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Abstract
The kinetics of the recrystallization and austenite-ferrite (fcc-bcc) phase transformation in steels are markedly affected by substitutional alloying elements.
Nevertheless, the detailed mechanisms of their interaction with the grain boundaries
and interfaces are not fully understood. Using density functional theory, we
determine the segregation energies of commonly used alloying elements (e.g. Nb,
Mo, Mn, Si, Cr, Ni) in the Σ5 (013) tilt grain boundary in bcc and fcc Fe, and
the bcc-fcc interfaces. We find a strong interaction between large solutes (e.g. Nb,
Mo and Ti) and grain boundaries or interfaces that is consistent with experimental
observations of the effects of these alloying elements on delaying recrystallization
and the austenite-to-ferrite transformation in low-carbon steels. In addition, we
compute the solute-solute interactions as a function of solute pair distance in the
grain boundaries and interfaces, which suggest co-segregation for these large solutes
at intermediate distances in striking contrast to the bulk.
Besides the prediction of solute segregation, the self- and solute-diffusion in Febased system are also investigated within a framework combining density functional
theory calculations and kinetic Monte Carlo simulations. Good agreement between
our calculations and the measurements for self- and solute diffusion in bulk Fe
is achieved. For the first time, the effective activation energies and diffusion
coefficients for various solutes in the α-Fe Σ5 (013) grain boundary are determined.
The results demonstrate that grain boundary diffusion is significantly faster than for
lattice diffusion, confirming grain boundaries are fast diffusion paths. By contrast,
the effective activation energy of self-diffusion in a bcc-fcc Fe interface is close to
the value of fcc bulk self-diffusion, and the investigated bcc-fcc interface provides a
moderate “fast diffusion” path.
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. . . . . . . . . . . . . . . . . . . . . .
xv

93

Figure 7.3

Magnetic moments of Fe atoms across the bcc-fcc interface. 95

Figure 7.4

Averaged site volume distribution across the bcc-fcc
interface. The bars indicate the range of values of site
volumes for Fe atoms with spin-up or spin-down states. .

Figure 7.5

96

Relative energies for (a) Nb, and (b) Mn across the
α-γ interface as a function of distance from the habit
plane. The bars indicate the range of energies for the
SQS simulations, where the replaced Fe atom has spin-up
or spin-down states. . . . . . . . . . . . . . . . . . . . . .

Figure 7.6

98

Relative energies for substitutional solutes across the bccfcc interface as a function of distance from the habit plane.
The bars indicate the range of energy values, where the
replaced Fe atom has spin-up or spin-down states. The
fcc grain is described by the AFMD configuration. . . . .

Figure 7.7

99

Definition of the binding energy using linear interpolation
from the bulk energies. . . . . . . . . . . . . . . . . . . . . 100

Figure 7.8

Binding energies for substitutional solutes at the bcc-fcc
interface as a function of distance from the habit plane.
The bars indicate the actual values of binding energies.
The fcc grain is described by the AFMD configuration.
The interface width is indicated by two dashed lines. . . . 101

Figure 7.9

Relative binding energies of Nb at the bcc-fcc interface as
a function of the site volume. . . . . . . . . . . . . . . . . 102

Figure 7.10 Calculated effective binding energies for selected alloying
elements as a function of solute volume in bcc-fcc interface. The dotted line indicates the volume of Fe calculated
from the first nearest neighbor distance in the bcc bulk Fe.105
Figure 7.11 Calculated effective binding energies for selected alloying
elements as a function of solute volume in bcc-fcc interface. The dotted line indicates the volume of Fe calculated
from the first nearest neighbor distance in the bcc bulk Fe.106
Figure 7.12 Illustrations of interaction profiles between solute atoms
and bcc-fcc interface. . . . . . . . . . . . . . . . . . . . . . 107
xvi

Figure 7.13 Pair interactions for (a) Nb, (b) Cr, and (c) Mn in bccfcc Fe interface.

The first solute occupies its favorite

position. The subscripts α and γ indicate solute atom
occupies bcc α- or fcc γ-phase grain, respectively. The
superscripts ‘1st’ and ‘2nd’ denote the first and the second
substitutional solute atom, respectively. The arrow ↑ (↓)
represents solute atom has spin-up (spin-down) state. . . 109
Figure 8.1

First-neighbor diffusion of the vacancy in bcc Fe. One
vacancy locates in the center, and diffuses along the red
line to the corner of the cubic cell (the corner atom diffuses
into the centered vacancy).

The calculated migration

barrier for vacancy is also shown. . . . . . . . . . . . . . . 112
Figure 8.2
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Chapter 1

Introduction
As the demand to produce new families of low-carbon high-strength steels
increases, advancing knowledge of the physical mechanisms of microstructure evolution becomes increasingly important in order to develop steels
with desired properties. These steels are so-called advanced high-strength
steels (AHSS) and have improved properties. AHSS include dual phase
(DP) steel, transformation induced plasticity (TRIP) steel, complex phase
steel and martensitic steel. The tensile strengths range from 500 to 1900
MPa. These steels are superior in strength and ductility combination, and
thus facilitate the energy absorption during impact and ensure safety when
reducing weight. As a result, with appropriate manufacturing techniques,
AHSS offer great opportunities for designing inexpensive, safe and fuelefficient vehicles by reduction of product weight, enhancement of crash
performance, and improvement of car fuel economy.
Using existing facilities to produce AHSS one is required to have an
increased alloying content in terms of substitutional elements, such as V, Mn,
Nb, Mo, Cr, Si, and Ti. Due to the presence of a high density of structural
imperfections at interphase boundaries, these solute atoms are more likely
to accumulate at these interfaces. It is believed that solute interact with the
migrating interface and this is a basic phenomenon effectively used during
industrial processing to tailor the phase transformation kinetics.
In order to aid the alloy design, great effort has been made to develop
1

knowledge-based process models for the steel industry in the last decades
[1, 2]. However, these process models require numerous empirical parameters
that are typically determined from time-consuming laboratory experiments.
In addition, important physical properties in terms of the solute-interface
interaction are still essentially unexplored and have become an important
research area.
By analyzing the physical mechanisms of microstructure evolution, it is
known that the presence of alloying elements can drastically reduce the
migration rate of interface in pure metals. For example, substitutional
alloying elements (e.g., Nb, Mo) can significantly retard recrystallization
and the austenite-ferrite phase transformation in steels. This retardation is
known as the solute drag effect, which plays a crucial role in tailoring the
material properties [3, 4]. In Figure 1.1, the interface velocity as a function
of the driving pressure is shown. For a given driving pressure, the velocity
decreases with the increase in solute concentration [5]. At sufficiently high
driving pressures, the interface velocity approaches the intrinsic mobility of
the system without solute elements.

Figure 1.1: Variation of the interface velocity (ν) versus the
applied driving pressure (Pd ) for systems with different solute
concentrations (Ci , i = 1, 2, 3) [5].

2

The transition between high and low interface velocity regimes occurs
for higher solute concentrations. When the driving pressure increases in
the low velocity regime, the interface breaks up from the solute atoms at a
critical velocity. While at high velocity regime, when the driving pressure
decreases, at a critical velocity, the solute atoms can significantly reduce the
velocity of the interface. The transition velocity is not the same for the two
conditions, and thus there can be a jump from high to low velocity regime
as shown in Figure 1.1.
The solute drag effect has been studied for several decades. Lücke and
Detert developed the first quantitative theory to explain the influence of
small amounts of impurities upon recrystallization [6]. Then a continuum
model proposed by Cahn [7] and followed by Hillert [8], formed the basis
of the current understanding of the phenomenon. In these approaches,
the two solute drag parameters, i.e.

binding energy (Eseg ) and trans-

interface diffusivity (D), and the intrinsic mobility (M ) are introduced to
describe the solute-interface interactions. It should be emphasized that these
approaches are phenomenological models used on the macroscale. When
describing experimental observations, the intrinsic mobility and two solute
drag parameters are essentially employed as fitting parameters. Currently,
intrinsic mobility and solute drag parameters cannot be determined exactly
by independent experimental studies. To improve the predictive capabilities
of these models, new theoretical models and simulation tools with a
minimum of empirical parameters are required.
Recent progress in Computational Materials Science has provided tremendous opportunities to formulate models containing fundamental information
on the basic atomic mechanisms of microstructure evolution that can be
implemented across different length and time scales [4]. This approach,
also called multi-scale modeling, can connect parameters from the atomistic
scale to the macroscopic scale of an industrial product. The multi-scale
studies start from atomistic simulations, e.g.

density functional theory

(DFT), which provide fundamental properties based on the knowledge at
the atomistic level. The solute drag parameters, i.e. the binding energy
and trans-interface diffusivity can be quantitatively determined by the DFT
3

simulations.
DFT is based on the Hohenberg-Kohn theorem, in which the electron
density is treated as the fundamental variable. Hohenberg and Kohn proved
that the total energy of a many-body system is a unique functional of the
electron density and has a minimum corresponding to the ground state
density. Within the framework of Kohn and Sham, the many-body problem
of interacting electrons in a static external potential is reduced to a problem
of non-interacting electrons moving in an effective potential, which can be
applied to a system containing in principle any number of particles. The
connection between true many body and auxiliary single particle systems
is made through the exchange-correlation potential for which there are no
known analytical expressions. Fortunately, the widely used approximation,
i.e.

the Generalized Gradient approximation (GGA), gives remarkably

accurate results. For example, the calculated lattice constant for bcc Fe
differs from the experimental result by less than 1% [9]. Note that the DFT
calculations are limited to T = 0K. Nevertheless, it has been shown to be
a very powerful theoretical tool to obtain reliable quantitative information
such as binding energies of solute at interfaces and activation energies for
solute diffusion [9–11].
In grain boundaries and interfaces, the activation energies of the solutes
depend on the boundary positions. Consequently, there are a multiple of
jump rates. To investigate solute diffusivities, the kinetic Monte Carlo
(KMC) approach is employed. KMC methods rely on probabilities of events,
which can effectively overcome the time and length scale limitation, and
determine the solute diffusion in a large system.

The probabilities are

obtained based on the detailed input from DFT calculations.
The solute drag parameters influence the overall phase transformation
as observed on the industrial line. The motivation of the present work is to
provide more insight into the atomistic mechanisms of the solute-interface
interaction and determine the important solute drag parameters by using
atomistic simulations, i.e. DFT and KMC. These values can then be used
in the process model with a greatly reduced number of fitting parameters.
The combination of atomistic simulations with process model will provide a
4

more reliable and efficient way to predict trends on how alloying additions
affect the phase transformation for advanced steels [12].
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Chapter 2

Literature Review
2.1

Introduction

In this review, the focus is on the atomistic simulations of solute drag
parameters, i.e. the binding energy (Eseg ) and the trans-interface diffusivity
(D). We first review the current results of solute segregation on grain
boundaries in Fe with emphasis on atomistic simulations approaches, e.g.
density functional theory and molecular dynamics simulations. The selfand solute-diffusion in the bulk and grain boundaries are then discussed.
In the latter part of this chapter, atomistic studies based on the density
functional theory for heterophase interfaces and the magnetic ground states
of fcc Fe are reviewed.

2.2
2.2.1

Solute Segregation on Grain Boundaries
Simulations of Grain Boundary Segregation

A grain boundary is the interface between two grains (crystals), which are
critical for many properties of materials. For examples, grain boundaries are
well known to act as sinks for point defects, preferential sites for nucleation
of secondary phases and offer the possibility for fast diffusion [13]. Modeling
and simulation of segregation to grain boundaries at the atomic scale can
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Figure 2.1: Side view of the Fe Σ3 (111) grain boundary [15]. (a)
Cluster of 53 atoms and (b) cluster of 91 atoms. The open
circle represents solute atom.
provide valuable insight into segregation processes. In the past decades,
a large amount of simulation work has been devoted to the structure of
high-angle grain boundaries in Fe, especially for special boundaries, such
as symmetrical tilt boundaries and pure twist boundaries [10, 14–20], in
which the grain boundary is treated as a perfect planar interface between
two crystals that have different orientations.

Among all these studies,

symmetrical low Σ boundaries as defined in the coincident site lattice (CSL)
theory [21, 22], were primarily investigated.
First-principles calculations are often used to study the solute segregation behavior at grain boundaries and their influence on grain boundary
cohesion. These kinds of simulations for grain boundaries in bcc Fe were
pioneered by Freeman and Olson [10, 14–17]. In their early studies, a cluster
model (i.e. non-periodic structure) containing 6∼10 atoms was employed
to simulate the Σ3 (111) grain boundary in Fe [14]. Soon after it was
realized that when impurities (e.g. phosphorus) are introduced, the elastic
lattice distortions exceed the dimensions of the cluster. In the subsequent
calculations, they expanded the cluster size up to 91 atoms for more realistic
simulations [16, 17]. Figure 2.1 shows the cluster model for the Fe Σ3
(111) grain boundary containing 53 and 91 atoms, respectively. In addition,
other grain boundaries, for example Σ5 (013) grain boundaries, were also
7

Figure 2.2: Side view of the Fe Σ3 (111) and Σ5 (210) grain
boundaries [25]. The lighter and darker circles mark the atoms
belonging to two different planes. The interstitial positions at
the grain boundary are indicated by the yellow circles. The
substitutional positions in different grain layers are labeled by
the numbers. Lower panels show top view of the supercells taken
in the cross-section plane passing through the grain boundary
(broken line).
investigated [23, 24]. In these studies, a cluster model containing up to 196
atoms was used.
The cluster approach often suffers from finite size effects even when the
cell consists of several hundred atoms. As a result, the calculated results may
contain significant errors [15]. This casts some doubts on the applicability of
these models. To overcome this problem, a supercell approach with periodic
8

boundary condition is utilized in modern studies of the grain boundaries
and interfaces.
In the supercell model, the grain boundary structure is created by
rotating two grains around the common axis by misorientation angle θ.
In order to maintain the periodic boundary conditions, each supercell has
to contain two identical, reversely oriented grain boundaries. The typical
structures of Σ3 (111) and Σ5 (210) grain boundaries are shown in Figure 2.2
[25]. By now, there have been a considerable number of studies dedicated
to these boundaries, and encouraging results have been obtained [25–27].
However, it should be emphasized that all these studies are limited to these
special low Σ grain boundaries, i.e. Σ3, Σ5, and very recently, Σ11 grain
boundaries [25, 27, 28]. The higher Σ and low angle grain boundaries have
never been considered based on the framework of first-principle calculations
due to the expensive computational costs.
To access those general high Σ grain boundaries, molecular dynamics
(MD) simulations are a viable approach. These simulations are much less
computationally expensive than first-principles calculations, but are limited
by the accuracy or availability of interatomic potentials. Nonetheless, MD
simulations are increasingly being used to study grain boundary segregation.
Recently, a series of MD calculations have been performed to systematically study <100>, <110>, and <111> symmetric grain boundaries [18–
20]. These boundaries not only contain several low-order coincident site
lattice (CSL) grain boundaries (e.g., Σ3, Σ5, Σ9, and Σ11 boundaries),
but also include more general high Σ boundaries. In these studies, the
grain boundaries are analyzed by characterizing the local atomic structure
as structural units.

