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Theoretical study of interface structure and energetics in semicoherent Fe(001)/MX(001) systems
(M=Sc, Ti, V, Cr, Zr, Nb, Hf, Ta; X=C or N)
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We perform a systematic ab initio study of the electronic and atomic structure of semicoherent interfaces
between bce Fe and NaCl MX (M=Sc, Ti, V, Cr, Zr, Nb, Hf, Ta; X=C or N). The interface energetics is
accessed by using a Peierls-Nabarro framework, in which ab initio data for the chemical interactions across the
interface are combined with a continuum description to account for the elastic distortions. The key factors to
the trends in the interface energy are identified and discussed with respect to the size of the misfit and the
electronic structure of the MX phase. Our approach shows that the inclusion of lattice misfit can have a
significant contribution to the interface energy (up to 1.5 J/m?) and must therefore be thoroughly accounted
for in the interface description. The results will have important bearings on our ability to understand and

describe precipitate stability in steels.
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I. INTRODUCTION

The abundance of solid-solid heterophase interfaces is an
ubiquitous feature in advanced materials, which can have a
decisive impact on the mechanical and other properties. In
particular, the strength in metallic alloys is closely connected
to the distribution of obstacles, such as precipitates and grain
boundaries, which effectively hinder or block dislocation
migration.! A fundamental understanding of the stability and
energetics of the underlying interfaces of such structures is
therefore an important step toward quantitative predictions of
their impact on microstructure and properties of the
material.?

In steel alloys, precipitation of secondary phases inside
grains and at grain boundaries is commonly achieved by al-
loying additions of carbide and nitride formers, such as Ti, V,
Cr, and Nb.? The interface structure of the precipitates has
from experimental studies been found to depend on the size
and chemical composition, and ranges from very small co-
herent VN (Ref. 4) platelets, via various-sized NbN (Ref. 5)
and CrN (Ref. 6) particles, to larger semicoherent VN,*78
TiC,” and Nb(C,N) (Ref. 10) precipitates, where misfit dislo-
cations are present at the interface. Still, the precise condi-
tions for which the coherent or the semicoherent interface
morphology occurs, in particular, inside grains, are not yet
well established. Addressing this question calls for accurate
data for the elastic constants, any lattice misfit between the
precipitates and the matrix, and the interface energetics.

Accurate modeling of interfaces requires that the atomic
and electronic structures can be described in a realistic man-
ner. The nature of the chemical bonding at the interface can
in general be highly complex and may simultaneously com-
prise ionic, covalent and metallic character. For real inter-
faces any mismatch between the structures of the two phases
will also give rise to long-ranged stress fields surrounding
the interface. This complexity therefore calls for methods
that can bridge the different length scales and maintain an
accurate description of the chemical interactions across the
interface while simultaneously taking into account the ex-
tended elastic distortions.
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In previous theoretical studies, interfaces between metals
and carbides/nitrides have been investigated extensively by
ab initio methods, where, in particular, density-functional-
theory (DFT) calculations have proven to be a powerful and
accurate tool to access the interface energetics, and to char-
acterize the nature of the chemical bonding.!'>> However,
due to the extensive computational costs associated with
these methods, a direct account for extended elastic distor-
tions arising from lattice misfit have almost exclusively been
prohibited. A semidirect approach to include the elastic dis-
placements was explored in Refs. 24 and 25, where the elas-
tic and chemical contributions for semicoherent and incoher-
ent interfaces were approximated from ab initio simulations
by using unit cells of moderate sizes, thereby ascertaining an
accurate description of the interface interactions. However,
the formulation of the interface energetics had the disadvan-
tage of not providing a self-consistent description of the
atomic structure and interactions across the interface. A
promising alternative approach where the interface energet-
ics is accessed in a self-consistent manner has been realized
within a Peierls-Nabarro (PN) framework.2°-3¢ In the model,
interface energetics is addressed by combining atomistic ab
initio calculations for the chemical interactions with con-
tinuum theory to describe the elasticity of the materials. The
framework has been applied to the metal-oxide Al/MgO,3>33
the metal-nitride Fe/VN,333% and the metal-metal NiAl/Mo
(Ref. 34) interfaces and has shown potential for a proper
interface description.

In the present paper we extend the work done in our pre-
vious studies’>-* on the Fe/VN interface energetics. We per-
form a systematic investigation of the electronic and atomic
structure of semicoherent interfaces between NaCl structured
MX precipitates (M =transition metal; X=C or N) and bcc
Fe, where the orientation relationship is given by the Baker-
Nutting relation (001)y,cill (001)e,[100]5acrI[110]5cc. The
chemical and elastic contributions to the semicoherent inter-
face energetics are accounted for in a self-consistent manner
within the Peierls-Nabarro framework. The former contribu-
tion is further thoroughly analyzed in order to identify the
key factors to the trends of the chemical interactions across
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FIG. 1. Schematic figure of the semicoherent structure at the
interface along the X direction. The misfit dislocations occur with
the periodicity p. Black (gray) circles denote phase 1 (2).

the interface. Finally, we perform a comparison between the
semicoherent and the coherent interface energetics of
strained MX films in Fe with the aim to provide insights to
the early stage of precipitation, its pathway and the precipi-
tate morphology.

The paper is organized as follows. First, the semicoherent
interface model is presented in Sec. II. Then, in Sec. III the
computational techniques for the atomistic and continuum
calculations are described followed by the results and discus-
sion (Sec. IV). The main conclusions of our study are sum-
marized in Sec. V.

II. SEMICOHERENT INTERFACE MODEL

In this paper we consider the sharp, planar interface be-
tween two semi-infinite crystals, (1) and (2), with the same
(cubic) structure but with different lattice spacings, a and
a?. The direction perpendicular to the interface is denoted
with Z and we assume a'!)>a®. The difference in the lattice
spacings introduces a misfit f according to

4l g®

POMpOL

f=2 (1)
where we have used a symmetric definition®* with respect to
the two different phases.

