bader charge transfer from the M to the N atoms (Bader) for the coherently strained bulk nitrides.

System 2k (%) 2? (%) DcMM (Å) DcMCr (Å) DcCrCr (Å) DcMN (Å) m (lB) Bader ( ej j)a

VN �2.69 1.53 0.031 — — — 0.0 1.61

NbN �9.92 11.40 0.254 — — — 0.0 1.72

TaN �9.31 13.53 0.300 — — — 0.0 1.94

CrVN �0.82 0.60 0.027 �0.002 0.019 0.011 0.0 1.45 (0.13)

CrNbN �6.60 5.30 0.298 0.020 0.056 0.170 0.0 1.55 (0.04)

CrTaN �5.92 4.73 0.243 0.031 0.045 0.116 0.0 1.68 (0.04)

aFor the CrMN systems the Bader transfer from the Cr to the N atoms is also given in parentheses.
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significantly lower than for the FejNbN and FejTaN systems,

which could promote the formation of thicker films. How-

ever, the strains are not small and an extended investigation

of the semicoherent structure would be required in order to

determine the possibility of precipitation of thin coherent

CrNbN and CrTaN films.

Finally, it should be mentioned that the very large

strains, together with the mentioned pronounced effects on

the surface energies in Sec. III B, raise a question about

whether or not the utilized Baker–Nutting orientation rela-

tionships is a correct assumption for the FejNbN, FejTaN,

FejCrNbN, and FejCrTaN interface systems. The differences

between the calculated lattice parameters and experimental

values contribute to this uncertainty as the elastic contribu-

tions are sensitive to the misfit. However, by using the exper-

imental data for the lattice parameters the misfits are only

lowered by 1%–2%, and hence, the strains still remain very

large. Therefore, the possibility of other orientation relation-

ships where the strains are smaller cannot be excluded.

V. DISCUSSION

A. Relaxation of the MN phase

The calculations of the interface energetics of the

FejMN interfaces in this study have consistently been per-

formed with no atomic relaxation for the MN phase due to

the established dynamical instabilities along the X and K
high symmetry points for the stoichiometric phase. In order

to estimate the impact on the interface energetics from this

constraint, we have performed additional calculations where

the MN phase is allowed to relax according to a commensu-

rate shear wave along the 110½ �nacl direction, corresponding

to the instability at the K symmetry point. The obtained

results for the bulk and interface properties are summarized

in Tables IV and V, respectively.

For the unstrained MN bulk phases, the shear relaxation

introduces a tetragonal distortion of the cell parameters,

where the a parameter is reduced together with an elongation

along the c-axis. The accompanying internal bucklings are

interestingly found to be next to identical with the internal

bucklings in the unstrained CrMN systems. It is therefore

plausible that the internal bucklings in the CrMN compounds

are directly inherited from the dynamical properties of the

MN phases.

Further, the work of separation is found to increase for

the FejVN interface, whereas it remains similar to the unre-

laxed case for the FejNbN and FejTaN interfaces. Mean-

while, the elastic contribution to the interface energy per

layer is reduced substantially for all systems. Therefore, the

shear relaxation of the MN phases seems to promote forma-

tion of coherent films. However, a more elaborate investiga-

tion including vacancies and their influence on the structural

relaxation must be undertaken in order to determine whether

or not these results are applicable to the interface energetics

of MN films.

FIG. 3. The upper (lower) panels show the varia-

tions of the interface energy (work of separation)

with respect to the number of nitride layers for the

investigated Fe|MN and Fe|CrMN interfaces.

TABLE III. Calculated strained (unstrained) surface energies for the

nitrides (r), work of separations (Wsep), and chemical and elastic contribu-

tions to the interface energy (Echem, Eel) for the investigated systems. The

surface energy for the Fe phase is rFe ¼ 2:50 J/m2. The Eel contributions

are for the CrMN phases given as an average cost per layer.

System r (J/m2) Wsep (J/m2) Echem (J/m2) Eel (J/m2-layer)

FejVN 1.11 (1.37) 3.64 –0.03 0.05

FejNbN 0.53 (1.87) 3.58 –0.55 1.33

FejTaN 0.52 (1.93) 3.74 –0.72 1.18

FejCrVN

–ZMN�MN�Cr�Cr 2.75 (2.77) 4.93 0.32 0.005

–ZMN�Cr�Cr�MN 0.89 (0.96) 2.64 0.75 0.005

–Z Cr�MN�MN�Cr 4.49 (4.57) 6.79 0.20 0.005

FejCrNbN

–ZMN�MN�Cr�Cr 3.11 (3.49) 5.58 0.03 0.40

–ZMN�Cr�Cr�MN 0.43 (0.99) 2.04 0.89 0.40

–ZMN�Cr�Cr�MN 4.73 (5.30) 6.86 0.37 0.40

FejCrTaN

–ZMN�MN�Cr�Cr 3.38 (3.84) 5.87 0.01 0.33

–ZMN�Cr�Cr�MN 0.47 (1.02) 1.98 0.99 0.33

–Z Cr�MN�MN�Cr 4.77 (5.31) 6.91 0.36 0.33
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B. Stability of MN versus CrMN

The interface energetics of the MN and CrMN films has

so far only been evaluated with respect to the corresponding

stoichiometric bulk phases. Although such a procedure

allows for a comparison between the MN and CrMN inter-

face systems in terms of the work of separations and the elas-

tic cost to the strain nitride phases, the total interface energy

cannot be compared due to the choice of different chemical

potentials. Consequently, our results alone cannot determine

if the interface energies for the CrMN phases are higher than

for the MN compounds, and by extension, whether or not the

interface energy is the underlying reason behind the nuclea-

tion difficulty of the Z-phase in 9%–12%Cr steel alloys. For

this purpose appropriate values for the chemical potentials

would be required. However, the determination of the chemi-

cal potentials during the nucleation stage in a multicompo-

nent alloy is a not an obvious procedure, as they depend on,

e.g., the temperature and the concentrations of the elements.