One important finding is that the high Σ grain

boundaries can be characterized by structural units from two neighboring
low Σ boundaries.
Figure 2.3 shows an example of the <100> symmetric tilt grain boundary
system, where the Σ29(730) boundary is a combination of structural units
from the two Σ5 boundaries [19]. The structural units for the Σ5(310) and
Σ5(210) grain boundaries are labeled as B and C, respectively. In a similar
manner, the Σ17 boundary is a combination of the Σ5 structural units C
9

Figure 2.3: < 100 > symmetric tilt grain boundary structures with
structural units outlined for the Σ5(210), Σ29(730), Σ5(310)
and Σ17(530) boundaries [19]. Black and white denote atoms on
different 100 planes. The different structural units are labeled
as A, B, and C.
and structural units of the bulk lattice, i.e. A. This conclusion is general and
holds for pure tilt and twist boundary types with low index rotation axes,
which implies that the results obtained from special low Σ grain boundaries
can be extended to more general high Σ grain boundaries.
The effect of temperature on the grain boundary structures was recently
studied by Asta’s group [29, 30]. With MD simulations, they characterized
multiple grain boundary phases by structure and atomic densities in the
grain boundary core region. As shown in Figure 2.4, phase transformations
are found in the Σ5(210) grain boundary.

During isothermal anneals

at temperatures below 1050 K, the grain boundary transforms into its
thermodynamically stable phase at low temperatures, i.e. the split kites
(labeled in red color as shown in Figure 2.4). On the contrary, when the
boundary with split kites is heated up to 1100 K, its structure transforms
to filled kites (labeled in blue color as shown in Figure 2.4). Frolov et al.
suggested that this first-order phase transformation was induced by point
defects, where the absorption of point defects strongly modified the grain
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boundary structure, and finally resulted in structural transformations.

Figure 2.4: MD simulation of the Cu Σ5(210) grain boundary at 800K
allowing variations in grain boundary density. The boundary
undergoes a first-order phase transformation from filled kites
(labeled in blue color) to split kites (labeled in red color)
nucleating and growing from the surface [29].

2.2.2

Binding Energy

The binding energy of a solute with a grain boundary (also called segregation
energy) determines thermodynamically the solute segregation behavior.
Within the framework of atomistic calculations, the binding energy is defined
as the energy difference of the system when solute atoms moved from the
bulk to the grain boundaries, which can be expressed as:
Eseg = EX,gb − EX,bulk

(2.1)

where EX,gb and EX,bulk are the total energies of the supercell with one
X solute at the grain boundary or in the bulk. Negative Eseg means that the
impurity segregation at the grain boundary position is favorable. In a series
of first-principles calculations, the binding energies of various non-metallic
elements (i.e. hydrogen, boron, carbon, nitrogen, oxygen, phosphorous,
and sulfur) with special grain boundaries have been studied. Table 2.1
summarizes these results.
Table 2.1 demonstrates that: (1) In general these elements prefer to
segregate at the interstitial boundary positions independent of the boundary
types. (2) For a given grain boundary, the binding energy varies significantly
11

Table 2.1: Binding energies (in eV) of various non-metallic elements
with special grain boundaries.
Interstitial Position

Substitutional Position

Σ3(111)

Σ3(112)

Σ5(012)

Σ5(013)

Σ3(111)

Σ5(012)

H

-0.45 [31]

-0.34 [32]

–

-0.3 [33]

–

–

B

-2.0 [27]

–

-3.1 [25]

–

0.4 [27]

-1.9 [26]

C

-1.0 [27]

–

-1.0 [27]

-1.8 [27]

0.5 [27]

-2.4 [27]

N

-0.1 [25]

–

-1.1 [25]

–

0.4 [27]

-2.0 [27]

O

–

–

-1.9 [27]

–

–

-1.8 [27]

S

-3.1 [27]

–

-5.0 [27]

–

-0.2∼-1.4 [27, 34]

-1.6 [27]

P

-3.2 [35]

–

-4.5 [35]

–

-0.1 [35]

-1.0 [35]

for different impurities.

For example, the binding energy of interstitial

phosphorous with the Σ3 grain boundary is -3.2 eV, while it is an order
of magnitude smaller for nitrogen. (3) The binding energies at the Σ5 (012)
grain boundary are larger (absolute value) than Σ3 (111) grain boundaries.
At the Σ5 (012) grain boundary, the binding energies are distinctly negative
for all impurities in interstitial and substitutional sites, while they are
positive, i.e. repulsive for boron, carbon and nitrogen at substitutional
positions in the Σ3 (111) grain boundaries. (4) The binding energy depends
on the boundary sites. Figure 2.5 shows the variation of binding energies
as a function of the distance from the center of the boundary plane in a
Σ3 (111) grain boundary [34]. It is clear that at different boundary sites,
the binding energy of sulfur varies from -0.2 eV to -1.4 eV. These variations
are suggested to be attributed to the local-arrangement of the atoms at the
grain boundary [34, 35].
In addition, Figure 2.5 also shows that the binding energy decreases
quickly when sulfur moves into the interior of the grain. Similar results
were also obtained by Solanki et al., who carried out molecular dynamics
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calculations for a more general high-angle grain boundary [36]. In their
studies, 75 sites within 15 Å of the Σ13 (320) grain boundary were selected
to calculate the binding energy of phosphorus. Their results revealed that
the distance associated with the binding energy approaching the bulk value
was about 5 Å. In other words, the influence of the grain boundary on the
solutes was short ranged, and limited to about 4∼5 atomic layers.

Figure 2.5: DFT simulations for segregation energies as a function of
segregation site for the Fe Σ3 (111) grain boundary with sulfur
at the substitutional site [34].
The binding energies as a function of solute concentration were investigated recently. Using DFT, Yamaguchi systematically increased the number
of solute atoms (NP ) in the supercell, where NP ≤ 8 [35], and determined
the most stable configurations of solute atoms for each concentration.
Figure 2.6 shows the example of binding energies of phosphorous. The
PNP seg
seg
total binding energy (Etot
=
i (Ei )) of NP phosphorous atoms is
denoted by lines and points (left tick mark). The columns indicate binding
energy (E seg ) of the additional phosphorous atoms (right tick mark). One
can see that in the range of NP = 1 to 4, E seg is roughly constant and
13

Figure 2.6: Calculated binding energies of phosphorous with varying
the segregation concentration in the Σ3 (111) grain boundary
in Fe [35].
the total binding energy increases continuously. This indicates that the
interaction between solute atoms is weak. Afterwards the repulsion between
the segregated solute atoms becomes more pronounced and at NP = 7, the
incremental segregation energy (E seg ) is positive, i.e. the boundary sites are
no longer favorable for P segregation. As a result, the segregation approaches
saturation.

2.2.3

Effects of Solutes on Grain Boundary Properties

Solute segregation at grain boundaries can significantly influence the
mechanical properties of a material through the embrittlement effect. Some
impurities, for example hydrogen, can strongly reduce the grain boundary
cohesion, resulting in grain boundary embrittlement.

Whereas other

impurities, e.g. carbon, can increase grain boundary cohesion [4]. Despite of
the use of relatively small supercells with simple Σ3 or Σ5 grain boundaries,
14

first-principles calculations have been proved to be very useful in predicting
the embrittlement effect of various impurities.
Within the atomistic simulation framework, Rice and Wang postulated
an approach to determine the strengthening or embrittling effect of an
impurity on grain boundaries [37]. In this method, the key quantity that
determines the solute-induced embrittlement is the strengthening energy,
which is defined as the difference between the binding energies of the solute
elements to the grain boundary (Eseg ) and to the surface (Esur ). If the
elements have a stronger binding to the surface than to the grain boundaries,
it is expected that segregation of such elements causes grain boundary
embrittlement. Otherwise, they are grain boundary strengthening elements
[37]. Based on this criterion, a number of first-principles calculations have
been conducted to study the effects of various solutes on grain boundaries
in bcc Fe [27, 38, 39]. The results can be summarized as follows: hydrogen,
oxygen, phosphorous, and sulfur act as embrittlers at grain boundary
interstitial sites. Carbon and nitrogen increase the grain boundary cohesion,
and are expected to be grain boundary strengthening elements. At different
occupation sites, boron can either increase or decrease the grain boundary
cohesion in Fe.
Using DFT, Momida et al. calculated the energy-strain curves of Σ3(112)
grain boundaries with and without interstitial hydrogen [39]. In Figure 2.7,
the energy difference is defined as the work of fracture, which can be
calculated as the difference between the grain boundary energy and two
fractured-surface energies. It is evident that the work of fracture decreases
with increasing number of hydrogen, indicating that hydrogen is a grainboundary embrittler.
To analyze these grain boundary weakening/strengthening phenomenons
and elucidate the physical mechanisms of the impurity effects, electronic
structure, charge density, excess volume, etc. have been extensively studied,
and two major findings have been identified, i.e. contributions from chemical
effects, and contributions from size effects.
In early studies, based on the charge density analysis, Freeman et al.
reported that the chemical bonding of boron and carbon with iron atoms
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Figure 2.7: Results of energy difference relative to the equilibrium
vs. uniaxial tensile strain for the pristine (solid line with closed
circles (black)), 1 hydrogen atom- (broken line with open circles
(blue)) and 4 hydrogen atoms-trapped (broken line with squares
(red)) Σ3(112) grain boundaries [39].
at the grain boundary was strong, whereas it was dramatically weak for
phosphorous and sulfur [14–17]. Similar results were also obtained by Juan
et al. [33]. They found that when hydrogen or sulfur was present at the
boundary site, all neighboring Fe-Fe bonds were weakened, which gives
rise to grain boundary embrittlement. In these studies chemical bonding
characteristic is concluded to be the key factor determining the embrittling
or cohesion behavior of a segregated impurity at Fe grain boundaries.
In subsequent studies, Braithwaite et al.

investigated the role of

boron, nitrogen, and oxygen impurities at a Σ5 grain boundary [38]. In
disagreement with the chemical bonding proposal, they found no significant
covalent bonding between the impurity and neighboring Fe atoms. This
suggests that the grain boundary cohesion is simply related to the size of
the impurity atom rather than the chemical bonding.
Recently, by separating the contributions from solute size and chemical
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bonding, Wachowicz et al.

pointed out that both chemical bonding

and solute size can influence the grain boundary weakening/strengthening
properties [25–27]. In their studies, the contributions from solute size tend to
weaken the grain boundary cohesion, while the contribution from chemical
bonding can either enhance or decrease the grain boundary cohesion
depending on the species. Consequently, cohesion at the grain boundary
is increased when large strengthening chemical contribution dominates.
Such conclusions were later supported by Kiejna et al., who systemically
investigated the effects of several impurities (B, C, P, N, O, and S) on
structure, energetic and mechanical properties of Σ5 grain boundaries [27].

2.3
2.3.1

Solute Diffusion in Grain Boundaries
Overview

Interface diffusion controls the rates of many processes in materials at
elevated temperatures, such as phase transformations, grain growth, and
solid-state reactions that makes it a technologically important topic [3, 4, 40].
Quantification of solute grain boundary diffusion is therefore important
to estimate and control the microstructure evolution. Unfortunately, due
to the narrow width of grain boundary regions and the small amount of
atoms involved in the diffusion process, its experimental measurement and
determination is rather challenging. Thus, the understanding of basics of
solute grain boundary diffusion is still limited. Recently, significant progress
has been achieved through atomistic computer simulations [9, 11, 41–
43], which has enabled a more detailed understanding of those diffusion
processes.

2.3.2

Solute Diffusion in α-Fe

Before considering grain boundary diffusion, we first briefly review recent
first-principle results for bulk diffusion. This is because: first, in recent years
first-principle methods have been applied extensively in calculations of selfand solute-diffusivities in bulk α-Fe. Second, this provides a verification of
17

earlier intuitive atomistic models of diffusion and solute-interaction models,
and it also provides an opportunity for a deeper understanding of the
atomistic processes.

Figure 2.8: Minimum-energy path for carbon diffusion in α-Fe and
the local structures of initial, intermediate, final, and transition
states [9].
In previous studies, defect formation energies, defect-solute interaction
energies and diffusion activation energies in Fe were systematic studied for
a variety of impurities. Jiang et al. [9] used the nudged elastic band (NEB)
approach in DFT simulations to investigate the activation energy of bulk
diffusion of carbon in α-Fe. Figure 2.8 shows the minimum-energy path for
carbon diffusion in α-Fe and the local structures of initial, intermediate,
final, and transition states.

The calculation results identify octahedral

sites as the lowest energy position for carbon. The diffusion occurs via
tetrahedral sites with the barrier of 0.86 eV, which agrees well with the
experimental value of 0.87 eV [44]. In addition, the pre-exponential factor
D0 is also calculated by constructing and diagonalizing the Hessian matrix
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Table 2.2: Calculated activation energies of fully ordered
ferromagnetic state (Q0 ) and pre-factor (D0 ) in α-Fe vs.
experimental data.1
D0 (cm2 /s)

Q0 (eV)
DFT

Exp.

DFT

Exp.

W

2.80 [11]

3.12±0.28 [47]

1.40 [11]

1.60 [48]

Mo

2.60 [11]

2.48 [49]

0.63 [11]

0.57 [50]

Cu

2.55 [51]

2.56 [52]

Ni

2.71 [53]

2.68 [54]

Cr

2.77 [55]

3.06±0.07 [47]

Al

2.47 [56]

2.55 [57]

C2

0.86 [9]

0.87 [44]

1.44×10−3 [9]

1.67×10−3 [58]

H2

0.10 [46]

0.14 [59]

1.37×10−3 [46]

1.40×10−3 [59]

1

2

The model systems employed by above DFT calculations contain
54 or 128 atoms in the supercell, which corresponds to impurity
concentration of 1.85% or 0.78%.
H and C diffuse via interstitial sites

based on the frozen phonon approach [45]. Ramunni et al. [46] used the same
approach to calculate the coefficient of interstitial hydrogen diffusion. The
calculated diffusivity was found to be in good agreement with experimental
data (see Table 2.2).
For the case of substitutional impurities in α-Fe, calculations of diffusivity have been performed for W, Mo, Cu, Ni, Cr, Al, etc. [11, 51, 53, 55, 56].
In addition, motivated by the question of whether any of the 5d solutes
are slow diffusers in α-Fe, Asta et al.

systematically investigated 5d

transition metal elements, where experimental data was lacking [11, 43].
They found that Re had the lowest calculated impurity diffusion coefficient,
approximately an order of magnitude lower than that for self-diffusion at
temperatures near 1000 K. Recently, the effect of stress on self-diffusion in
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bcc Fe was also investigated [60].
A summary of calculated diffusion parameters is given in Table 2.2. Good
agreement is found for those cases where a comparison with experimental
data is possible. These encouraging benchmark results provide an incentive
to study solute diffusion in grain boundaries or interfaces, which is a much
more complicated task than bulk diffusion.

2.3.3

Point Defects in Grain Boundaries

Recently, the structures of interstitials and vacancies in a variety of
grain boundaries have been studied based on DFT and molecular statics
calculations [41, 42, 61].