Moderate misfit (0<f=<0.2) will primarily be taken up
periodically by formation of a square network of misfit dis-
locations arranged along the x and y directions. The formed
semicoherent interface allows the majority of the atoms to
achieve an optimal coherent configuration, except near the
dislocation cores where the structure is highly distorted (cf.
Fig. 1). The periodicity p of the dislocations is given by

aWg? @
pP=_m_,0"

In the discrete case the periodicity is restricted to p=Pa)
=(P+1)a® where P is an integer. We will assume p to be
given by Eq. (2). For higher misfit the partial lattice match-
ing at the interface will be lost and the interface becomes
incoherent.

The semicoherent interface can be treated within an ex-
tended Peierls-Nabarro framework, where the total interface

energy is decomposed into two terms
Eiot=Echem + Eql (3)

with E ., describing the chemical energy originating from
the breaking and creation of bonds in the formation of the
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interface and E the elastic energy arising from the atomic
displacements. The chemical interactions across the interface
are approximated by an effective two-dimensional (2D) po-
tential energy surface, referred to as the 7y surface, evaluated
through atomistic ab initio calculations. The elastic distor-
tions in the materials are accounted for by using a continuum
description where the boundary conditions are derived by
using the vy surface. The optimal atomic configuration and
the corresponding interface energy are then obtained in a
self-consistent manner by minimizing Eq. (3) with respect to
the displacement fields. In the two following subsections we
give a brief account of the above procedure for the semico-
herent interface. For further details we refer to Ref. 36.

A. 7y surface

The vy surface is determined through evaluation of the
interface energy within a coherent interface approximation.
The coherent interface system is constructed by straining the
two phases in both the X and y directions into a common
lattice parameters a in the interface plane. The parameter a is
determined from linear elasticity theory and is chosen to
minimize the sum of the elastic energy per volume for the
two strained bulk phases, where the accompanying induced
strains perpendicular to the interface (Poisson effect) are ac-
counted for. The simultaneous straining of the two phases,
rather than only adjusting one of the phases, is expected to
give the best description of the chemical interactions across
the interface, especially in the near coherent regions where
the two phases will be close to satisfy the imposed strain
condition.

The effective two-dimensional potential energy surface
v(x,y) is then created by using a set of relative translations 7
of the two phases. At each specific translation the interface
energy is minimized with respect to the interphase separation
rather than utilizing one common separation for the entire
interface. This approach is based on the results in our previ-
ous study of the Fe/VN interface,® where the elastic energy
required to relax the interphase separation to its optimal dis-
tance was determined to be small. Furthermore, the minimi-
zation procedure with respect to the interphase separation is
performed under the constraint that all mutual atomic dis-
tances in each respective phase are fixed, and hence, all fur-
ther atomic relaxations are omitted. This constraint is im-
posed as a consequence of the dynamical instabilities found
for the stoichiometric NaCl-structured VN, NbN, TaN, CrN,
and CrC compounds.’’° These instabilities create large
shear displacements in the NaCl-structure, which are stabi-
lized first when metalloid vacancies are introduced. There-
fore, in order to allow for a systematic study of all the MX
compounds investigated in this work, we have decided to
omit all atomic relaxations except for the minimization of the
interphase separations. Finally, the acquired minima at the
relative translations are interpolated by using a superposition
of cosine functions, cos%"(mxﬂzy)(m,n € 7), obeying the
symmetry of the coherent interface.

We define the energy E.,, to be the minimum of the 7y
surface, corresponding to the interface energy of a fully co-
herent interface (f=0). We also define E;,., to be the mean
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of the vy surface, which is a measure of the interface energy
for an incoherent (in both the £ and ¥ directions) structure.
The interface energy for the semicoherent interface will be
bounded by E., and E;,.qp.

B. Peierls-Nabarro framework

The atomic distortions for a periodic array of misfit dis-
locations at a semicoherent interface between two semi-
infinite crystals, (1) and (2), can be accounted for in the
Peierls-Nabarro framework. The elastic response of the two
crystals is assumed to be described by linear elasticity theory
and the discrete atomic nature of the crystals is thus replaced
by two continuum media with two different sets of elastic
constants. The misfit dislocations are assumed to be of pure
edge type with the Burger’s vectors parallel to x. For an edge
dislocation the displacements of the elastic media just below
or above the interface, u'"(x) and u®(x), will lie only along
the £ direction. The relative displacement parallel to the in-
terface is denoted with u(x)=u"(x)—u®(x) while the rela-
tive displacement perpendicular to the interface is set to zero.
The displacements are all functions of the periodicity p, and
we impose the boundary conditions u(—p/2)=u(p/2)=0.

Assuming continuity of the stress field across the inter-
face, the elastic energy per unit area is a functional ES{&°

edge[u()c)] of the displacement field u(x), despite the d1f—
ference in the elastic constants. For a periodic array of edge
dislocations we have

EGu(x)]

p/2
f J In
47Tp —pl2 Y —pl2
(4)

where the energy coefficient K, can be evaluated with
knowledge of the elastic constants and the orientation of the
crystals.

The chemical energy per unit area is given by an integral
over the vy surface according to

du(x ) du(x )dx'dx,

sin— (x— ") P
X

p/2

NU(x)Jdx, (5)

-pl2

E[u(x)] =~

where U(x)=5+%x+u(x) is the disregistry across the inter-
face. The integrand [U(x)] here refers to the one-
dimensional (1D) cut, parallel to the X direction, in the two-
dimensional effective potential energy surface that gives the
lowest mean energy when integrated along the corresponding
line. Finally, the total interface energy for the system is ob-
tained by minimizing

Egeu(x)] = EgE [u(x)] + B u(x)] (6)

with respect to u(x). By taking the functional derivative of
Eq. (6) with respect to u(x), the usual PN integrodifferential
equation is obtained.

In order to account for the full square dislocation network
exemplified in this paper, the 1D solution is subsequently
transferred to 2D according to
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tot - 2Eedge + 2(Ezﬂ§ren - Ecoh) + Ecoh' (7)

We have here assumed that perpendicular dislocations at the
interface do not interact. This assumption has in our previous
study*® been shown to be a valid approximation for the
Fe/VN interface.