It would therefore be necessary to perform thermodynamical

modeling of the alloys. Once completed, the acquired refer-

ence states can then be combined with our obtained results

for interface energies in order to determine the possibility of

direct Z-phase nucleation in the steel lattice.64 However,

such a treatment is beyond the scope of the present work and

has been postponed for future work.

VI. CONCLUSIONS

In this work we perform a systematic investigation of

the interface energetics of thin coherent nacl-structured MN

and tetragonal CrMN films in bcc Fe (M¼V, Nb, Ta) with

the aim to improve the understanding of the difference in the

nucleation pathway between MN and CrMN precipitates in

9%–12%Cr steel alloys. We employ ab initio DFT calcula-

tions and determine the strength of chemical interactions

across the interfaces together with the elastic costs associated

with the coherency strains.

The results show that the chemical interactions across

the FejMN interfaces are stronger than the bonds in the cor-

responding bulk systems, which is consistent with previous

theoretical studies.18,21,34 In contrast, the bonds at the

FejCrMN interfaces are found to be weaker than the bonds

in the bulk counterparts. Yet, the chemical interactions at

two out of three investigated FejCrMN interface terminations

are significantly stronger than for the FejMN interfaces.

Further, the elastic cost for the coherency strains is

found to be very small for the VN and CrVN compounds due

to a small lattice misfit with respect to the Fe phase, which

suggests a possibility of formation of thin coherent films. In

contrast, the elastic contribution is determined to be signifi-

cantly higher for the NbN and TaN phases, and coherent

films thicker than one or two atomic layers would therefore

be energetically unfavorable. Meanwhile, the elastic costs

are found to be lower for the CrNbN and CrTaN compounds

than for the NbN and TaN phases due to a reduced lattice

misfit. The probability of thicker coherent films are therefore

deduced to be higher in the former compared to the latter.

Finally, we investigate the impact on the interface ener-

getics from introducing a shear relaxation in the MN phase,

which is associated with a dynamical instability of the stoi-

chiometric nacl-structured phase. We find that the shear

relaxation gives rise to a substantial reduction (> 60%) of

the elastic contribution to the interface energy as compared

to the nacl-structure, which makes the elastic costs for the

MN and CrMN phases comparable to each other. Mean-

while, the effects on the chemical interactions at the interface

are determined to be smaller, where the strength of the

FejVN system increases only marginally, whereas it remains

next to constant for FejNbN and FejTaN interfaces. Effec-

tively, the shear relaxation therefore seems to promote the

formation of thicker coherent MN films than for the nacl-

structured MN phase.

In conclusion, our findings provide important informa-

tion about the differences and similarities of the interface

energetics of MN and CrMN films in Fe. In particular, both

TABLE IV. Calculated lattice parameters (a, c), interlayer distances cAB between planes consisting of A and B atoms, magnetic moments (m), and Bader

charge transfer from the M to the N atoms (Bader) for the sheared MN bulk phases.a

System a (Å) c (Å) cMM (Å) cMN (Å) m (lB) Bader ( ej j)

VN 2.888 (2.8385) 4.208 (4.291) 2.338 (2.451) 0.178 (0.235) 0.0 (0.0) 1.63 (1.62)

NbN 3.112 (2.8385) 4.561 (5.345) 2.562 (2.969) 0.267 (0.589) 0.0 (0.0) 1.71 (1.48)

TaN 3.069 (2.8385) 4.610 (5.324) 2.603 (3.257) 0.355 (0.529) 0.0 (0.0) 1.82 (1.62)

aThe values when the phases are strained to coherency with the Fe lattice are also given in parentheses.

TABLE V. Calculated strained surface energies for the nitrides (r), work of

separations (Wsep), and chemical and elastic contributions to the interface

energy (Echem,Eel) for the FejMN interface systems with a sheared MN

phase.a

System/Layers 2 4 6 8

FejVN

–r 1.68 1.64 1.58 1.56

–Wsep 4.32 4.25 4.18 4.17

–Echem �0.14 �0.11 �0.11 �0.11

–Eel 0.04 0.08 0.12 0.16

FejNbN

–r 1.05 1.27 0.88 0.93

–Wsep 3.59 4.01 3.56 3.61

–Echem �0.04 �0.24 �0.19 �0.19

–Eel 1.02 2.04 3.06 4.08

FejTaN

–r 1.25 1.35 1.01 0.96

–Wsep 3.87 4.22 3.85 3.82

–Echem �0.12 �0.37 �0.35 �0.37

–Eel 0.38 0.76 1.14 1.52

aThe surface energy for the Fe phase is rFe ¼ 2:50 J/m2.
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the strength of the interface bonds and the elastic energy cost

for the coherency strains can differ significantly between the

compounds. These differences give support to that the inter-

face energetics can play a decisive role in the initial nuclea-

tion stage of MN and CrMN precipitates. However, in order

to draw any definite conclusions, the elastic contribution

must be in relation to the chemical contribution to the total

interface energy. For this purpose appropriate values for the

chemical potentials are required. Our obtained results should

therefore in future work be combined with thermodynamical

modeling,8,11,12 before the impact of the interface energetics

in the initial nucleation stage of MN and CrMN precipitates

in 9%–12%Cr steels can be determined.
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