In these studies, the perfect grain boundary

structure was first constructed based on the coincident site lattice theory,
and then an atom was either added or removed at a selected boundary site
to form an interstitial or a vacancy. The system was then relaxed to get
the equilibrium structure. Note that there are only a few DFT calculations
for such systems because the addition of point defects to a grain boundary
requires much larger supercells and generally reduces the symmetry of the
supercell. Both increase significantly the load on computing resources to the
point that some calculations can not be conducted using modern software
and hardware. Consequently, so far the results obtained by DFT are very
limited. Therefore, the following section reviews mainly the results obtained
by molecular statics and dynamics simulations.
It was found that formation energies of a point defect can be different
at different boundary sites and depend on the grain boundary structure.
Figure 2.9 shows an example of vacancy formation energies (Ev ) in Σ5 grain
boundaries in fcc Cu obtained from molecular statics calculations [42]. It
can be seen that at some sites the vacancy formation energy can be up to
10% lower as compared to the bulk, while at other sites, it may lie above the
bulk value. Suzuki et al. pointed out that the observed spread of the pointdefect energies could be attributed to the existence of alternating tension and
compression regions in the grain boundary [41, 42]. Nevertheless, in general
the vacancy formation energy in grain boundaries is on average lower as
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Figure 2.9: Molecular statics results for vacancy formation energy as
a function of the distance from the grain boundary in Cu [42].
compared to that in the bulk [41, 42, 61, 62]. Similar to solute segregation
at the grain boundary, the vacancy formation energy quickly approaches
the bulk value as the distance from the boundary increases. Zhou et al.
have studied local structural relaxations and formation energies of vacancies
in various sites in the Σ5 grain boundary in bcc Fe [62]. Using the DFT
method, they found that the vacancy formation energy in the boundary
region was 1.43∼2.20 eV.
It should be emphasized that in the bulk, the relaxations around the
vacancy are typically small, and the vacancy remains at the site where it is
created. However, this may not be the case for grain boundaries. Brokman
et al. and Kwok et al. reported that vacancies could produce considerably
large relaxations of neighboring atoms. Moreover, some boundary sites were
found to be unstable for vacancies [63, 64]. Similar findings were reported by
Suzuki and Mishin [41, 42]. They systemically investigated a wide variety of
configurations in Cu grain boundaries with one vacancy, and reported that
the vacancy could delocalize in the grain boundary structure.
An example of this process is shown in Figure 2.10. In this case, a
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Figure 2.10: Examples of vacancy instability in Cu Σ9(12̄2) grain
boundary. (a) Perfect grain boundary structure; (b) Unstable
vacancy at boundary site 6 [42].
vacancy is created at site 6 in the Σ9 (12̄2) grain boundary, however, this
site is unstable for the vacancy and gets filled by atom 2. The vacancy at
site 2 induces large relaxations, and as a result, the atom residing initially
at site 10 moves to the midpoint between sites 10 and 2 after relaxation,
which leads to a vacancy delocalization between these two positions. Note
that if the vacancy is generated at site 10 , one can get exactly the same
configuration. Such vacancy delocalization phenomenon were also observed
in Σ5, Σ7, Σ13 grain boundaries in fcc Cu.

2.3.4

Diffusion Mechanisms in Grain Boundaries

Because of the complexity, the understanding of grain boundary diffusion
is limited. Nevertheless, some progress has been achieved through DFT
and molecular dynamics simulations, which reveal a number of generic
properties of diffusion processes in grain boundaries [41, 42, 65, 66]. In
these simulations, a single point defect (vacancy or interstitial) is created
and its formation energy is evaluated at various positions in the grain
boundary. The defect is then allowed to walk along the grain boundary, and
the atomic trajectories are analyzed to determine the most typical diffusive
events induced by the defect. The diffusion coefficient is then obtained for
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various directions in the grain boundary.

Figure 2.11: Possible migration path of He interstitial atom in the Fe
Σ11 grain boundary. Small sphere represents the He atom.
Arrows indicate possible paths [65].
Figure 2.11 shows an example of a possible migration path of interstitial
helium in the Fe Σ11 grain boundary [65]. One can see that the interstitial
helium migrates from the hexahedral position below the grain boundary
plane (dotted line) to a similar position above the grain boundary plane,
leading to helium diffusion along the [11̄3] direction, as indicated by the
arrows. Gao et al. reported strong binding between helium and the grain
boundary with diffusion occurring within 3 atomic layers from the boundary
plane. Liu et al. studied interstitial hydrogen diffusion in the Σ5 grain
boundary in Fe [67]. They found that in contrast to bulk diffusion, the
diffusion coefficient perpendicular to the grain boundary plane is four orders
of magnitude lower than that along the tilt axis. They also found a large
binding energy of hydrogen to the grain boundary (see Table 2.1). The
calculated diffusion coefficients of hydrogen atoms in the bulk, on the free
surface and in a Σ5 grain boundary are shown in Figure 2.12. The activation
energies for hydrogen diffusion in bulk, surface, and grain boundary are
0.044 eV, 0.066 eV, and 0.31 eV, respectively. One can see that at low
temperature, the diffusivity of interstitial hydrogen in the grain boundary
is significantly lower than in the bulk.
In the case of vacancy migration, Ingle and Crocker studied self-diffusion
in a Σ3 (110) grain boundary in Fe [68]. It was shown that activation energies
for a variety of vacancy jumps are substantially lower than in the bulk,
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Figure 2.12: Diffusion coefficients of hydrogen atoms in bulk, on free
surface and in a Σ5 grain boundary. The activation energies
for hydrogen diffusion in bulk, free surface, and grain boundary
are 0.044 eV, 0.066 eV, and 0.31 eV, respectively [67].
suggesting faster boundary self-diffusion. Similar results were also reported
by Kwok et al. [64]. They found that the vacancy propagation is almost
entirely confined to the grain boundary region. Further, Lei et al. have
calculated the activation energies for vacancy diffusion in Σ3 (0001) grain
boundaries of α-Al2 O3 using DFT [66]. They found that the activation
energies were up to 50% lower than in the bulk lattice, indicating faster
diffusion in the boundary than in the bulk.
Generally, self-interstitials were found to be relatively immobile and not
contributing to the fast grain boundary diffusion. Balluffi et al. reported
that the activation energy for self-interstitials in Fe Σ5 grain boundary was
even larger than for self-diffusion in the bulk, suggesting that boundary
self-diffusion was dominated by the vacancy exchange mechanism, and the
interstitial mechanism could be ruled out [63]. Pontikis et al. investigated
the self-diffusion mechanism in a Σ5 grain boundary in fcc Cu [69]. Their
results confirmed the immobility of the interstitial in the grain boundary,
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which provided further support for the vacancy dominated mechanism of
grain boundary diffusion.

Figure 2.13: Calculated and measured self-diffusion coefficients in a
Σ9 Cu grain boundary [42].
In spite of the obvious complexity of diffusion processes in grain
boundaries, both theoretical and experimental results show that grain
boundary diffusion coefficients follow the Arrhenius law. Figure 2.13 shows
the Arrhenius plot of calculated grain boundary self-diffusion coefficients in
fcc Cu [42]. The experimental results are also shown for comparison. It can
be seen that the calculations are in reasonable quantitative agreement with
experimental measurements, which demonstrates that atomistic simulations
are capable of predicting quantitative information on grain boundary
diffusion.
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2.4

Austenite (fcc) and Ferrite (bcc) Interface

2.4.1

Overview

To the best of our knowledge, no DFT simulations are available for the bccfcc interface in iron. The primary reason is the complexity of the magnetic
state of fcc Fe since fcc Fe shows paramagnetic states, which creates a
challenge for modeling bcc-fcc interface. In this section, we first review the
magnetic properties of Fe within the framework of DFT. In the latter part
of this section, DFT studies for heterophase interfaces are also discussed.

2.4.2

Approaches to Study Magnetism in γ-Fe

Magnetism plays an important role in understanding the physical properties
of iron and iron alloys, including the relative stability of different phases
[70]. There are many papers related to this research area. For example,
in 1981 Kubler [71] investigated the total energies of nonmagnetic (NM),
ferromagnetic (FM) and antiferromagnetic (AFM) states for bcc phases of
iron by using the augmented-spherical-wave (ASW) method. He found that
the ground state for the bcc structure is the ferromagnetic (FM) state. Such
conclusion was confirmed by recent first-principle DFT calculations [9, 72,
73]. The magnetic moment per Fe atom in the bulk was predicted to be 2.20
µB [9], which was in good agreement with the experimental value of 2.22
µB [74].
The situation with γ-Fe (fcc) is much more uncertain. It is known that γFe is stable in the temperature interval from T=1173 K and T=1660 K, and
exists naturally in the paramagnetic (PM) state. Recent experiments also
reported that thin films of γ-Fe could be anti-ferromagnetic or ferromagnetic
[75, 76].

The complexity of the magnetic properties of γ-Fe presents

significant challenge for DFT calculations. To identify the stable magnetic
configuration for γ-Fe, an extensive search was performed based on firstprinciple DFT calculations [9, 72, 73].
The most straightforward approach to simulate the paramagnetic state
within DFT is to use ordered magnetic arrangements, such as single26

layer antiferromagnetic (AFM) and double-layer antiferromagnetic (AFMD)
states.

The AFM and AFMD phases refer to the simple layered anti-

ferromagnetic structure (↑↓↑↓...) and the bilayer AFM structure (↑↑↓↓...),
respectively.

Figure 2.14: Phase diagram for bcc Fe and fcc Fe with different
magnetic configurations [9].
In Figure 2.14, the calculated total energies of various magnetic configurations, i.e. non-magnetic (NM), ferromagnetic (FM), single-layer antiferromagnetic (AFM), and double-layer anti-ferromagnetic (AFMD), are
shown as a function of lattice parameter. For fcc NM state, the minimum
locates at 3.45 Å. Once the magnetism is included, the results change
significantly. For the fcc FM phase, the curve displayed in Figure 2.14
presents two distinct and separate minima, a low-spin (LS) FM state
with relatively small lattice constant and a high-spin (HS) FM phase with
somewhat larger volume. In early work for carbon in γ-Fe, Jiang and Carter
[9] took the HS FM state as a reference. A difficulty with this is that there is
a discontinuous transition between the HS FM phase and the LS FM phase,
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which could be triggered by defects. Here, the AFMD state has the lowest
total energy for fcc Fe. Jiang et al. reported that the predicted lattice
parameter for the AFMD state agrees well with those extrapolated from
measured lattice parameters in γ-Fe alloys [9], which implied that AFMD
is a good approximation for the fcc Fe. In addition, the calculated vacancy
formation energy in the AFMD structure is 1.84 eV, which is relatively close
to that concluded from experiment (1.71 eV) [77].
In recent years, based on the framework of DFT calculations, several
new methodologies have been developed to treat disordered alloys. Several
groups have applied these ideas in the studies of paramagnetic materials.
The most widely used approaches can be summarized as follows:
Coherent Potential Approximation The coherent potential approximation
(CPA) treats random A1−x Bx alloys by considering the average occupations
of lattice sites by A and B atoms [78]. Since it is a mean field approach, local
relaxations are not considered explicitly and the effects of alloying elements
on the distribution of local environments cannot be taken into account,
which is a major drawback to the application of this approach.
Cluster Expansions Approach

In the case of Cluster Expansions (CE)

Approach [79], the Ising model is used and the occupations of atoms A
and B in the parent lattice are labelled as +1, and -1. The configurational
energetics of the system is characterized by using the effective cluster
interactions (ECIs). In order to estimate the ECIs, the energies of multiple
pre-selected ordered configurations have to be obtained in their fully relaxed
geometries based on the DFT calculations, which is rather laborious work.
Special Quasi-random Structures The concept of Special Quasirandom
Structure (SQS) was proposed first by Zunger et al. [80]. The basic idea
of SQS is to mimic random solutions by using a small unit cell with only
a few (4∼32) atoms, which best satisfies near-neighbor pair and multisite
correlation functions of random substitutional alloys. Compared with the
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Coherent Potential Approximation and Cluster Expansions approaches,
which treat the random alloys by considering average occupations and
requires dozens of calculations, a single calculation is sufficient for the SQS
approach to obtain the required properties of a random alloy.
In recent years, the SQS technique has been successfully applied to study
the paramagnetic state of metals. For example, Shim et al. studied the
magnetic transition for Fe2 O3 using a 40-atom SQS supercell , and predicted
that in the paramagnetic state, Fe2 O3 is metallic, which is consistent with
the experimental observation [81].
Recent DFT calculations also showed that the ground state of fcc Fe can
be a spin-spiral state [82, 83]. However, the results indicate that the energy
difference to the AFMD order is only a few meV/atom, and the lattice
constant between these two structures differs by only 0.01 Å. Moreover,
Ackland etal. found that most of the non-collinear calculations for γ-Fe with
defects converged to collinear magnetic states [84]. Only few configurations
retained non-collinear structures. However, the energy of the non-collinear
configuration was only marginally lower than the collinear results. On the
other hand, the non-collinear calculations are extremely time-consuming,
such that only small periodic supercells (typically consisting of 4∼32 atoms)
can be considered.

2.4.3

Effects of Solutes on Magnetism of γ-Fe

The impurity effects on the magnetic properties of fcc Fe were also
investigated by means of DFT. For substitutional elements, Kong and Liu
reported that the ferromagnetic state of fcc Fe phase could be stabilized
by Cu atoms, which was attributed to chemical pressure effects due to the
larger atomic volume of Cu [85]. The magnetic moment per Fe atom of the
fcc structured Fe-Cu alloys is shown as a function of Cu concentration in
Figure 2.15. In agreement with experimental observations, the authors find
that the magnetic moment of Fe increases with Cu concentration. Recently,
Medvedeva et al. performed DFT calculations to study the effect of Mn
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Figure 2.15: Variation of average atomic volume and magnetic
moment (MM) per Fe atom of the fcc structured Fe-Cu alloys
against the Cu concentration [85].
substitution on the structural and magnetic properties of fcc Fe [86]. Their
results suggested that Mn favored the ferromagnetic coupling which, in
principle, could lead to long range ferromagnetism.
In the case of interstitials, Boukhvalov et al. investigated the local
perturbations of the crystal and magnetic structure of fcc Fe near a carbon
interstitial impurity [73]. The fragment of crystal and magnetic structure of
γ-Fe for the AFMD ordering is shown in Figure 2.16. By comparing the total
energy and magnetic moments for FM, AFM, and AFMD structures, they
found that the ferromagnetic state could be stabilized locally by the carbon
interstitial. However, the global magnetic structure is still the AFMD state.
Hydrogen is especially important for steels since it can lead to hydrogen
embrittlement. Nazarov and co-workers investigated the thermodynamics
of hydrogen-vacancy interaction in fcc Fe. They studied several ordered
collinear magnetic configurations.

The results demonstrated that the

ground state is a locally modified AFMD configuration [87].

It was

found that hydrogen in interstitial positions significantly changed the local
magnetization and increases the total magnetic moment of the system by
0.52 µB .
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Figure 2.16: Fragment of crystal and magnetic structure of γ-Fe
for the AFMD magnetic ordering [73]. Carbon interstitial
impurity in octahedral position is shown by dark (red) circle.