III. COMPUTATIONAL DETAILS
A. Atomistic modeling

The atomistic calculations are performed within the
framework of DFT as implemented in the Vienna ab initio
simulation package (VASP).**-%> The exchange-correlation
functional is treated with the spin-polarized generalized gra-
dient approximation according to Perdew and Wang®
(PW91) for the systems with M # Nb, Cr and according to
Perdew-Burke-Ernzerhof** (PBE) for the systems with M
=Nb, Cr.¥ Blochl’s projector-augumented-wave formalism
as implemented by Kresse and Joubert*® is employed for the
electron-ion interaction. The standard Fe, C, and N potentials
with eight, four, and five valence electrons are used while the
semicore electrons are included as valence electrons for the
M atoms where available. The k-point integration over the
Brillouin zone is performed by using a Monkhorst-Pack grid
and the first-order Methfessel-Paxton smearing scheme with
a fictitious temperature broadening of 0.1 eV. The plane-
wave cutoff energy is chosen in the range 450-700 eV, de-
pendent on the specific system, in order to ensure that the
total energies are converged to within a few millielectron
volt per atom.

The similarities and differences in the electronic structure
for the considered systems are studied in terms of charge
transfers between different constituents, real-space electron
charge densities, and atom-projected density of states
(DOSs). The charge transfers are quantified through Bader
analysis*’ based on the approach given in Ref. 48. 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 information about charge redistribu-
tions. The third root of the ratio between the Bader volumes
associated with each atom in the bulk phases is also utilized
to define the ratio between the projection radii used for the
evaluation of the atom-projected DOSs in the MX com-
pounds. The projection spheres are then made as large as
possible without overlap between neighboring spheres. For
the Fe phase the projection radius is set to 1.0 A.

1. Bulk properties

All of the considered transition metal carbides and ni-
trides in this paper are confined to an ideal stoichiometric
sodium chloride structure. The presence of nonmetal vacan-
cies, which experimentally are known to stabilize the NaCl-
structure for many of the MX phases, are thus omitted in
order to reduce the number of varying parameters when per-
forming the trend study. Furthermore, the MX’s in the groups
III-V are known to adopt a nonmagnetic configuration while
for consecutive compounds such as CrN and FeN magnetic
ordering becomes important.**->! Therefore, we investigate
the stability of the nonmagnetic and the ferromagnetic state

195410-3



DAN H. R. FORS AND GORAN WAHNSTROM

FIG. 2. (Color online) The 7y surface of the Fe/TiC interface.
Consecutive contour lines differ by 0.1 J/m?. The maximum of the
v surface lies in the middle (corresponding to Fe on top Ti) and the
minimum lies in the corner (corresponding to Fe on top C).

for all the MX’s. In addition, for the CrX and FeX phases
three antiferromagnetic states are considered corresponding
to two single layer configurations (7] 7]...) along the
[110]Nacr and the [111]x,c; direction, respectively, and one
double layer structure (71| |...) along the [110]y,c; direc-
tion.

The lattice constants d, the bulk moduli B, and the elastic
constants ¢y, s, and ¢y for the Fe phase and the MX com-
pounds are determined by following the procedure in Ref.
52: (i) an isotropic strain gives d and B=(c,;+c¢;,)/3 from a
Birch fit of at least third order, and (ii) volume-conserving
orthorhombic and monoclinic strains give c¢;;—cy, and cyy,
respectively, from polynomial fits. For the Baker-Nutting ori-
entation relationship the lattice constants d are then related to
the interface parameters according to a™*=d™ and ¥
=d"X/\2. The calculations are performed by using a cubic
unit cell (dXdXd) and a k-point grid consisting of at least
10X 10 X 10 points.

2. Interface properties

The vy surface is determined through evaluation of the
interface energy within a coherent interface approximation
for six relative translation vectors (A-F) of the two phases,
cf. Fig. 2. Each coherent interface system is represented by
using a computational unit cell containing a standard slab
geometry with ng, expanded Fe layers on top of n,,y com-
pressed MX layers. The interlayer distances perpendicular to
the interface in the two respective phases are adjusted to
account for the Poisson relaxation. The cell is subject to
periodic boundary conditions in all three directions. Each
MX (M # Cr) layer contains one M atom and one X atom
while each Fe layer corresponds to one Fe atom. The CrX
systems are composed of twice the number of atoms in each
layer in order to also allow for the antiferromagnetic spin
structures. The converged k-point grids are set to at least
10X 10X 1 (12X 6 X 1) points for the M # Cr(M=Cr) sys-
tems.

At T=0 K the interface energy can for each relative
translation 7 be evaluated according to
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EFe/MX(T7Zsep) - E MilN;

, (8)

N7 = minzsep 24

where A is the area, N; the number of atoms for the constitu-
ent i, and Epeyx(7,24p) is the internal energy of the coherent
interface system at the interphase separation z,. The factor
2 in the denominator is included to account for the presence
of two surfaces in the computational unit cell. The chemical
potentials w; are evaluated through separate calculations for
the strained stoichiometric bulk phases.

Convergence tests with respect to the number of layers
show that a setup with ng.=5 and nyy=35 is sufficient to
reduce the interface energy error from the artificial interface
interactions through the slabs, originating from the finite size
of the computational unit cell, to less than 0.03 J /m?. This
layer configuration is therefore utilized for all of the interface
systems. The equal parity for ng, and ny,y is here imposed in
order to create two identical interfaces within the cell.