2.4.4

DFT Studies for Heterophase Interfaces

Recently, DFT has been used to study solid-solid heterophase interfaces.
Figure 2.17 shows the supercell used in a DFT study of an interface between
bcc-Fe and fcc-Ag [88]. The interfaces were constructed according to the
Nishiyama and Wassermann (N-W) orientation relationship. An important
output of such calculations is the interfacial energy, which is a key parameter
determining the nucleation barrier and also the shapes of precipitates. In
addition, the interfacial energy obtained by DFT calculations can be used as
the input parameter for mesoscopic simulations, such as phase-field models.
Vaithyanathan et al. demonstrated how DFT and phase-field models can be
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Figure 2.17: Schematic of the (a) Fe(001)-Ag(001) interface and the
(b) Fe(110)-Ag(111) interface [88]. The cross symbols mark
the high-symmetry sites with respect to the Ag plane for
the successive Fe atom at interface. The layers around the
interface are indexed by numbers.
combined to build a bridge between micro- and macro-scales [89, 90]. They
constructed coherent (100) and semi-coherent (001) interfaces of θ0 -Al2 Cu
in fcc Al solid solution and then calculated interfacial energies using DFT.
Using these energies in the phase field model, the authors demonstrated that
the theoretical precipitate microstructure evolution is in good agreement
with the experimental data.
Magnetic properties of the interfaces is another subject of recent DFT
studies. Benoit et al. reported that the magnetic moments of the Fe atoms
in the Au(001)/Fe(001) interface are enhanced by about 26% [91]. The
layer projected magnetic moments are summarized in Figure 2.18, where the
interface position corresponds to the index -1. It is observed that magnetic
properties of the interfaces between magnetic and non magnetic materials
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Figure 2.18: Evolution of the atomic magnetic moment of the Fe
atoms as a function of the position of the layer in the Fe(001)
slab (black circles) and in the Au(001)-Fe(001) interface (red
squares) [91].
resemble very closely that of the surface of the magnetic material.
The electronic properties of the Au(001)/Fe(001) interface system were
also investigated [91]. Figure 2.19 shows the projected densities of the d
states (PDOS) of individual Fe atoms at the surface, in the center, and in
the Au(001)/Fe(001) interface. Comparing the PDOS of Fe atoms at the
surface or at the interface with the one in the center, one observes that the
presence of the surface or interface shifts the spin-down states by around
+2 eV down to 0-0.5 eV. In addition, due to the presence of the surface
or interface, the spin-up states below the Fermi level shift down to lower
energies.
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Figure 2.19: Projected densities of the d states of individual Fe atoms
in the Au(001)/Fe(001) interface. Fesurf , Fecenter , and Feint
denote the Fe atoms at the surface, in the center, and at the
interface, respectively [91].

2.5

Conclusions

Based on the first-principle studies, the segregation behavior of non-metallic
elements, e.g.

hydrogen, boron, carbon, phosphorous, etc., and their

effects on special low Σ grain boundaries have been extensively studied.
In addition, some general, e.g. high Σ and low angle, grain boundaries
were also investigated through molecular dynamics simulations. However,
the role of transition metals (TMs) such as V, Mn, Ti, Nb, etc.

has

received somewhat less attention. Experimentally, it is known that these
TMs actually play rather important roles in microstructure evolution and
mechanical properties of materials through the solute-drag effect. So far, the
quantitative knowledge of the effect of these TMs on the Fe grain boundaries
is still limited. Hence, it is necessary to advance our knowledge on the
interactions between TMs and grain boundaries and interfaces using firstprinciple DFT simulations.
Previous studies indicated that fast grain boundary diffusion is governed
by a vacancy mechanism in the vast majority of boundaries. The activation
energy of a vacancy jump is found to be substantially lower than in the bulk.
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Despite these encouraging results, the understanding of grain boundary
diffusion is still limited. To the best of our knowledge, no work has been
done for substitutional solute atom diffusion in grain boundaries due to
the expensive computational costs for first-principle calculations and the
lack of suitable interatomic potentials for molecular dynamics simulations.
Nevertheless, previous theoretical simulations have already demonstrated
that atomistic simulations are capable of predicting quantitative information
about diffusion in metals. So there is a strong motivation to understand more
about the diffusion mechanisms in grain boundaries in Fe based on cutting
edge modeling tools.
So far, the AFMD configuration is considered as a good approximation
for the magnetic ground state of γ-Fe. Previous studies have also shown
that the substitutional and interstitial elements could influence the local
magnetic state, however, the global magnetic structure is still AFMD state.
In addition, the new developed special quasi-random magnetic structures
provide an opportunity to deal with the paramagnetic state of γ-Fe in a more
realistic manner. In the current state, AFMD and quasi-random structures
are promising approximations to simulate the magnetic states of γ-Fe.
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Chapter 3

Scope and Objectives
The aim of this work is to quantify how solute atoms interact with interfaces
in Fe. For this purpose, we use first-principle DFT combined with kinetic
Monte Carlo simulations.

The critical solute drag parameters such as

binding and activation energies will be determined and the coefficient for
interface diffusion will be calculated. Special grain boundaries, e.g. Σ5
(013) symmetrical tilt grain boundaries in bcc Fe, will be investigated in
detail. This kind of special boundary has a small periodic unit cell, which
makes our proposed DFT calculations feasible. The studies will then be
extended to more complex interfaces, i.e. selected bcc-fcc Fe interfaces to
study the solute-interface interaction and the diffusion mechanisms. More
specifically, the objectives of this work can be divided into five main goals:
1. Investigate special grain boundaries, e.g. the Σ5 (013) symmetrical
tilt grain boundary, containing commonly used alloying elements, e.g. Mn,
Mo, Nb and V, etc. to determine the binding energies of these solutes
to the grain boundary and their activation energies for diffusion along the
boundary.
2. Select the proper magnetic configurations for fcc Fe and determine
the basic properties of a selected bcc/fcc interface, including the geometric,
electronic and magnetic structures.
3. Investigate the interactions between alloying elements and the fcc
grain boundaries and determine the binding energies of these solutes.
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4. Quantify the interactions of solutes with a selected bcc-fcc interface
and determine the binding energies of these solutes.
5. Develop a KMC model to determine the diffusion coefficients in grain
boundaries and bcc-fcc interfaces.
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Chapter 4

Methodology
4.1
4.1.1

Density Functional Theory
Fundamentals

Theoretically, an exact treatment of solids can be obtained by solving the
many-body Schrödinger equation involving both the nuclei and the electrons:
ĤΨ(R~1 R~2 ...R~N , r~1 r~2 ...r~n ) = EΨ(R~1 R~2 ...R~N , r~1 r~2 ...r~n )

(4.1)

~ i are the nuclei coordinates, r~i are the electron coordinates, Ĥ
where R
is the Hamiltonian operator, Ψ is the wave function, E is the total energy
of the system, N is the total number of nuclei, and n is the total number
of electrons in the system. The Hamiltonian operator Ĥ is the sum of
the kinetic energy operator T̂ and the potential energy operator V̂ . The
wave function Ψ is a measure for the probability of finding the particle at
a certain position. The probability density of a particle is the square of the
amplitude of the wave function, |Ψ|2 . However, it is extremely difficult to
solve the many-body Schrödinger equation. In fact, the only system that
can be solved analytically is the single-electron hydrogen atom. In general,
the Schrödinger equation has to be solved numerically.
Hohenberg and Kohn have shown that the total energy of a system can
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be uniquely defined by the electron charge density and has a minimum
corresponding to the ground state density [92], i.e.
E0 = min(E[ρ(~r)])

(4.2)

Within the framework of Kohn and Sham, the many-body problem of
interacting electrons in a static external potential is reduced to a problem of
non-interacting electrons moving in an effective potential, and the original
many-electron Schrödinger equation is then converted into a set of KohnSham equations [93]:



T̂ [ρ(~r)] + ĤH [ρ(~r)] + Ûext [ρ(~r)] + V̂xc [ρ(~r)] Φi (~r) = ξi Φi (~r)

(4.3)

where T̂ [ρ(~r)] is the non-interacting kinetic energy, ĤH [ρ(~r)] is the
electrostatic interactions between electrons, Ûext [ρ(~r)] is the potential energy
from the external field due to positively charged nuclei, and V̂xc [ρ(~r)] is the
so-called exchange-correlation energy. So far, the exact form of exchangecorrelation energy is still unknown. For this reason, suitable approximations
have been introduced.

4.1.2

Exchange-correlation Energy

The most widely used approximation is the so-called Local Density Approximation (LDA), which assumes that the exchange correlation energy is
a function of the local charge density [94]. LDA has been demonstrated
successful when employed to solids. However, one significant limitation of
LDA is its overbinding of solids: lattice parameters are usually underpredicted while cohesive energies are usually overpredicted. In addition, LDA
calculations predicted the hexagonal para-magnetic structure are the most
stable state in Fe, whereas it is well known that the ground state of Fe
should be the bcc ferromagnetic state.
In an effort to rectify the inaccuracies of LDA, the Generalized Gradient
Approximation (GGA) was introduced [95]. GGA is a natural improvement
on LDA by considering not only the local charge density, but also its
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gradient. The results calculated by GGA generally agree noticeably better
with experiments than LDA. It also gives a better description of 3d transition
metals [96]. For example, the ground state of Fe is correctly predicted within
the GGA calculations. For these reason, in this project, the GGA proposed
by Perdew, Burke, and Enzerhof (PBE) will be adopted rather than LDA
for the exchange-correlation energies.

4.1.3

Structure Optimization

The crucial point when performing DFT calculations is to find the electronic ground state of the system, which is usually referred as structure
optimization (or “relaxation”). In principle, when searching for the optimal
geometry, the DFT code performs several ionic relaxation steps. It moves
all nuclei in appropriate directions (according to energy gradients), in which
each nucleus should have lower potential energy. After each ionic step,
the ground state energy of this particular atomic arrangement has to be
evaluated by a self-consistent cycle of electronic relaxation steps. Once the
difference of any 2 consecutive energy values is lower than a given threshold
value, the self-consistent cycle is finished. Then the energy gradients (or
forces on atoms) are evaluated. If they are lower than pre-defined threshold
values, the optimized structure is achieved. Otherwise, new positions of
atoms are proposed and repeat from the start. For finding the ground state
according to the energy and its gradients, the following numerical algorithms
are widely used in DFT codes:
(1) Steepest descent method
(2) Conjugate-gradient (CG) method
The scheme of search paths for locating the minimum of the energy by an
iterative process using the steepest descent and conjugate gradient methods
is shown in Figure 4.1. In the steepest descent procedure, the minimization
procedure starts at an arbitrary point (e.g. point 1 in Figure 4.1) and
evaluates the gradient of the energy [97]. The negative of the gradient vector
gives the direction of the steepest descent which is followed until a minimum
is reached along this line. At that point, the procedure is repeated until the
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Figure 4.1: Sketch of the search paths for the minimum of a function
(i.e. energy) using the steepest descent (left) and conjugategradient approach (right). In both cases, the search begins at
point 1. The conjugate-gradient method converges faster [97].
value can no longer be lowered within a given convergence threshold. It is
evident that this procedure is reasonable, but not efficient.
A more efficient approach is the conjugate gradient method, which first
also starts a steepest descent step with line minimization. However, in
the following step, the search direction contains information not only from
the gradient at the current point, but also “conjugated” to the previous
search directions. Sheppard et al. reported that the convergence based on
the conjugate-gradient algorithm is four times faster than that of steepest
descent method [98]. Therefore, in this project, we will use conjugategradient algorithm to find the optimized structure.

4.1.4

Simulation Software Package

There are many DFT codes currently available, among which the widely
used software packages are Wien2k, Siesta, FIREBALL, VASP, CASTEP,
PWSCF, and ABINIT. Wien2k employs the so-called all-electron DFT
method, which means all electrons are treated in the same framework. This
treatment can provide highly accurate band structure, total energy, etc.
However, it is also computationally demanding. In contrast, Siesta and
FIREBALL use atomic orbitals as basis set, which are much more efficient.
The main disadvantage is incompleteness of the smallest basis set which
means the calculated properties often show extreme sensitivity to small
changes in the basis set. To balance the computational load and accuracy,
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VASP, CASTEP, PWSCF, and ABINIT codes were developed based on the
plane wave basis set and pseudopotential approximations.
In these DFT codes, the wave functions are expanded in terms of plane
wave basis set, i.e.:
1 X ~ i(~k+G)·~
~ r
Φi (~r) = √
ci (G)e
Ω0 ~

(4.4)

G

~ is the vector of the reciprocal lattice, ~k denotes the momentum,
where G
and Ω0 represents the primitive cell volume. In practice, only a finite set of
plane waves is used for a given system. The completeness of the basis set is
controlled by the cut-off energy (Ecut ), i.e.
(k + G)2
< Ecut
2
where

(k+G)2
2

(4.5)

denotes the kinetic energy of a plane wave. Only those

plane-waves with a kinetic energy smaller than Ecut are included in the
basis set. The main disadvantage of a plane wave basis set is that a large
number of basis functions is required to describe atomic wave functions near
the nucleus. To overcome this problem, the pseudopotential approximation
is employed. This approximation is based on the assumption that only
the valence electrons have significant effect on the physical and chemical
properties of the system. Therefore, the core electrons do not need to
be treated explicitly any more.

This approximation provides usually a

sufficiently good result, while it is much more efficient when compared with
the all-electron DFT calculations.
It is noticeable that the pseudopotentials for PWSCF and ABINIT codes
are still not available for some elements, which limit the application of these
two codes. Fortunately, the pseudopotentials for VASP and CASTEP codes
are complete and reliable. However, the CASTEP code does not support
searching transition states, and therefore is not suitable for diffusion studies.
Consequently, VASP is used as the DFT algorithm in this work.
VASP, i.e. Vienna Ab initio Simulation Package, is a computer program
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for atomic scale materials modelling, e.g. electronic structure calculations
from first principles. It computes an approximate solution to the manybody Schrödinger equation within density functional theory, solving the
Kohn-Sham equation.

The optimized structures, ground state energy,

transition states, etc. can be obtained based on the VASP calculations.
In previous studies, VASP has been successfully applied to investigate grain
boundary segregation and diffusion of solutes [11, 25–27]. Note that the
computational load of DFT calculations is expensive. A simple structure
relaxation calculation for Σ5 Fe grain boundary containing 120 atoms takes
3 days using 32 CPU cores. As a result, the calculation domain is usually
small for VASP simulations, which is limited to about 100∼200 atoms. In the
present work, the calculations are performed using Westgrid supercomputing
resources.

4.1.5

Domain Size

The Influence of the Energy Cut-Off
As has been discussed in subsection 4.1.4, the cut-off energy is an important
and sensitive variable, which determines the plane wave basis set. The
influence of the cut-off energy on the convergence of the total energy of the
conventional bcc Fe unit cell has been evaluated with a fixed k-point mesh
of 20×20×20. The testing results are shown in Figure 4.2. It is evident that
the total energy is well converged with kinetic energy cut-offs over 350 eV.
Therefore, in this work, the cut-off energy is set to be 350 eV.