The absolute bond strength of the interface system is ana-
lyzed in terms of the work of separation W, i.e., the revers-
ible work required to separate the interface into two free
surfaces while neglecting diffusional and plastic degrees of
freedom.”® By denoting the surface energies of the free Fe
and MX surfaces with op, and oy, respectively, the work of
separation at each specific relative translation can be ex-
pressed as

Wsep(T)=UFe+UMX_7(T)s 9)

where the free surfaces are restricted to the same strains as
for the corresponding interface system. The surface energy o
for each phase is calculated according to

Esurf(n) - 2 ilN;
a(n) = T', (10)

where E,¢(n) is the internal energy of a surface system rep-
resented by a standard slab geometry with n layers and a
12 A thick vacuum region. The chemical potentials w; for
the stoichiometric bulk phase are obtained from an arith-
metic average over the increments AE,=FE,(n)—Eg.fn
—1) in the region with sufficiently large n values. This evalu-
ation procedure achieves a fast convergence to a stable value
for the surface energy and avoids the linear divergence with
respect to n that can arise if w; instead would be obtained
from independent bulk calculations.**>> Convergence tests
with respect to the number of layers show that ng,=16 and
nyyx € [8,16] are sufficient to reduce the surface energy error
to less than 0.01 J/m?

B. Continuum modeling

The minimization of the total energy functional in Eq. (6)
is performed numerically. We define u(x) as a piece-wise
linear function with the values u; at the nodal points x; mak-
ing du/dx constant between the points. The nonlinear equa-
tions
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TABLE I. Calculated lattice parameters (d), bulk moduli (B), elastic constants (¢, ¢, c44), and cohesive
energies E for the Fe and the MX bulk phases. The corresponding experimental values are given in paren-
theses. For the MX’s the Bader charge transfers from M to X atoms (Bader) are also given. The cohesive
energies are evaluated with respect to the spin-polarized broken-symmetry states of the isolated atoms.

d B cy1 cip Cy4 Bader Ec
(A) (GPa)  (GPa) (GPa) (GPa) (le|[/atom)  (eV/formula unit)

Fe (PWO1) 2.831 (2.866)* 175 258 133 94 5.00 (4.28)°

Fe (PBE) 2.835 (2.866)* 175 258 133 94 4.94 (4.28)°

ScC 4.684 (4.720)° 153 304 77 61 1.62 12.56 (12.74)°
TiC 4.336 (4.328)¢ 248 508 118 168 1.63 14.92 (14.32)°
vC 4.160 (4.159)¢ 311 645 145 183 1.45 14.08 (13.88)°
CrC 4.106 (4.117)¢ 262 501 142 89 1.35 11.68 (11.59)°
FeC 4.000 (4.085)° 1.23 11.80 (11.35)¢
7ZrC 4.723 (4.698)¢ 219 454 102 150 1.84 15.79 (15.86)"
NbC 4.507 (4.469)4 298 642 127 163 1.75 15.88 (16.52)f
HfC 4.645 (4.636)4 237 507 102 171 2.04 16.34 (16.22)8
TaC 4.484 (4.455)4 322 718 124 179 1.97 17.27 (17.12)8
ScN 4.522 (4.509)° 200 388 107 166 1.77 13.35 (13.44)°
TiN 4.255 (4.240)4 273 574 123 164 1.70 13.99 (13.39)¢
VN 4.125 (4.126)4 330 633 179 135 1.57 12.48 (12.49)¢
CrN 4.144 (4.149)¢ 247 505 118 134 1.48 10.09 (10.29)°
FeN 4.085 (4.133)° 1.49 9.72 (9.17)°

ZiN 4.620 (4.567)4 248 522 112 112 1.83 14.78 (15.05)f
NbN 4.456 (4.379)" 304 618 147 81 1.72 13.90 (14.99)f
HfN 4.539 (4.520)¢ 270 588 112 124 2.00 15.20 (15.24)¢
TaN 4.427 (4.336)4 328 685 149 64 1.80 15.05 (15.27)¢

“Experimental data from Ref. 56.
PExperimental data from Ref. 57.
“Experimental data from Ref. 58.
dExperimental data from Ref. 59.

“Estimated value based on thermodynamical data, from

fExperimental data from Ref. 60.
gExperimental data from Ref. 61.
"Experimental data from Ref. 62.

aEedge
T"‘:o, Vi (11)
I/l'

l

are then solved by using a conjugate-gradient algorithm. The
number of nodal points is chosen to make the total energy
converge within 107 J/m?.

IV. RESULTS AND DISCUSSION
A. Bulk properties

In Table I and Fig. 3 we present the calculated lattice
parameters, the bulk moduli, the elastic constants, the cohe-
sive energies E, and the charge transfers for the investigated
bulk MX’s. In addition, partial data for FeN and FeC are also
given. The magnetic structure at the equilibrium volume is
determined to be ferromagnetic for Fe, CrC, and FeN, single
layer antiferromagnetic along the [110]y,c direction for
CrN, and nonmagnetic for the remaining systems. The cal-
culated lattice parameters are found to be in reasonable

Ref. 58.

agreement with experimental data with deviations smaller
than 2.1%. The values and trends are also consistent with
previous theoretical investigations.**63% For the cohesive
energies a qualitative agreement with experimental values is
obtained, although the relative deviations are larger than for
the lattice constants. However, it should be noted that the
MX phases in general are substoichiometric with respect to
X, which is known to have a sizable effect on the bonds in
the material®® and hence, a direct comparison with experi-
mental data should be done with a little caution.

The properties of the bulk MX’s and their respective
trends with respect to substitution of the M or the X atom
have been studied extensively with a large variety of theo-
retical and experimental methods.’%60:61.6471 The bonding in
the compounds has been determined as a mixture of cova-
lent, ionic, and metallic contributions, which are associated
with (i) the hybridization between the M and X atoms, lead-
ing to formation of bonding and antibonding pd states, (ii)
the charge transfer from the M atom to the X atom, and (iii)
the hybridization between the M atoms.%%%7% In addition,
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FIG. 3. Variations in, from left to right, the lattice parameters, the cohesive energies, the bulk moduli, and the charge transfers of the
investigated 3d, 4d, and 5d MX’s as a function of the parent M group.

theoretical studies have also demonstrated the presence of
non-neglectable bond contributions from X-X
interactions.%*”! The formed electronic structure is similar
for all the MX compounds (cf. Fig. 4) and consists of (i) a
lower valence band (LVB) with mainly X 2s states, (ii) an
upper valence band (UVB) with a mixture of bonding X 2p
and M d states, and (iii) a conduction band (CB) containing
antibonding and nonbonding states with mainly M d charac-
ter.

The similarity in the electronic structure for all the MX’s
in combination with the distinct separation between the re-
gions with the bonding and the antibonding states provide a
qualitative understanding of bond strength variations in
terms of band filling arguments.®>%7-% Within a rigid band
model the largest cohesive energy along a transition metal
period in the periodic table is expected when the bonding
states in the UVB band are completely filled and the anti-

== s states (X)
mm p states (X)
mm d states (M)
CB

D

©n
o
A

UVB

D E—
LVB ‘
Energy

FIG. 4. (Color online) A schematic picture of the electronic
structure of the MX phases, showing the orbital projected density of
states (DOS) for the lower and upper valence band (LVB and UVB)
and for the conduction band (CB). The states are superpositioned on
each other in such a way that the upper envelope corresponds to the
summation of the states.

bonding states in the CB band are empty. According to this
picture the maximum bond strength occurs in group IV for
the carbides and in group III for the nitrides. Removing (add-
ing) electrons from (to) the system will deplete (fill) the
bonding (antibonding) states and the bond strength will con-
sequently decrease.

Our calculated cohesive energies are consistent with the
rigid band model with the exceptions that the value for ScN
is lower than expected and that the maximum values for the
4d and 5d MC’s are shifted to group V instead of occurring
in group I'V. Presumably, the explanation for these deviations
is the previous finding®'-%° that the rigid band assumption is
only valid for qualitative and not quantitative trends predic-
tions. Care should therefore be taken to not rely on band
filling arguments alone. Finally, we note that the trends of the
charge transfers and the monotonic increase in the cohesive
energy when down going a group are in agreement with pre-
vious predictions based on hybridization in a two-level
model consisting of the atomic M d and the X 2p energy
levels.®*

B. Interface properties

In Table I we summarize the common lattice parameters
and strains for the coherent Fe/MX interface systems. The
former are, as expected from the elastic constants, closer to
the more rigid MX phase and the largest strains thus occur in
the Fe phase.

1. Coherent interface energies

The interface energies at the six translational sites (A-F)
for the considered systems are presented in Table III and in
Fig. 5 as a function of the M atom. The effective potential
energy surfaces are characterized by three essential features:
(i) there is a large difference in the interface energy
(1.5-2 eV/a?) between the optimal (site B) and the least
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TABLE II. Calculated misfit (f), energy coefficient (K,), perpendicular and parallel strains (€, €;), common lattice parameter (a) and
periodicity of the misfit dislocations (p) for the investigated Fe/MC (Fe/MN) interface systems.

f K, e g e e’ a P

(%) (GPa) (%) (%) (%) (%) (A) (A)
Fe/ScX 15.7 (12.2) 106 (141) -10.1 (-8.4) 9.8 (8.2) 3.1(2.3) -6.2 (-4.2) 3.107 (3.063) 19.5 (24.7)
Fe/TiX 8.0 (6.1) 147 (150) -5.9 (-4.6) 5.7 (4.5) 1.1 (0.7) -24 (-1.7) 2.993 (2.956) 37.0 (48.0)
Fe/VX 3.8 (3.0) 156 (148) -3.0 (-2.3) 29 (22) 0.4 (0.4) -1.0 (-0.8) 2.913 (2.894) 75.3 (96.5)
Fe/CrX 2.4 (3.3) 125 (143) -1.7 (-2.4) 1.6 (2.3) 0.4 (0.4) -0.7 (-1.0) 2.881 (2.901) 120.9 (87.4)
Fe/ZrX 16.5 (14.3) 141 (137) -12.4 (-11.1) 12.0 (10.7) 2.3 (1.7) -5.1 (-4.0) 3.171 (3.135) 18.6 (21.2)
Fe/NbX 11.7 (10.6) 152 (133) -9.6 (-8.4) 9.1 (8.2) 1.1 (1.3) -2.9 (=2.7) 3.094 (3.066) 25.7 (28.3)
Fe/HfX 14.9 (12.5) 147 (143) -11.5 (-10.0) 11.1 (9.7) 1.7 (1.2) -4.3 (-3.3) 3.146 (3.104) 20.4 (24.0)
Fe/TaX 11.3 (10.0) 157 (130) -94 (-8.2) 9.1 (8.0) 0.9 (1.0 -2.6 (-2.4) 3.088 (3.056) 26.5 (29.6)

favorable (site A) position at the interface, (i) the trend
along a period is similar for all translational sites, and (iii)
the trend along the 3d period is different for carbides and
nitrides with in particular a substantial change in the inter-
face energy for the Fe/ScC system. Furthermore, we note
that the interface energy at site B is negative for many of the
MX’s, and the formed bonds across the interface are hence
stronger than in the corresponding bulk phases.

2. Work of separation and surface energies

The trends for the work of separation at the minimum and
maximum position at the 7y surface, Fe on top X and Fe on
top M, respectively, are shown in Fig. 6 together with the
trends for the Fe(001) and MX(001) surface energies.

The obtained surface energies for the Fe systems are in
agreement with previous experimental and theoretical
studies.”” We also find that the energies have a very weak
strain dependence, where the energy cost per Fe atom in-
creases only slowly with higher misfit. Still, the dependence
indicates that the lateral bonds in the 7 direction become
more important for the bond strength in the bulk phase as the
strains grow larger.