The Influence of the k-Point Sampling
For a periodic system, integrals in real space over the infinite system are
replaced by summing the values at a finite number of points in the Brillouin
zone, i.e. the k-point mesh. Choosing a sufficiently dense mesh of k points
is crucial for the convergence of the results. Based on the scheme proposed
by Monkhorst and Pack, k-points are distributed homogeneously in the
Brillouin zone [99]. The distance between two k points in reciprocal space
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Figure 4.2: Convergence test of the total energy with respect to
energy cutoff.
is given as:
dk−points = 1/ki li

(4.6)

where li is the supercell dimension in i direction. ki determines number
of k-points in i direction. For example, k1 =k2 =k3 =3 indicates a 3×3×3 kpoint mesh. In order to check the influence of the k-point mesh in reciprocal
space on the convergence of energy values, grids of 1×1×1 up to 20×20×20
k-point mesh are evaluated. This gives the k-points spacing from 0.352 Å−1
to 0.018 Å−1 for the conventional bcc Fe unit cell with the lattice constants
of 2.84 Å. In Figure 4.3, the total energy of the conventional bcc Fe unit cell
is well converged to 0.1% with a 8×8×8 k-point mesh (i.e. the separation
is 0.05 Å−1 ). In the following calculations, the k-points spacing is set to be
equal or smaller than 0.05 Å−1 within the first Brillouin zone.
Size of the Supercell
In this work, the convergence with respect to number of atoms is also
evaluated. We have adopted four sizes of Fe bcc supercell from 16 atoms
2×2×2 supercell, 54 atoms 3×3×3 supercell, 128 atoms 4×4×4 supercell,
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Figure 4.3: Convergence test of the total energy with respect to kpoint mesh for the conventional bcc Fe unit cell.
and 250 atoms 5×5×5 supercell. The cohesive energy for Nb, which is the
largest and least elastically favorable solute studied in this work, is shown
in Figure 4.4. The Nb cohesive energies are converged for system sizes of 54
atoms and larger to within 0.01 eV. Therefore, in the following calculations,
a 3×3×3 or an equivalent supercell is adopted.
Special Quasirandom Structure Calculations
As discussed in the previous sections, the special quasirandom structure
(SQS) is proposed to determine properties of random solid solutions through
a periodic structure, which is employed here to simulate the paramagnetic
state of γ-phase Fe. In order to characterize the statistics of a given atomic
arrangement, the correlation functions are introduced.
Using the language of Ising models, each site i of the configuration is
assigned a spin variable Ŝ, which takes the value -1 if it is occupied by
Fe↑ (i.e. Fe atom with spin-up state), or +1 if occupied by Fe↓ (i.e. Fe
atom with spin-down state). Furthermore, all the sites can be grouped in
figures f (l, m) of l vertices, where l = 1, 2, 3... corresponds to a shape: point,
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Figure 4.4: Convergence test of Nb cohesive energy with respect to
supercell size.
pair, and triplet... respectively, spanning a maximum distance of m, where
m = 1, 2, 3... is the first, second, and third-nearest neighbors, and so forth.
For example, pairs of atoms (a figure with l=2 vertices separated by an mth
neighbor distance), triangles (l=3 vertices), etc. The correlation functions,
Q
l,m , are the averages of the products of site occupations of figure k at a
distance m. The optimum SQS for a given composition is the one that best
satisfies the condition:
(
where <

Q

l,m

Y
l,m

)SQS ∼
=<

Y
l,m

>R

(4.7)

>R is the correlation function of a real paramagnetic γ-

phase Fe. Since there is no correlation for the real paramagnetic γ-phase
Fe, the correlation function is simply zero.
In the present work, the Alloy Theoretic Automation Toolkit (ATAT)
[100] has been used to generate SQS for the fcc structure. In general, the
smaller the unit cell, the worse the correlation functions that match those
of the real γ-phase Fe with paramagnetic state. Note that the algorithm
used in this work is to enumerate every possible supercell and every possible
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atomic configuration, which becomes prohibitively expensive as the size of
the SQS increases. Hence, we use a SQS supercell consisting of 32 atoms to
simulate the paramagnetic state of γ-phase Fe.
Grain Boundary Energy
In order to obtain reliable results, it is necessary to consider a supercell
with reasonable size. In particular, the distance between two adjacent grain
boundaries should be sufficiently large to decouple them from each other.
For this purpose, the supercell size for grain boundary is determined from
calculation of the grain boundary energy as a function of inter-boundary
distance. In this work, the grain boundary energy (σgb ) is calculated as the
difference between the total energy of the supercell with (Egb ) and without
(Ebulk ) grain boundaries, which can be expressed as:
σgb =

1
(Egb − Ebulk )
2AS

(4.8)

where AS is the area of the boundary, which is chosen to be comparable
with a 3×3×3 bulk supercell, i.e. 8.52×8.52 Å2 . Note that there are two
grain boundaries in the supercell that is imposed by the periodic boundary
conditions. Therefore, the grain boundary energy is corrected by the factor
of 2.
α-γ Interface Energy
In a similar manner, the α-γ interface energy is calculated as follows:
σα−γ =

1
(Eα−γ − Eα − Eγ )
2AS

(4.9)

where Eα and Eγ are the total energies of the supercell for bcc and fcc
grains, respectively. Eα−γ is the total energy of the supercell consisting of
bcc grain, fcc grain, and the α-γ interfaces.
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4.1.6

Parameter Setup and Formulas for DFT Calculations

As has been discussed above, all of the DFT calculations are carried
out using VASP [101, 102], with the projector augmented wave (PAW)
method [103], and the Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation (GGA) to the exchange correlation functional [104]. Since
Fe is a magnetic element, its spin-up density (ρ↑ ) and spin-down density
(ρ↓ ) are not the same. Therefore, the spin-polarized DFT calculations were
performed. Note that compared with the non-spin polarized calculations,
the accuracy is the same on both levels. Which solution is more reasonable
only depends on whether the system is magnetic or not. If it is (either FM
of AFM), the calculation has to be done spin-polarized, and the total energy
of the cell will be more negative than for the non-polarized calculation. If
it is not, the results should be the same for both calculations.
In this work, a cutoff energy of 350 eV is used to truncate the plane-wave
expansion of the wave functions. Full relaxation of the atomic positions is
allowed to an energy convergence of 10−4 eV and force convergence of 10−2
eV/Å in each case, using a conjugate gradients routine to find the local
minimum.

4.1.7

Simulation Procedure for Solute Segregation

To study the solute-interface interactions, the binding energy (also referred
as segregation energy) of the solutes with the grain boundaries is calculated.
A straightforward way to calculate segregation energies would be to compare
the energies of a system with a grain boundary and a solute atom where
in one case the solute is located at the boundary and in another case
in the bulk sufficiently far away from the boundary to avoid any elastic
coupling with the boundary.

The required large supercell would lead

to prohibitive computational cost such that an alternative approach is
employed by executing separate grain boundary and bulk simulations using
smaller supercells. Hence, the binding energy is expressed as:
i
i
Eseg
= (EX+gb
+ Eref ) − (Egb + EX )

48

(4.10)

where Egb and Eref are the total energies of the pure Fe system calculated
i
with and without grain boundaries, whereas EX+gb
and EX are the total

energies of the supercell with and without grain boundaries and one solute
atom.

The superscript i denotes the substitutional sites in the grain

i
boundary. A negative value for Eseg
indicates an attractive segregation

energy of the solute atom to the considered grain boundary site.
The segregation energy for the second solute is calculated as:
i,j
j
i,j
Eseg
= (EX+Y
+gb + Eref ) − (EY +gb + EX )

(4.11)

i,j
where EX+Y
+gb is the total energy of the supercell containing solutes X

and Y occupying boundary sites i and j, respectably. EYj +gb is the total
energy of the supercell with solute Y placed at boundary site j.
To analyze the solute-solute interaction, the effective interaction (Eef f )
is calculated, which is defined as:
Eef f = (EX+Y + Eref ) − (EX + EY )

(4.12)

where EX (EY ) is the total energy of a configuration containing one
single solute atom and EX+Y is the total energy of a supercell with two
solute atoms. Eref is the total energy of the solute free supercell. A positive
value of Eef f corresponds to repulsive interaction.

4.1.8

Simulation Procedure for Diffusion

The simulation procedure for diffusion employed in this work is outlined as
follows: first, a single point defect is introduced at various positions in the
system and its formation free energy is calculated using DFT. The vacancy
formation energy can be calculated as:
Ev = E − Eref + Eref /N

(4.13)

where E and Eref are the total energies of the pure system calculated
with and without a vacancy, respectively.
In case of solute substitution, one should also calculate the binding
49

energy for the vacancy-solute pair which can be expressed as:
Eb = (E+X + Eref ) − (E + EX )

(4.14)

where E+X (EX ) is the total energy of the supercell with (without)
vacancy and one solute. We define Eb such that favorable binding is negative.
At the next step, migration energies (Em ) of the atomic jumps, which are
the energy difference between the saddle-point barrier and the equilibrium
position, are computed using nudged elastic band (NEB) method with the
climbing image algorithm [105, 106]. In implementing this method, N + 2
configurations are considered, where N configurations are from intermediate
states along the transition path and the other two are the initial and final
states of migration, both of which are local minima on the potential energy
surface. It is started by minimizing a transition path as a chain of images
that connect the initial and a final state. A minimization algorithm is
applied, and the energy is minimized in all directions except for the direction
of the reaction path. The images are moved in the direction to minimize
the forces, which gives the minimum energy path, with the highest point on
the path being a best guess of the saddle-point (SP). The atom migration
energy (Em ) is then determined based on the NEB calculations.
The activation energy at 0K (Q0 ) is then given as the sum of the
vacancy formation, migration and solute-vacancy binding energies in the
fully ordered ferromagnetic state:
Q0 = Ev + Eb + Em

(4.15)

In order to model rate phenomena, harmonic transition-state theory
(TST) is used in this work.

Harmonic TST offers a straightforward

approximation to a rate constant, at which atoms move from one site to
a neighboring one. In Harmonic TST, the jump frequencies are given by
[107]:
Γ = ν0 exp(−

Em
)
kB T

(4.16)

where ν0 denotes the “attempt frequency” telling how often an attempt
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is made to exceed the barrier. Typically it is of the order of the Debye
frequency, i.e. 1012 ∼ 1013 s−1 . The attempt frequency (ν0 ) is calculated as:
ν0 =

3N
−3
Y

νieq /

i=1

3N
−4
Y

νisp

(4.17)

i=1

where νieq and νisp are the frequencies of the equilibrium and saddle-point
configurations. In this work, the vibrational frequencies were computed from
the Hessian matrix (see next section for details). In previous studies, Asta
et al. explicitly calculated vibrational spectrums for Mo, W, and Fe-self
diffusion, and found that the attempt frequencies were very similar [11],
which can be ascribed to the same diffusion mechanism (vacancy mediated)
and the same host. And consequently, in their later studies, they assumed
the attempt frequencies (ν0 ) were constant for all of the jump rates (Γ) [43].
Since Σ5 grain boundary is a simple and ordered structure, we assume the
values of attempt frequencies in Σ5 grain boundary are comparable to the
bulk values. Therefore, in the present work, we only calculate the attempt
frequencies for Fe self-diffusion in the bcc and fcc bulk, and apply these
values to the grain boundary diffusion.
The rate constants (Γ) are then tabulated in a rate catalogue and used
as input data for the kinetic Monte Carlo (KMC) simulations.

4.1.9

Hessian Matrix and Vibrational Frequencies

The Hessian matrix is the matrix of second derivatives of the energy with
respect to geometry. To calculate the Hessian matrix, finite differences are
used, i.e. each ion is displaced in the direction of each Cartesian coordinate,
and from the forces the Hessian matrix is determined. In the harmonic
approximation, the elements of the Hessian matrix is given by:
Hi,j =

∂2E
∂xi ∂xj

(4.18)

In order to calculate the vibrational frequencies, the Hessian matrix is
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first mass-weighted:
Hi,j
m
Hi,j
=p
mla ∗ mm
a

(4.19)

where mia are the atomic mass. Diagonalization of this matrix yields
eigenvalues, ε (force constants), from which the vibrational frequencies can
be calculated:
νi =

1 √
εi
2π

(4.20)

In this work, we calculate the vibrational frequencies of the pure Fe
system (νi ), bulk Fe with one vacancy at the equilibrium position (νieq ), and
bulk Fe with one vacancy at the saddle-point (νisp ).

4.2

Kinetic Monte Carlo Simulations

Unlike the bulk situation, the activation energies of the solutes in the
interfaces depend on the positions. Consequently, there are a multiple of
jump rates. To investigate solute diffusivities, a kinetic Monte Carlo (KMC)
model is developed based on the detailed input from DFT calculations.
KMC is an efficient method for carrying out dynamical simulations for a
wide variety of stochastic and/or thermally activated processes. In contrast
to the MD method which can generally only be carried out on a time scale
of nanoseconds or less, KMC simulations can effectively overcome the time
scale limitation, and the diffusion coefficients can be calculated at interfaces.
In the KMC model atoms are located on a rigid lattice. Diffusion occurs
by vacancy exchange with a first nearest neighbor atom. At each KMC step,
there are z possible vacancy jumps, where z is the coordination number.
These jumps form a Markov process, which is simulated by the residencetime algorithm. In the present study, the residence time associated with the
KMC step is given by [108]:
τkmc = − ln(urand )/RN

(4.21)

where urand is a random number uniformly distributed between 0 and 1,
P
and RN is the summation of the jump rate, i.e. RN = zj=1 Γj . Here Γj is
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the jump rate, which can be obtained according to Equation 4.16 based on
the DFT calculations. The algorithm for KMC is outlined as the following
procedure:
0. Set the time t = 0
1. Initialize the lattice structure by assigning the type of atoms to each
lattice site.
2. Insert the vacancy into the lattice sites.
3. Start KMC loop over Nitermax steps.
4. Define the local atomic configuration in each direction for the vacancy
and extract the value of the energy barrier from the predefined table. Form
a list of the rates Γj of all possible transitions in the system.
P
5. Calculate the cumulative function RN = Γj for j = 1...z.
6. Get a random number xrand ∈ (0, 1)
7. Find the event to carry out j by finding the j for which Rj−1 <
xrand RN ≤ Rj .
8. Carry out event j
9. Get a new random number urand ∈ (0, 1)
10. Update the time with tkmc = tkmc + τkmc , where τkmc is determined
by Equation 4.21.
11. Set Niter = Niter + 1. If Niter < Nitermax , return to step 4.
For grain boundary diffusion, a thin boundary model is constructed.
The vacancy moves randomly. At each step, the residence time of the
vacancy at the current site is calculated from its jump rates in all possible
directions. The clock is advanced after the vacancy leaves the site. As the
vacancy walks, it also moves atoms around and induces their diffusion. Once
the simulation is complete, the apparent diffusion coefficients (Dapp ) of the
solute atoms are recorded according to the Einstein equation:[109]
Dapp =

hr2 (t)i
6·t

(4.22)

where hr2 (t)i is the mean square displacement (MSD) of the diffusing
solute atoms during time t.
According to the analysis of Porter and Easterling, if the grain boundary
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has an effective thickness δ and the grain size is dgs , the apparent diffusion
coefficient (Dapp ) is expressed as [110]:
Dapp = (1 −

δ
δ
)Dl +
Db
dgs
dgs

(4.23)

where Dl and Db are the bulk and grain boundary diffusivities. Since the
bulk diffusivities Dl are calculated directly from DFT, the grain boundary
diffusivities Db can thus be determined. In this work, the results are obtained
based on the 105 independent calculations at each temperature.

4.3

Molecular Statics Simulations

In this work, to extend our simulation of special grain boundaries using
DFT calculations to more general grain boundaries, the molecular statics
(MS) simulations are employed, which are performed using the LAMMPS
code [111]. To obtain a reliable and accurate results, it is critical to choose
suitable potentials U of the system.
The most widely used potential theories is embedded atom method
(EAM) [112]. So far, there are several EAM based potential available for
pure Fe, e.g. Johnson 1989 [113], Ackland et al. 1997 [114], and Mendelev et
al. [115]. Recently, Malerba et al. systematically compared the performance
of these potentials for bcc and fcc iron [116]. They found that the results (e.g.
lattice constants, bulk modulus, etc.) obtained by Mendelev-type potentials
were closer to DFT results than others, which make them currently the
best choice in order to “extend density functional theory” to larger scales.
Therefore, the EAM potential derived by Mendelev et al. for pure iron has
been employed in this work [115]. Although MS simulation are much more
efficient than DFT calculations, they are still limited in their applications
to only a few pure metals, and very few binary and ternary systems due to
the lack of suitable interatomic potentials [36, 41, 42].
Similar to the DFT calculations, the models are relaxed using the
conjugate gradient method to obtain the equilibrium structures.
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Chapter 5

Interaction of Solutes with
the Σ5 (013) Tilt Grain
Boundary in Iron
5.1

Grain Boundary Structure

The Σ5 (013) tilt grain boundary is constructed according to the coincidence
site lattice (CSL) theory by rotating two bcc grains by 36.9° about the
h100i axis [63]. This grain boundary has mirror symmetry with respect
to the (013) boundary plane. The grain boundary structure is shown in
Figure 5.1. As in the bulk calculations, periodic boundary conditions are
employed such that the supercell contains two grain boundaries. Solutes
are placed at the substitutional sites within one grain boundary only. In
Figure 5.1, the letters a, b, and c refer to different boundary positions.
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Figure 5.1: (a) Side view of the Σ5 (013) symmetrical tilt grain
boundary. The lighter and darker circles represent Fe atoms
in different (100) atomic planes. (b) Atomic structure of the
boundary sites. The letters a, b, and c refer to different
boundary positions. The superscript (0 ) indicates the symmetric
position with respect to the (013) boundary plane. The
subscript identifies different boundary unit cells of the Σ5 (013)
grain boundary.

5.2

Grain Boundary Energy

As discussed in Chapter 4, the supercell size was determined from calculation
of the grain boundary energy as a function of inter-boundary distance. In
Figure 5.2, it is clear that the grain boundary energy is converged when
the distances are larger than 9.0 Å. In order to balance accuracy of results
and computational load, we adopt a supercell of 120 lattice sites with the
dimensions of 8.52×8.98×18.0 Å3 . The calculations were performed using a
4×4×2 Monkhorst-Pack k-point mesh.
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Figure 5.2: Grain boundary energy as a function of distance between
grain boundaries.

5.3

Single Solute Segregation Energies

We first investigate the solute segregation behavior in the Σ5 tilt grain
boundary in bcc Fe. The binding energy of solutes with the grain boundaries (i.e. segregation energy) is calculated according to Equation 4.10.
The calculated binding energies for various grain boundary positions are
summarized in Figure 5.3. We find that segregation to the grain boundary
is energetically favorable for all solutes and boundary sites considered in this
work. Furthermore, interactions between solute atoms and grain boundary
are short-range and limited to about 2∼3 atomic layers. On the other
hand, different solutes prefer different positions at the grain boundary. For
example, the binding energy for Nb, Ti, and Mo atoms are the largest in
position a, whereas other elements such as Si, V, Cr, Mn, Co, Ni, and Cu
prefer position b.
In order to compare with the experimental results, it would be useful to
average the binding energy. In this work, two different ways of finding the
average binding energies are employed, i.e. the simple numerical averaging
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Figure 5.3: Binding energies for substitutional solutes at the Σ5 (013)
tilt grain boundary as a function of distance from the boundary
plane; a, b, c, b0 , and c0 refer to the boundary sites as labeled in
Figure 5.1.
method and the Langmuir-McLean approach. The numerical method simply
averages the binding energies over the five boundary sites, i.e. a, b, c, b0 , and
c0 , whereas the Langmuir-McLean approach is a more sophisticated method,
which would be more relevant for solute segregation.
Based on the Coghlan-White approach, if the grain boundary has
multiple types of site, the segregation to each type of site is calculated
individually, then a weighted average is performed to get the total grain
boundary segregation. So for a number of different types of site (i), each
i , the segregation to that type of site is found
with binding energy, Eseg

through simple Langmuir-McLean equation [117, 118]:
cigb
1 − cigb

=

i
Eseg
cbulk
exp (−
)
(1 − cbulk )
kB T
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Figure 5.4: Total grain boundary segregation of Nb as a function
of temperature in Σ5 grain boundary in Fe. The symbols
are calculated according to Equation 5.3, while the line is the
Langmuir-McLean fit.
where cigb is the solute concentration at the boundary site i, and cbulk
is the solute concentration in the bulk.

Coghlan and White rewritten

Equation 5.1 as:
Ei

cigb

=

cbulk exp (− kBseg
T)
Ei

(5.2)

1 − cbulk + cbulk exp (− kBseg
T)

Then the total grain boundary segregation is a weighted average summed
over all grain boundary sites, which is expressed as:
cgb =

X

(Fi cigb )

(5.3)

i

where Fi is the fraction of the grain boundary sites that have binding
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Figure 5.5: (a) The average binding energies, and (b) the effective
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The dotted line indicates the atomic volume of Fe in the bcc
lattice.
i . In Figure 5.4, the total segregation (c ) of Nb as a function of
Eseg
gb

temperature is plotted. It is clear that cgb decreases with the increase
of temperature. We then fit these data according to Langmuir-McLean
ef f
equation and obtain the effective binding energies, i.e. Eseg
.

Figure 5.5a shows the simple numerical averaged binding energies. The
results are plotted as a function of solute volume (Vs ). In Figure 5.5b,
the effective segregation energies of solutes, which are obtained based on
the Langmuir-McLean approach, are shown as a function of solute volume.
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The two averaging approaches lead to very similar characteristics of solute
segregation in the Σ5 grain boundary.
In this work, the solute volume was computed from relaxed atomic
positions in the bulk lattice according to the touching hard-sphere model:
the radius of Fe is defined as half of the Fe-Fe nearest neighbor (NN)
distance; solute radii are found by subtracting the Fe radius from the
solute-Fe nearest neighbor distance [119]. In Figure 5.5, there is a distinct
correlation between the average segregation energy and solute volume, i.e.
the magnitude of Eseg and thus the tendency for segregation increase with
solute size. Evidently, for large solute, such as Nb, Mo, etc. the elastic strain
induced by the substitutional solutes in the bulk lattice can be partially
relieved at the grain boundary where the packing density is reduced. In
contrast, solutes whose size is similar than that of Fe do not introduce
large lattice distortions and hence exhibit much smaller segregation energies.
Similar size dependent trends were reported for vacancy-solute binding and
diffusion in Mg [119, 120].
To further illustrate the influence of the solute volume on segregation,
we show in Figure 5.6 the change in electron density in the (100) plane
as calculated from the difference between the electron density of the pure
system and the system containing one solute atom in position a. The plots
are shown for Co and Nb because they represent the two extremes of lattice
distortion that the investigated substitutional solutes introduce in the bulk.
The bulk lattice distortion due to Co is very small (less than 0.003Å decrease
in Co-Fe distance with respect to Fe-Fe distances in the bulk). As compared
to Fe, Co has one extra nuclear charge which is screened by the electron
density within about 1.0 Å radius from the nucleus (see Figure 5.6(a)).
In contrast, Nb 4d orbitals are much more spatially extended leading to
significant and rather asymmetric leakage of charge towards neighboring
Fe atoms (see Figure 5.6(b)). The complexity of this charge distribution
demonstrates the difficulty in defining an effective solute volume at the
grain boundary where the symmetry constraints are lifted. This could be
exceptionally problematic when the valence states of the solute and the host
are of very different origin.
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A comparison between theory and experiments is limited by the lack of
experimental data (especially for the Σ5 (013) tilt boundary). Nonetheless,
the reported segregation enthalpy for Si (-9±3.5kJ/mol) [121] agrees well
with our calculation of -8.7kJ/mol for the effective binding energy based
on the Langmuir-McLean approach. The experimental segregation energies
of Mn and Nb to random grain boundaries are -11kJ/mol and -29kJ/mol
[122, 123], respectively. These values are comparable with our predictions of
-14kJ/mol and -39kJ/mol, respectively, for the Σ5 boundary. In addition,
our calculation indicates that the binding energies of Nb, Mo, and Ti with
the grain boundary are comparatively large, and the segregation of Nb is
the most pronounced among all investigated cases. Overall larger binding
energies indicate stronger interactions with the grain boundary. Such strong
interactions are expected to delay grain growth and recrystallization. All
these effects are actually observed in the case of Nb and Mo in agreement
with our prediction of rather large binding energies for these elements [123,
124].

5.4

Solute-solute Interactions at the Grain
Boundary

After having considered segregation of a single solute atom, let us now
turn to solute-solute interaction and its contribution to the grain boundary
segregation energies.

As has been discussed above, the size difference

between smaller and larger solutes is reflected in their preference to segregate
at particular sites. Smaller solutes prefer to occupy b positions whereas
larger solutes segregate at position a (Figure 5.3). Therefore, we select
these two positions for detailed analysis of solute-solute interactions at the
grain boundary.
Figure 5.7 shows the calculated segregation energies according to Equation 4.11 for various solutes segregating at boundary site a (Figure 5.7(a)) or
b (Figure 5.7(b)) while the same kind of solute is already present at another
boundary position. The segregation energies of a single solute are also shown
for comparison. The predicted trends are similar in both scenarios, i.e.
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Figure 5.7: Binding energies for a second solute atom segregating at
(a) boundary position a, and (b) boundary position b when the
same solute is already present at another boundary site. The
square symbols indicate the binding energies of a single solute
atom.
Figure 5.7(a) and 5.7(b). For Co, Ni and Cu, co-segregation energies are
very close to the segregation energies of individual solutes. For all the other
investigated cases, the presence of one solute atom decreases the solute-grain
boundary segregation energies for the second solute atom when two solute
atoms occupy nearest neighbour positions.
For short solute-solute distances, i.e. 2.18 Å, which is about 90% of the
nearest neighbor distance in the pure bulk lattice, the repulsive interaction
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may be strong enough to make segregation of the second solute atom
unfavorable (Figure 5.7(b)). Nonetheless, for spacing of 2.52 Å and larger,
the segregation energies for the second solute atom are negative except for
Si at 2.52Å, suggesting that these positions remain favorable for solute
segregation albeit with a reduced tendency of segregation. An exception
to this tendency are the larger solutes (Nb, Ti, Mo) which show an increase
of up to 30% in the magnitude of the segregation energy when they occupy
two neighboring b-sites (Figure 5.7(b)). As the solute pair distance becomes
larger, the influence of the first solute on the segregation energies of the
second solutes gradually vanishes. As shown in Figure 5.7(a), when the two
solutes occupy neighboring sites a separated by a distance of 4.71 Å, the
segregation energies of the second solute atoms are, within the accuracy of
the calculations, the same as the segregation energies of a single solute atom
at the same site. These results suggest that even a high symmetry grain
boundary, such as Σ5, can support a rather significant solute enrichment.
To analyze the solute-solute interaction in more detail, we calculate the
effective interaction (Eef f ) as a function of solute-solute distance for both
the bulk and the grain boundary according to Equation 4.12. Evidently,
full mapping of such interactions for the grain boundaries involves a rather
large number of permutations. To minimize the number of calculations, we
fix one solute atom in position b while the other solute atom occupies other
boundary positions. The results for solute-solute interactions as a function
of solute pair distance in the grain boundary are shown in Figure 5.8. For
comparison, the effective interactions between these solute pairs in the bulk
lattice from first to fifth nearest-neighbor positions are also plotted.
In Figure 5.8, Cu shows attractive interactions. While for all the other
investigated cases, repulsive interactions are observed. Overall, we find four
major solute-specific contributions to the effective interactions: contributions from the elastic energy induced by atomic size misfit, contributions
from competing magnetic interactions, contributions from magnetically
driven clustering, and contributions from chemical bonding.
The elastic contribution to solute-solute interaction can be estimated
using the classical elasticity theory [125, 126]. According to the Eshelby
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Figure 5.8: Pair interactions for (a) Nb, (b) Cr, (c) Cu, and (d) Si in
the Fe bulk and at the Σ5 (013) grain boundary.
model, the elastic interaction energy between two solute atoms as a function
of their distance d is given by:
εelast =

0.3
αel
∆V 2 ( 3 )
2
d
γel

(5.4)

where ∆V is the volume difference between solute and Fe atom. The
parameters αel and γel are related to the elastic constants Cij of pure Fe:
αel = C11 − C12 − 2C44 , and γel = (C11 + 2C12 )/3C11 . The following elastic
constants were obtained from DFT calculations for bcc bulk Fe: C11 = 243.6
GPa, C12 = 137.4 GPa, and C44 = 120.9 GPa. Then, the bulk modulus
K = (C11 + 2C12 )/3 = 172.8 GPa is obtained which agrees well with the
experimental value of 171.6 GPa [127] and the previous DFT result of 175.0
GPa [128]. The calculated elastic interactions for solute pairs in the bulk
are depicted in Figure 5.8 by the solid lines.
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The elastic contribution to the solute-solute interaction is determined by
the relative size of solutes with respect to Fe. As the size of solutes increases,
the elastic contribution to solute-solute interactions becomes increasingly
more important. As shown in Figure 5.8(a), Nb-Nb interactions in the bulk
are comparable to those predicted by the classical elasticity theory. They
are, however, different at the grain boundary. When two Nb atoms occupy
grain boundary positions at intermediate pair distances (bb01 and bc0 pairs),
the effective interaction between Nb becomes attractive. This is because the
packing density is low at these boundary positions, which gives rise to large
excess volume. As a result, the substantial elastic strain can be efficiently
relieved thereby favoring the Nb-Nb binding. Similar trends were also found
for other larger solute atoms, i.e. Mo-Mo and Ti-Ti (see Figure 5.7(b)).
From elastic considerations alone, one would expect to find rather small
effective interactions between Mn, Cr, V, Co and Si in Fe. However, a strong
repulsion between two Cr atoms is clearly evident in our DFT calculations
(see Figure 5.8(b)). In fact, it is only a factor of two smaller than the Nb-Nb
nearest neighbor repulsion, which is predominantly elastic. Such a strong
repulsion can be attributed to magnetic frustration. To better show the
influence of the competing magnetic interactions, the magnetic moments for
each solute atom in Fe matrix are calculated. Since solute-matrix magnetic
interaction varies from one solute to another, the single solute bulk and grain
boundary calculations were performed with ferro- and antiferro- initial spin
arrangements between solute and matrix.
In agreement with previous work, we find anti-ferromagnetic (AFM)
ground state for Ti, V, Cr, Mn, Nb and Mo [129, 130]. For Co, Ni and
Cu, the ferromagnetic (FM) state has the lowest total energy. In systems
with two solutes and for large solute-solute distances, the initial magnetic
configurations are chosen according to the solute-matrix coupling found
in the bulk calculations. However, we check if other possible magnetic
configurations can be converged for the short solute-solute distances. In
cases where several magnetic solutions are found, we use the one with the
lowest total energy.
The calculated magnetic moments for solute atoms in grain boundaries
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Table 5.1: Magnetic moments (µB ) for single solute in
grain boundary (GB) and bulk sites.1
a

b

c

Si

-0.12

-0.14

-0.11

-0.12

-0.10

Nb

-0.70

-0.60

-0.69

-0.66

-0.75

Mo

-0.81

-0.66

-0.69

-0.70

-0.77

Ti

-0.79

-0.64

-0.69

-0.70

-0.77

Cu

0.09

0.14

0.11

0.12

0.17

Ni

0.78

0.77

0.81

0.79

0.84

Co

1.65

1.60

1.69

1.65

1.71

Mn

-2.40

-1.81

-1.85

-1.94

-1.77

Cr

-2.33

-1.68

-1.71

-1.82

-1.79

V

-1.41

-1.09

-1.21

-1.20

-1.25

1

average

bulk

The sign of the solute magnetic moment is positive
(negative) if the magnetic moment is parallel (antiparallel) to that of Fe

and the bulk structure are listed in Table 5.1. Note that the predicted
magnetic moments are essentially the same in the bulk and in the grain
boundary. Further, they change by less than 1% if two solute atoms are
brought close to each other. Thus, magnetic moments of single solute atoms
as shown in Table 5.1 can be used to infer magnetic interactions.
The magnetic moments for Cr (Mn and V) are large compared with
those of other alloying elements, suggesting that the effects due to magnetic
frustration are of significance for Cr (Mn and V). In the dilute limit, this
AFM coupling increases the energy of the system when two solutes occupy
adjacent sites in an otherwise ferromagnetic (FM) host material. Olsson
et al. reached similar conclusions in recent bulk calculations [130]. Moreover,
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Levesque et al. showed that by constraining the Cr local moments to zero,
one can reduce Cr-Cr interactions to negligible values [131]. Our findings
demonstrate that the interactions between 3d TMs in the grain boundary
are similar to those in the bulk.
Compared to Nb and Cr, the Cu case appears at first surprising
as one would expect relatively weak repulsive Cu-Cu interactions due
to its moderate size and a lack of local magnetic moment.