For the MX surfaces the differences along a period show a
clear correlation between the surface energies and the cohe-
sive energies (cf. Fig. 3), where the maxima of the quantities
coincide at the same groups. (It should here be pointed out

that although the imposed strains decrease the bond strength
in the bulk MX’s to a certain extent as compared to un-
strained phases (<0.3 eV per formula unit), the trends for
E are qualitatively unchanged.) The connection to the cohe-
sive energies can be understood in terms of a simple nearest-
neighbor broken-bond scheme and as a consequence the
same band filling arguments as for the bulk MX’s can be
applied to account for the surface energy trends.”>">

The trends of the work of separation are found to partially
inherit the trends of the interface energies. However, the
magnitude of the variations along a period in the former are
reduced compared to the latter due to a cancellation from the
MX’s surface energies. From the results we find that the ab-
solute interface bond strength are characterized by three gen-
eral features: (i) the interface bonds at site B are much stron-
ger than at site A, (i) the bond strength increases along a
period, and (iii) the interface bonds in the Fe/ScC system at
site B are significantly stronger than for the remaining 3d
MC’s. Note that only the first feature can with certainty be
concluded from the interface energies since it is the only
feature where the effect of the surface energies cancels out.
The above trends can be understood on the basis of charge
density distributions and band filling arguments for the inter-
face and surface systems, and are discussed in the following
subsections.

TABLE III. Calculated values of the y surface at the six translation states A-F for the investigated Fe/MC

(Fe/MN) interface systems.

A B/E.o C D E F Eincon

(eV/da?) (eV/d?) (eV/d?) (eV/d?) (eV/d?) (eV/da?) (eV/d?)

Fe/ScX  1.77 (1.93) -047 (043) 0.98 (1.65) 1.54 (1.87) 1.10(1.69) 0.35 (1.13) 0.93 (1.52)
Fe/TiX  2.09 (1.79) 022 (0.22)  1.42 (1.44) 1.89 (1.67) 1.45(1.36) 0.86 (0.81) 1.36 (1.26)
Fe/VX  1.68 (1.46) -0.04 (=0.03) 1.00 (1.04) 1.44 (1.31) 1.02(0.98) 0.49 (0.46) 0.95 (0.90)
Fe/CrX 140 (1.42) -0.16 (=0.01) 0.76 (0.93) 1.19 (1.25) 0.87 (0.97) 0.33 (0.45) 0.76 (0.85)
Fe/ZrX 220 (1.67) 0.12 (0.06)  1.56 (1.40) 2.01 (1.57) 1.59 (1.33) 0.95 (0.81) 1.46 (1.20)
Fe/NbX 1.83 (1.36) -0.13 (-0.18) 1.28 (1.06) 1.63 (1.24) 1.23 (0.97) 0.60 (0.44) 1.12 (0.86)
Fe/HfX 226 (1.61) 0.19 (0.06)  1.59 (1.35) 2.06 (1.52) 1.64 (1.28) 0.98 (0.78) 1.51 (1.15)
Fe/TaX 1.77 (1.15) -0.11 (-0.23) 1.20 (0.90) 1.58 (1.06) 1.18 (0.82) 0.54 (0.33) 1.07 (0.71)
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FIG. 5. Variations in the 7y surfaces at the six relative transla-
tions (A-F) for the investigated Fe/MX interfaces with respect to
the M atom.

3. Site dependence of the interfacial bond strength

The real-space electron charge-density and the induced
charge density compared to the free surfaces at site B and at
site A for the investigated Fe/MC 3d interface systems are
shown in Figs. 7 and 8, respectively. Furthermore, the atom-
projected DOSs for the corresponding bulk, surface and in-
terface systems are presented in Fig. 9.

The real-space analysis reveals a high charge density be-
tween the Fe and the C interface atoms at site B, which is
even higher than the charge density between the M and the C
atoms in the MC phase. In contrast, at site A this feature is
essentially absent and the optimal interphase separations are
noticeably larger. Further, the induced charge densities at the
two sites are also found to be rather different. At site B there
is pronounced charge transfer from the Fe to the C atoms,
indicating a partial ionic bond whereas at site A the charge
redistributions are symmetrically localized around the center
of the interstitial region between the Fe and M atoms. The
higher charge depletion of the Fe phase at site B is confirmed
by a comparison of the Bader charges between the interfaces
and the free surfaces, see Fig. 10. The Bader analysis also
reveals that (i) the charge redistributions occur mainly in the
layers closest to the interface, (ii) the magnitude of the
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FIG. 6. The upper (lower) panel shows the variation in the sur-
face energy (work of separation) for the investigated Fe/MX inter-
face systems as a function of the parent M group.

charge transfers range up to the order of one sixth of the total
transfer in bulk FeC (cf. the coordination number of the
NaCl-structure being six), and (iii) charge transfer occurs to
both the C and the M atoms at site B.

The atom-projected DOSs are found to have very similar
character for all systems. The results show that the electronic
structure of the strained bulk MC’s follows the rigid band
picture with the LVB, the UVB and the CB gradually shifted
downwards in energy as the filling increases. The bulk Fe
states on the other hand emerge as almost strain independent
with only small variations along the period. As the free sur-
faces are created the LVB and the UVB for the MC’s are
shifted upwards in energy while for the Fe phase states be-
low and above the Fermi level are displaced downwards in
energy. The upwards shift of the UVB for the MC’s de-
creases the separation compared to the CB region, which can
be interpreted as a reduction in the hybridization between the
C 2p and the M 3d states due to the change in the coordina-
tion number for the surface atoms.

1.2

1.0

08

06 FIG. 7. (Color online) The upper (lower)

04 panel shows the valence-electron density (in-

02 duced valence-electron density compared to the
free surfaces) at the minimum of the vy surface for

0.0 the investigated 3d Fe/MC interfaces. The struc-
ture is viewed along the (100)y,c; plane with ¥

02 running from 0 to y2a. The consecutive contours
change by 0.1 (0.04) electrons/A3. In the lower

0.0 panel negative (positive) values denote charge
depletion (accumulation), and the filled circles

02 denote the center positions of the atoms.