As shown

in Figure 5.8(c), however, Cu shows an attractive interaction indicating
possible clustering, which is consistent with the observations that Cu
impurities have a pronounced tendency to segregate from the matrix
[132, 133]. Since all Cu d-orbitals are occupied, it is natural to think of Cu
as non-magnetic solute. By employing the simple Heisenberg model, one can
estimate that a single Cu impurity would cost the magnetic energy by 8J1
in bcc iron, where J1 is the exchange parameter in the first coordinate shell.
Evidently, it is doubled when two Cu impurities are far apart. By combining
them in a pair, one can reduce the penalty in magnetic energy by 2J1 that
accounts for about 70% of the interaction energy using the value calculated
by Ruban et al [134]. This is, of course, a rather crude estimate since it
only accounts for the nearest neighbor exchange interactions. Nonetheless,
we find that Cu-Cu interaction energy is reduced by an order of magnitude
when the magnetism is switched off in the calculations. Thus, the attractive
Cu-Cu interaction can be viewed as a magnetically driven clustering.
From Figure 5.8(d), it is evident that a short-range repulsive interaction
occurs when Si atoms come sufficiently close to each other, within 3 or 4Å.
Unlike the TMs, the origin of this repulsive force is based on the fact that
Si atoms prefer to bond with Fe atoms instead of with other Si atoms. In
fact, the binding energy per one Si atom in bulk Si is -1.14 eV, which is
appreciably smaller (absolute value) than those in Fe-Si alloys, i.e. -1.87
eV. This indicates that the electronic levels of Fe-Si bonding are formed in
an energetically deeper range than those of Si-Si bonding. In this case, most
electrons of Si are expected to contribute to Fe-Si bonds rather than Si-Si
bonds. As a result, a short-range repulsive interaction occurs for Si-Si pair
in the Fe matrix.
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Figure 5.9: Binging energies for the grain boundary with Nb
segregating at (a) boundary position a, and (b) boundary
position b when another solute (i.e. Mo, Ti, Mn, Cr, V, Cu,
or Si) is already present at a neighboring site indicated by the
second letter. The dotted line indicates the binding energies for
a single Nb atom.
Steels usually contain several alloying elements each intended to affect
microstructure and properties in specific ways.

Here, we study the

segregation energy of Nb, the largest solute in our set, to sites a and b in the
grain boundary when another solute of a different type is already present at a
neighboring site. As shown in Figure 5.9, the segregation energy is strongly
dependent on the relative solute positions. The variation is particularly
pronounced when the other solute is of large size, i.e. for the Nb-Mo and
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Nb-Ti combinations. For a solute-solute distance of 2.52 Å, the magnitude
of the Nb segregation energy is reduced in these two cases by about 60%
(Figure 5.9(a)) and 75% (Figure 5.9(b)), respectively, as compared to the
case of a single Nb atom. The reduction is about 50% for Mn, Cr, or V. For
the Si-Nb and Cu-Nb cases the segregation energy of Nb is only marginally
affected (by less than 30 meV). When the separation distance between the
two sites is increased, the Nb segregation energy quickly approaches that
for a single Nb atom. For intermediate distances, however, an increase in
the magnitude of the segregation energy is predicted for selected cases, in
particular for Ti-Nb and Mo-Nb (see Figure 5.9b). These findings are similar
to those for the Nb-Nb co-segregation (see Figure 5.7).

5.5

Molecular Statics Simulations

The above DFT calculations indicate that the excess volume at boundary
sites is an important parameter to predict the segregation tendency of solutes
at grain boundaries. This is in particular of significance for large solute
atoms (i.e. Nb, Mo, and Ti) that are crucial alloying or microalloying
elements in advanced high-strength steels.

Since most steels and other

polycrystalline materials are primarily composed of random boundaries
rather than special Σ boundaries, it is useful to evaluate to what extent DFT
calculations for these special boundaries remain of merit for more general
grain boundaries. Here, we consider the excess volume of boundary sites
as an indicator for this evaluation. For this purpose, a series of molecular
statics (MS) simulations were performed.
As in DFT calculations, the symmetrical [100] tilt grain boundaries were
constructed by rotating two bcc grains about the [100] axis with the rotation
angles ranging from 10° to 44° to obtain higher order Σ boundaries. In
this work, nine different tilt grain boundaries, i.e. Σ5, Σ13, Σ17, Σ25,
Σ29, Σ37, Σ41, Σ53, and Σ61, are employed to study the excess volume
at the boundary region.

For all these investigated cases, two identical

grain boundaries were included in the MS simulation block to maintain the
periodic boundary conditions. The length between two grain boundaries
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Figure 5.10: Site volume distribution in Σ5 (36.9°), Σ29 (43.6°) and
Σ61 (10.4°) grain boundaries.
is separated by at least 20 nm, which is sufficient large to eliminate the
interaction effects from each other.
The atomic volumes are calculated by constructing Voronoi polyhedra
(VP) for each site in the grain boundary. For a particular center atom, VP is
defined as the volume of space containing all points closer to this center atom
than to any other atoms. The faces of this polyhedron are perpendicular
bisectors of the vectors connecting the center atom to its nearest neighbors.
Figure 5.10 shows the site volume distributions for Σ5 (36.9°), Σ29 (43.6°)
and Σ61(10.4°) grain boundaries. The Σ29 boundary is selected because it
has the largest misorientation angle in our set. On the other hand, the Σ61
boundary has the least number of coincident sites in our set and hence is
the most random boundary considered. The site volumes are given in units
of the atomic volume in the bulk. One can see that these distributions are
asymmetric and extend to up to 25% increase in volume with respect to the
bulk value.
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The average volumes for all nine boundaries are shown in Figure 5.11
as a function of misorientation angle with the vertical lines representing the
range of values for each boundary. The average excess volume for the Σ5
grain boundary is similar to that of more general boundaries but the range
is narrower. Nevertheless, based on the data shown in Figure 5.10 and 5.11,
it is reasonable to assume that, in a first approximation, calculations for the
Σ5 grain boundary provide trends which remain applicable to random grain
boundaries. This is also consistent with the predicted trend of segregation
energies that matches general observations of the role of the investigated
solutes on overall recrystallization and phase transformation behavior in
low-carbon steels.
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Chapter 6

First-Principles Study of
Face-Centered Cubic γ-Iron
6.1

Bulk and Grain Boundary Structures in γ-Fe

Figure 6.1: Fe fcc lattice structure with AFMD magnetic configurations. Red and blue circles indicate spin-up and spin-down
magnetic states. The letters o, p, q, w, e, and e0 are used to
label the different positions in the fcc bulk.
For fcc bulk simulations, the calculations are performed using a supercell
of 256 lattice sites for fcc Fe with double-layer anti-ferromagnetic (AFMD)
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Figure 6.2: SQS-32 structure for fcc Fe lattice. The red and blue ball
indicate spin-up and spin-down states.
arrangement. For this supercell, the Monkhorst-Pack 2×2×2 k-point mesh
is used [99] to sample the Brillouin zone. Figure 6.1 shows the fcc bulk
structure with AFMD magnetic configurations. It is noticeable that there
exists local structure distortions. As illustrated in Figure 6.1b, each site
(o) has three types of nearest neighbors, namely p, q, and w. The distance
between Fe↑ -Fe↓ , i.e. d3 is 0.1 Å shorter than the distance between Fe↑ -Fe↑
(Fe↓ -Fe↓ ), i.e. d2 , while d1 keeps the same value before and after relaxation.
Such distortion only occurs within the first nearest neighbor separation. For
the second nearest neighbors, we get doe =doe0 .
In this work, the non-magnetic (NM), ferromagnetic (FM), and antiferromagnetic (AFM) states are also studied to check the relative stability
of the collinear magnetic configurations. For this purpose, a conventional
fcc Fe unit cell containing 4 lattice sites with a k-point mesh of 8×8×8 is
employed.
To investigate the special quasi-random structure (SQS) and noncollinear magnetic arrangement, a supercell of 32 lattice sites is used in this
work. The optimum SQS-32 configuration is shown in Figure 6.2, which
is identical with Pezold’s work [135]. The non-collinear configuration is
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employed from the work of Antropov et al. [136]. The calculations are
performed using a 4×4×4 Monkhorst-Pack k-point mesh.

Figure 6.3: (a) Side view of the Fe Σ5 fcc grain boundaries with
AFMD magnetic configurations. (b) Top view of the supercells.
Red and blue circles indicate spin-up and spin-down magnetic
states.
In a similar manner to the bcc grain boundary, the Σ5 fcc Fe grain
boundary is constructed according to the coincidence site lattice (CSL)
theory by rotating two bcc grains about the h100i axis [63]. The grain
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boundary structure is shown in Figure 6.3. To describe the magnetic state
of fcc phase, AFMD magnetic configuration is employed. As illustrated in
Figure 6.3b, along a-axis, i.e. h100i direction, the AFMD phase has two
layers spin up and the next two layers spin down. In this work, we adopt a
supercell of 80 lattice sites with the dimensions of 7.1×7.94×16.0 Å3 . The
calculations are performed using a 4×4×2 Monkhorst-Pack k-point mesh.

6.2

Magnetic Configurations for γ-Fe

Previous DFT calculations indicate that the double-layer anti-ferromagnetic
(AFMD) state has the lowest total energy for fcc Fe (see Chapter 2 for
details). Therefore, in the following calculations, we mainly focus on the
AFMD magnetic configuration. In Figure 6.4, the AFMD, special quasirandom structure (SQS), and non-collinear (NC) configurations vs. the
atomic volume for Fe are displayed. The calculated lattice parameters (al ),
and local magnetic moments (M M ) for various magnetic phases of bulk αand γ-Fe at 0 K are shown in Table 6.1. For comparison, the previous DFT
calculations and experimental results are also listed.
In this work, we have not only concentrated on (001) magnetic layered
structures, i.e. AFMD[001] , but also considered other planar structures, such
as AFMD[111] and AFMD[110] (i.e. stacked along [111] and [110] direction).
In agreement with previous work, the AFMD[001] state was found to possess
the lowest total energy among all investigated collinear states. In this study,
the SQS magnetic configuration is considered to represent the paramagnetic
arrangements in the same way as one deals with random alloys. In SQS
structure, the spin-up and spin-down states are quasi-randomly distributed,
which can give more realistic results for paramagnetic γ-Fe.
According to the Heisenberg model, it is possible to use non-collinear
magnetism and start by setting up randomized initial spins, which was
considered in earlier studies of the non-collinear magnetism in γ-Fe [82, 83].
In agreement with the previous work [82], our results indicate that the
ground state of γ-Fe is a non-collinear state. However, in Figure 6.4, the
energy difference between non-collinear state and the AFMD[001] order is
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Table 6.1: Predictions of lattice parameters (al ), and magnetic moments
(M M ) for magnetic phases of α and γ-Fe at 0 K. Earlier DFT and
experimental results are also shown for comparison.
al (Å)
System

Our results

MM (µB )

Previous

1

Exp.

Our results

work

Previous
work

α-Fe
FM

2.84

2.84 [137]

NM

3.45

3.45 [137]

LS FM

3.48

3.48 [137]

HS FM

3.64

3.64 [137]

3.49
3.55

2.85 [138]

2.20

2.20 [74]

1.04

1.00 [137]

2.56

2.60 [137]

3.49 [137]

1.34

1.33 [137]

3.54 [137]

1.98

1.94 [137]

γ-Fe

2
AFM[001]
2
AFMD[001]
3
AFMD[111]
4
AFMD[110]

3.65 [138]

3.47

0.91

3.51

1.70

SQS

3.52

1.61

NC (PM)

3.55

1

2
3
4
5

3.55 [82]

5

3.56 [138]

The lattice constants are extrapolated to 0K according to the linear thermal
expansion
Stacked along [001] orientation
Stacked along [111] orientation
Stacked along [110] orientation
Averaged results for Fe with spin-up (or spin-down) states
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Figure 6.4: Various magnetic configurations vs. lattice constant in fcc
Fe. The bcc ground state is set to be the reference (zero) state.
only a few meV/atom, and the lattice constants for these two structures
are found to be the same.

Moreover, Ackland et al. found that most

of the non-collinear calculations for the γ-Fe with defects converged to
collinear magnetic states [84]. Only few configurations remain non-collinear
structures. However, the energy of the non-collinear configuration was only
marginally lower than the collinear results. On the other hand, the noncollinear calculations are extremely time-consuming. For these reasons, we
have not used it for the further calculations. In the following calculations, we
use the AFMD[001] and SQS configurations to describe the magnetic states
of the fcc Fe.
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Figure 6.5: Magnetic moments for solute atoms in bcc and fcc Fe
matrix. The x-axis is arranged in ascending order of atomic
number.

6.3

Single Solute in γ-Fe

In this section, we examined single solute atom substituted in bulk γFe.