-0.4
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The site dependence of the work of separation can now be
understood from a comparison between the surface and the
interface DOSs together with the results from the real-space
analysis. For the interface systems with M # Sc (the M =Sc
case is discussed in Sec. IV B 5) the redistributions of states
at site B are found to reverse the majority of states that are
shifted due to the surface cleavage. Consequently, the
strength of the hybridization between the M 3d and the C 2p
states is restored and the states in the Fe phase are recreated.
Based on that the shifted states in the Fe phase correlate to
the bonds in the lateral direction, the latter supports forma-
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1.2
1.0
08
0.6 FIG. 8. (Color online) The upper (lower)
0.4 panel shows the valence-electron density (in-
02 duced valence-electron density compared to the
' free surfaces) at the maximum of the 7y surface
00 for the investigated 3d Fe/MC interfaces. The
structure is viewed along the (100)y,¢; plane with
02 % running from O to \2a. The consecutive con-
tours change by 0.1 (0.04) electrons/A3. In the
0.0 lower panel negative (positive) values denote
charge depletion (accumulation), and the filled
-0.2 circles denote the center positions of the atoms.
-0.4

tion of metallic Fe-M bonds across the interface, which com-
pensates for the broken Fe-Fe and M-M bonds. Effectively,
we can thus conclude that the Fe phase at site B acts as a
natural extension of the MX phase, where the chemical en-
vironment has contributions of ionic, covalent, and metallic
character. In contrast, none of the above restoration of the
bulk states are found to occur at site A and the interface
bonds are therefore much weaker than for site B.

Finally, analyzes of the electron structure of the remaining
four relative translations C-F (not included) show that the
interface bond strength at these intermediate sites can be ex-
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FIG. 9. (Color online) The top panel shows the atom-projected DOSs for the Fe and the 3d MC bulk systems. The remaining three panels
show, from top to bottom, the difference (ADOS) between the surface and the bulk DOSs for the first surface layer, the difference between
the optimal interface configuration (Fe on top C) and the surface DOSs for the first interface layer, and the difference between the least
favorable interface configuration (Fe on top M) and the surface DOSs for the first interface layer. A positive (negative) ADOS corresponds
to creation (depletion) of states.
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FIG. 10. (Color online) Difference of the Bader charges between
the Fe/MC 3d interfaces and the corresponding surfaces as a func-
tion of the M atom. The upper panel shows the charge redistribution
for solely the interface layer whereas the lower panel shows the
total redistribution in the slabs. Negative (positive) values denote
depletion (accumulation).

plained as a combination of the site A and the site B bond
mechanisms. The above conclusions are verified to hold for
the all the considered Fe/MX systems as well and are also in
good agreement with previous theoretical works!'!=1>1820 on
the Fe/MX systems and on other metal-ceramic interfaces.

4. Trends along a period

The increasing bond strength of the interface along a pe-
riod can be ascribed to the metallic interaction between the
Fe and the M states in-line with the concept proposed for
Co/Ti(C,N) interfaces in Ref. 18. The downwards displace-
ment of the MX surface DOS as valence electrons are added
shifts the CB closer to the Fe d states and thereby increases
the energy overlap (cf. Fig. 9). As the interface is created
hybridization occurs between the Fe d and the M d states,
which destroys the antibonding character of the partially
filled CB. The beneficial interaction increases with the filling
of the M d states and as a consequence the interface bonds
gradually become stronger along a period. The metallic in-
teraction is further supported by a close correlation between
the variations in the induced charge density at the A site and
the B site and the trends in the work of separation (cf. Figs.
6-8). These variations together with the observed similar
trends for all translation states in the interface energy con-
firm the presence of an overlapping delocalized bond.

5. Trends for carbides vs trends for nitrides

The difference in the trends of the work of separation
along a period between the Fe/MC and Fe/MN interfaces
that occurs for the Fe/ScC system can be connected to band
filling arguments for the MX surfaces. The additional p elec-
tron in the MN’s results in the UVB being completely filled
from group III and hence the variation in the interface bond
strength along a period is determined by the Fe-M interac-
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FIG. 11. Variations in the total interface energy (solid lines) for
the investigated semicoherent Fe/MX interfaces with respect to the
M atom. The dashed lines correspond to the coherent energies Eqp,.

tion. In contrast, for the MC’s the states in the UVB are first
completely occupied from group IV, which leads to that the
bonding states in the ScC system are partially empty. As a
consequence, the formation of the interface at site B allows
for a more beneficial hybridization which compensates for
the unfilled bonding states and creates strong bonds between
the Fe and the ScC phase. Effectively, the interface strength
thus becomes higher than for the remaining Fe/MC 3d inter-
faces. The interaction is supported by the pronounced down-
wards shift of the LVB and UVB as compared to the surface
DOS, which confirms a significant change in the chemical
environment, see Fig. 9.

C. Semicoherent interface energy

In Fig. 11 we present the semicoherent interface energies
for all the considered Fe/MX systems. The 1D vy-surface
used for the integration in Eq. (5) is constructed from the cut
between the coherent B sites (the line BFC in Fig. 2). As a
comparison we also plot the coherent interface energies E.,.
Furthermore, complementary information about the separate
chemical and elastic contributions is presented in Fig. 12. It
should be noted that we from now on have converted the
interface energies from the unit eV/a? (which is more appro-
priate for the analyzes of the chemical bonds as it offers an
one-to-one correspondence with the density of states) into
the unit J/m?.

The results in Fig. 11 show that the inclusion of the lattice
misfit in the interface description has a substantial impact on
the interface energies with contributions ranging up to
1.5 J/m?. The increased formation cost shifts all the nega-
tive interface energies obtained in the coherent limit to posi-
tive values. The sign changes have important implications
for the stability of MX precipitates in Fe, which from a solely
interface energy perspective otherwise would decompose
into units of a single layer in order to maximize the interface
area.

The trends in the semicoherent interface energies are to a
large extent found to be preserved from the corresponding
trends in the coherent limit. This qualitative resemblance im-
plies that the trends can be understood from the strength of
the interface bonds as discussed in the previous subsections.
The implication is confirmed by the analysis of the separate
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FIG. 12. Calculated interface energies with respect to the coher-
ent energies E.., as a function of the lattice misfit. The solid, the
dashed, and the dashed-dotted lines represent an analytical fit (cf.
Ref. 36) to the total interface energy, the chemical and the elastic
contribution, respectively.

chemical and elastic contributions, where the latter is found
to be fairly constant across the investigated range of misfits
compared to the former. However, it is important to point out
that the mutual relationship between the chemical and elastic
contributions changes with the misfit. For small misfit the
latter is found to dominate the interface energy whereas for
larger misfit closer to the incoherent limit (f=0.1) the cost
for the chemical distortions constitutes the majority part of
the interface energy.

Finally, we find that the above results are in qualitative
agreement with the results from an analytical solution (cf.
Ref. 36) for an effective medium, obtained by averaging the
elastic coefficients and the potential energy surfaces for all
the Fe/MX systems, see Fig. 12.7° We can therefore con-
clude that the elastic and the chemical responses to a specific
misfit are close to identical for all the considered interfaces.

D. Stability of the semicoherent interface

Up until this point we have only considered semi-infinite
semicoherent Fe/ MX interfaces. However, in reality finite-
sized MX precipitates will form in Fe, which consequently
can modify the interface energetics. In particular, moderate
misfit can alternatively be taken up by coherently strained
precipitates.

In order to determine the stability of the semicoherent
morphology we consider the coherent interface energetics of
thin MX films with a thickness /4, an infinite extension in the
plane parallel to the interface, and with the Baker-Nutting
orientation relationship with respect to the Fe lattice. The
surrounding Fe phase is assumed to have an infinite exten-
sion, and hence, all coherency strains will be taken up by the
MX film. The coherent interface energy can within a simple
continuous model be expressed as (cf. Ref. 36)

PHYSICAL REVIEW B 82, 195410 (2010)

TABLE IV. Calculated properties for the coherently strained
Fe/MC (Fe/MN) interface systems.

Cel }ic
(GPa) (A)
Fe/ScX 7.21 (5.73) 3.8 (4.4)
Fe/TiX 3.36 (2.25) 6.1 (7.8)
Fe/VX 1.02 (0.62) 12.7 (17.2)
Fe/CrX 0.31 (0.60) 26.2 (18.1)
Fe/ZrX 11.84 (10.42) 2.6 (2.7)
Fe/NbX 8.77 (6.97) 3.0 (3.2)
Fe/HfX 10.94 (9.15) 2.7 (2.9)
Fe/TaX 9.15 (7.04) 2.7 (2.9)
h
Etot = Echem + Eel = Ecoh + Eeela (1 2)

where e, denotes the elastic energy per volume unit required
to strain the MX slab. The factor 2 in the denominator is
included to account for the presence of two interfaces. We
have here assumed that the chemical interactions across the
interface can be approximated by E.,, obtained from the y
surface evaluation. By equating Eq. (12) with the semicoher-
ent interface energy we can estimate a critical thickness A, of
the MX films for which the semicoherent structure becomes
stable from energetic arguments, see Table I'V.

The results show that strained coherent films of several
atomic layers can be stabilized for the 3d MX systems before
the semicoherent morphology becomes more energetically
favorable. For the 4d and 54 MX films on the other hand the
semicoherent structure is expected already when the film
thickness exceeds one or two atomic layer(s). However, it
should be noted that these results are estimated from the
assumption of infinite extension of the film in the plane par-
allel to the interface. For a finite extension of the films, there
is in principle a possibility to simultaneously strain the softer
Fe phase together with the stiffer MX phase, which would
thus reduce the elastic energy required for coherency. It
would therefore be plausible to regard our predicted results
as lower limits for the critical thickness.

V. CONCLUSIONS

In this work we perform a systematic investigation of the
interface energetics of semicoherent Fe/ MX (X=C,N) inter-
faces. Our approach is based on an extended Peierls-Nabarro
framework, in which ab initio DFT data for the chemical
interactions across the interface are combined with a con-
tinuum treatment to account for the elastic distortions arising
from the lattice misfit between the two phases.

The results show that the chemical interactions across the
interface depend strongly on the local atomic environment.
The Fe on top X configuration is found to be the most ener-
getically stable site with strong bonds comprising aspects of
ionic, covalent and metallic character, similar to the bonds in
the bulk M X systems. In contrast, the weakest bonds occur at
the Fe on top M site where only minor Fe-M interactions are
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present. Further, the variations in the strength of the interface
bonds along a period are analyzed and discussed within a
band filling picture of the bonding and antibonding states of
the MX phase. Our results show that the variations are
mainly determined by the interactions between the Fe d
states and the antibonding M d states. The only exception is
found to occur for the Fe/ScC interface where a stronger
interaction involving the C states is possible due to unfilled
bonding states in the bulk ScC phase.

Furthermore, the energy cost to form the misfit dislocation
structure at the semicoherent interface is shown to raise the
interface energy significantly (up to 1.5 J/m?) compared to a
coherent interface approximation. For small misfit the elastic
contribution from the atomic displacements in the materials
is found to dominate the energy cost whereas for larger misfit
the chemical contribution from the distortions of the inter-
face bonds is determined to be equally important. Conse-
quently, it is therefore essential to include both the elastic
and chemical contributions in the interface model.

Finally, we compare our obtained semicoherent interface
energies with estimates for strained coherent thin MX films
in Fe. From the results we predict that the semicoherent
structure is stabilized for all the investigated 4d and 5d MX
systems when the film thickness exceeds one or two atomic
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layer(s). For the 3d MX’s on the other hand strained coherent
films of several atomic layers are expected before the transi-
tion to the semicoherent structure occurs.

In summary, we have investigated the elastic and chemi-
cal contributions to the interface energetics of semicoherent
and coherently strained precipitates. The effect of misfit dis-
locations on the interface energy can be treated within a
Peierls-Nabarro framework. The inclusion of the misfit gives
a significant contribution to the interface energy and must
therefore be accurately accounted for in order to obtain a
proper interface description. These findings will have impor-
tant bearings on our ability to understand the early stage of
precipitation and its pathways,’ to thermodynamically model
precipitate stability in Fe-M-X systems,”’ and to describe
long-term microstructural evolution in steels.”®
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