In the calculations, one Fe atom with spin-up state (i.e.

positive

magnetic moment) is replaced by the solute atom. Note that the results
are independent of the spin state of the replaced Fe atom. The magnetic
moments for solute atoms in fcc Fe with AFMD and SQS arrangements
are shown in Figure 6.5. The values in the bcc phase are also presented
for comparison. Except for Si and Cu, whose magnetic moments are found
to be close to zero in both phases, for all the other investigated cases, the
magnetic moments in the fcc phase differ from the values in the bcc phase.
In general, these elements can be categorized into three groups: the nonmagnetic elements, i.e. Ti, V, Nb, and Mo; elements that have the opposite
spin state with the Fe atoms in the bcc phase, i.e. Cr, and Mn; and elements
that have the same spin state with the Fe atoms in the bcc phase, i.e. Co,
and Ni.
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It is noticeable that Ti, V, Nb, and Mo atoms have remarkable magnetic
moments in the bcc phase, even though these alloying elements are nonmagnetic elements. Previous studies have shown that these large magnetic
moments are induced by the neighboring iron atoms. By contrast, the
magnetic moments for Ti, V, Nb, and Mo in the fcc phase become negligible.
For Cr and Mn, the magnetic moments show opposite behavior in bcc
and fcc phase. It is known that these two solutes prefer anti-ferromagnetic
coupling. As a result, in ferromagnetic host material, i.e. bcc Fe phase, they
are antiferromagnetically coupled to the iron with large intrinsic magnetic
moments. While in the fcc phase, since the nearest-neighbor Fe atoms
have either spin-up or spin-down states, they maintain the same magnetic
arrangement with the replaced Fe atom.
In the case of Co and Ni, the local magnetic moments are positive and
are coupled ferromagnetically to the host Fe in the bcc phase. Whereas in
the fcc phase, the magnetic moments for Co and Ni are heavily suppressed
ref
relative to their pure reference state value (µref
Co = 1.63 and µN i = 0.59 µB ),

which is consistent with previous DFT results, i.e. 0.08 µB for Ni [84].
In Figure 6.6, the partial density of states (DOS) of 3d-orbital for solutes
in the fcc phase with AFMD and SQS configuration are presented. For
comparison, the partial DOS for solutes in the bcc phase are also shown. We
select Ti, Cr, and Ni because these elements represent three different groups
as has been discussed above. For Fe in the bcc phase, Figure 6.6a shows
that the spin-up states (also called majority states) are mostly occupied.
The spin-down states (also called minority states), on the other hand, are
only partially filled. Unequal occupancy of the spin states gives rise to large
magnetic moments, which are consistent with previous results [139, 140].
Comparing the projected local DOS of Fe atoms in the fcc phase with the
one in the bcc phase, one observes that the peaks of the spin-down states at
around +2 eV are shifted to -0.5∼1.0 eV, and more 3d electrons filled the
spin-down states in the fcc phase.
With the substitution of Ti, the valance 3d electrons are mainly
accommodated in the spin-down states in bcc, which contribute to the
induced magnetic moments of Ti. By contrast, both spin-up and spin81
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Figure 6.6: Calculated partial density of states (DOS) of 3d-orbital
for solutes in the bcc (left) and fcc (right) phases. The Fermi
levels (EF ) are set to zero
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down states are almost equally occupied by the 3d electrons, which gives
rise to zero magnetic moment in fcc (see Figure 6.5). Compared with Ti,
the spin down states of the Cr 3d-orbital are shifted toward lower energy
in the bcc phase. Thus, by adding electrons, the unoccupied states move
closer to EF . In addition, the 3d electrons mainly occupy the spin-down
states, and align their magnetic moments in an opposite sense to the host
magnetic moments. This AFM coupling increases the energy of the system
when two Cr atoms occupy adjacent sites in the ferromagnetic host material,
which leads to the magnetic frustration. In fcc, both spin-up and spin-down
states are occupied, and a positive magnetic moment for Cr is obtained (see
Figure 6.5).
The results for Ni indicate that the spin-up states are almost completely
filled and couple ferromagnetically to the host Fe atoms in bcc. By contrast,
in fcc, the occupation of electrons in spin-up and spin-down states are almost
equal, resulting in a small magnetic moment.
In Figure 6.5 and Figure 6.6, it is evident that the results obtained
by AFMD and SQS magnetic configurations are remarkably close to each
other. The largest deviation of the magnetic moments obtained by two
different magnetic configurations is less than 16%, suggesting that the
AFMD structure is a good representative and can be used to predict solute
segregation and diffusion properties in fcc Fe as an alternative to the SQS
magnetic structure.

6.4

Solute-solute Interactions in γ-Fe

In this section, we investigated the solute pair interactions in γ-Fe with
the AFMD configuration.

The solute-solute interactions are calculated

according to Equation 4.12. Due to the asymmetric structure of fcc Fe
with AFMD magnetic configuration, each site (o) has three types of nearest
neighbors, namely p, q, and w, as shown in Figure 6.1. Therefore, three
types of solute-solute interactions are calculated at the first nearest neighbor
separation. The calculated effective interactions as a function of solutesolute distance are shown in Figure 6.7.

83

Effective Interaction Energy, Eeff (eV)

Effective Interaction Energy, Eeff (eV)

0.5

Eeff in fcc
Eeff in bcc

(a)
0.4

w

0.3

p

0.2

q

0.1

0.0
2

3

4

5

6

7

8

0.20

0.15

0.10

w
p

0.05

q

0.00

2

9

3

4

Effective Interaction Energy, Eeff (eV)

Effective Interaction Energy, Eeff (eV)

0.21

Eeff in fcc
Eeff in bcc

(c)

0.14

0.07

w
q
p
2

3

4

5

6

5

7

8

w

Eeff in fcc
Eeff in bcc

(d)

0.00

p
q

-0.03

2

Effective Interaction Energy, Eeff (eV)

Effective Interaction Energy, Eeff (eV)

0.00

w

q
p

-0.10
4

5

6

9

3

4

7

5

6

7

8

9

Ni pair distance (Å)

Eeff in fcc
Eeff in bcc

(e)

3

8

0.03

9

0.05

2

7

0.06

Mn pair distance (Å)

-0.05

6

Cr pair distance (Å)

Nb pair distance (Å)

0.00

Eeff in fcc
Eeff in bcc

(b)

8

9

Cu pair distance (Å)

0.25

w

Eeff in fcc
Eeff in bcc

(f)

0.20

p q

0.15

0.10

0.05

0.00

-0.05
2

3

4

5

6

7

8

Si pair distance (Å)

Figure 6.7: Pair interactions for (a) Nb, (b) Cr, (c) Mn, (d) Ni, (e)
Cu, and (f) Si in γ- and α-phase Fe matrix.
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A strong repulsive interaction between Nb atoms is observed in γ-Fe.
The repulsive energy is up to 0.4 eV at the first nearest-neighbor distance,
which is comparable with the case in the bcc α-Fe lattice. Such strong
repulsive interaction can be ascribed to the elastic strain induced by the
large size mismatch. Similar trends are also found for other large solute
atoms, i.e. Mo-Mo, and Ti-Ti.
The solute-solute interactions between Cr (Mn) atoms are repulsive.
However, compared with the case of Nb, the values are much smaller. In
Figure 6.7b, the repulsive interaction between Cr atoms is less than 0.1 eV
at first nearest neighbor separation. For Mn atoms, the repulsive energy
for the Mn-Mn pair is found to be negligible in fcc γ-Fe, in contrast to
the modest repulsive interaction in bcc α-Fe. This is because the strong
repulsive interaction is caused by the magnetic frustration in ferromagnetic
bcc Fe. When the magnetic arrangements have been changed, i.e. AFMD
in fcc Fe, the influence of the magnetism on the solute pair interactions
becomes smaller. Consequently, weak repulsive interactions are observed
for Cr (Mn). In addition, we also analyse the structure distortion induced
by the substitutional Cr (Mn) atom in fcc γ-Fe. The results indicate that
bond lengths from single Cr (Mn) solute to its nearest-neighbor shell, i.e.
dCr−F e (dM n−F e ) differs from pure Fe, i.e. dF e−F e by at most 0.015 (0.01)
Å. This less than 1% effect exists only for the first nearest neighbor shell
and decays rapidly with distance. So one would expect rather small effective
interactions from elastic aspects.
Figure 6.7d shows that the Ni-Ni interaction depends on the occupation
sites. Specifically, when two Fe atoms with different spin states are replaced
by the Ni atoms, the Ni pair interaction behaves repulsive, otherwise, it
shows attraction. This is because Ni prefers ferromagnetic coupling. This
ferromagnetic coupling increases the energy of the system when two Ni
solutes occupy adjacent sites with opposite spin states. Recall that the
magnetic moments for Ni are small (see Figure 6.5). As a result, the effects
of magnetism to the repulsive interactions are much smaller as compared
with the effects for Cr (Mn, V) in the bcc lattice.
Cu shows an attractive interaction in the fcc lattice (see Figure 6.7e),
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indicating possible clustering similar to that predicted in the bcc lattice. As
discussed in Chapter 5, such attractive Cu-Cu interaction can be viewed as
a magnetically driven clustering. The Si-Si interactions as a function of Si
pair distance is shown in Figure 6.7f. It is clear that a short-range repulsive
interaction occurs between Si atoms. The origin of this repulsion is based
on the fact that Si atoms prefer to bond with Fe atoms instead with other
Si atoms.

6.5

Solute Segregation in Σ5 Grain Boundaries in
fcc γ-Fe

In this section, we describe the simulation results for the solute segregation
behavior in the Σ5 tilt grain boundary in fcc γ-Fe. The binding energies of
solutes with the grain boundaries are calculated according to Equation 4.10.
In the calculations, one Fe atom with spin-up state is replaced by the solute.
Note that the results are independent of the spin states of the replaced Fe
atom. In Figure 6.8, the calculated binding energies for different solutes at
various grain boundary positions are presented. The results indicate that
similar to the cases in the bcc phase, the influence of the grain boundary on
the binding energies of solutes are short ranged and limited to about 2∼3
atomic layers in the fcc phase. In addition, different solutes prefer different
positions at the grain boundary. For example, the binding energy for Nb
and Mo atoms have the largest segregation energies in position a, whereas
other elements such as Si, Cr, and Mn prefer position b.
Despite of these similarities, we found positive binding energies for some
relatively small solute atoms, such as Cr and Si in fcc phase grain boundaries.
In addition, no segregation tendency is found for Ni. By contrast, for big
solute atoms, such as Nb and Mo, large segregation energies are obtained.
According to Langmuir-McLean equation, we calculate the effective
ef f
binding energies, Eseg
(see Chapter 5 for details). Note that in some cases,

e.g. Cr and Si, only a few boundary sites may be available for grain boundary
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Figure 6.8: Binding energies for substitutional solutes at the Σ5 fcc
grain boundary as a function of distance from the boundary
plane; a, b, c, b0 , and c0 refer to the boundary sites as labeled in
Figure 6.3.
segregation. As a results, Equation 5.1 should be modified as:
cigb
c0gb − cigb

=

i
Eseg
cbulk
exp (−
)
(1 − cbulk )
kB T

(6.1)

where c0gb is the fraction of boundary sites with favourable binding. For
example, c0gb =0.8 for Cr, whereas c0gb =0.4 for Si (see Figure 6.8). The
effective segregation energies of selected solutes in Σ5 grain boundary in
bcc and fcc Fe are listed in Table 6.2.
It can be seen that for large solutes, i.e. Nb and Mo, the interactions
between these solute atoms and the grain boundary in fcc are even stronger
than that in the bcc phase, which demonstrated that segregation of these
solute atoms to the grain boundary in fcc are more favorable. For example,
the binding energies of Nb at boundary site a in fcc increase by 15% (see
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ef f
Table 6.2: Effective binding energies (Eseg
) for selected solutes in Σ5
bcc and fcc grain boundary. Unit is eV.
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Figure 6.9: Volume distribution per periodic unit cell for Σ5 grain
boundaries in bcc and fcc Fe.
Figure 5.1 and Figure 6.8). This can be understood based on the fact that
fcc Fe is the closest-packed structure. Evidently, the elastic strain induced
by these big solutes in fcc bulk are larger than that in bcc bulk. Therefore,
when the grain boundary is present where the packing density is significantly
reduced, substantial strains can be partially relieved, which give rise to larger
segregation energies.
We also plot the site volumes for bcc and fcc grain boundaries. The
results are shown in Figure 6.9. The site volumes are given in units of the
atomic volume in the bulk, which is an important parameter to predict the
segregation tendency of large solutes at grain boundaries as discussed in
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Chapter 5. It is clear that the site volumes in the fcc grain boundary have
larger values when compared with the bcc grain boundary. Especially at
site c, it shows the biggest increase in size when comparing fcc and bcc
and the binding energies increase accordingly by 20% (see Figure 5.1 and
Figure 6.8). As a result, remarkable attractive interactions between large
solutes and the fcc Σ5 grain boundary are achieved
For Ni, it prefers to stay at the bulk position rather than at the boundary
sites. A possible explanation is that Ni prefers to bind with the host atoms,
and consequently, it is unfavorable for Ni to be placed at the boundary site,
since this will result in longer distance between nearest neighbors due to the
excess volume. This finding is consistent with Enomoto et al.’s report that
no appreciable segregation of Ni to fcc boundaries is observed [141]. The
experimental binding energy of Mn to austenite grain boundaries is -9±3
kJ/mol [141], which is also comparable with our predictions of -7.7 kJ/mol
for the fcc Σ5 grain boundary.
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Chapter 7

Interaction of Solutes with
α-γ Iron Interface
7.1

Structure of Ferrite-Austenite (bcc-fcc)
Interface

The structure and orientation of austenite-ferrite interfaces has been studied
extensively by experiments because of its significance in controlling the
microstructure of steels [142]. The most frequently detected orientation
relationships for fcc and bcc lattices are those derived by Kurdjumov and
Sachs (K-S) in 1930 and by Nishiyama and Wassermann (N-W) in 1935
[143, 144]. The orientations can be described by a set of planes that are
parallel in the lattices, i.e.:
N-W orientations: (111)γ k(110)α and [11̄0]γ k[001]α
K-S orientations: (111)γ k(101)α and [101̄]γ k[111̄]α
Both models assume unanimously that a close packed {110} plane of the
bcc lattice is arranged parallel to a closed packed {111} of the fcc lattice.
However, the alignment of the planes to each other is different. It seems that
these two relationships are quite different from each other, however, in fact,
they are only 5.26° apart. In this work, we describe the bcc-fcc interface
using a selected K-S orientation relationship.
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Note that the domain of DFT calculations is relatively small.

To

minimize the lattice mismatch and construct a coherent interface, we
carefully studied the interface structure and select the (12̄1) plane as the
habit plane. This habit plane is also observed in a number of experimental
studies [145, 146].

Accordingly, the three orthogonal directions for the

fcc grain, x, y, and z, are chosen along the [101̄], [111], and [12̄1] crystal
directions, respectively. The z-direction is perpendicular to the interphase
boundary, i.e. (12̄1) is the habit plane. At the atomic level, the (12̄1) habit
plane is not flat, but consists of structural ledges composed of (11̄1) and
(02̄0) facets [147].
The periodicity in the x- and y-directions for the bcc crystal is chosen
close to those of the fcc crystals to ensure coherency. Thereby, x and y are
chosen along [111̄] and [15̄4] crystal directions, respectively. The orientation
of the bcc grain perpendicular to the interface, i.e. along z-direction, is
[31̄2]. In order to maintain periodic boundary conditions, two interphase
boundaries were included in the simulation block. The structure of the fccbcc Fe interface with AFMD and SQS magnetic configurations are shown in
Figure 7.1.
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Figure 7.1: Structure of bcc-fcc interface with K-S orientation
relationship. (a) AFMD and (b) SQS configuration for fcc. The
white circles represent atoms in the bcc Fe grain, and the red
(blue) circles indicate atoms in the fcc Fe grain with spin up
(down) states.
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Figure 7.2: bcc-fcc interface energy as a function of (a) the bcc grain
size while the length of the fcc grain is fixed to 25.4 Å; and (b)
the fcc grain size while the length of the bcc grain is fixed to
21.3 Å.
The supercell size was determined from calculation of the interface
energy as a function of interface distance (see Chapter 4). The results are
shown in Figure 7.2. Note the fcc grain is described by the AFMD magnetic
configuration.
Since the interface structure is asymmetric, we check the fcc and bcc
grain size separately. Figure 7.2a shows the interface energy as a function
of the thickness of the bcc grain. In order to minimize the influence of the
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fcc grain, we fix the length of the fcc grain to 25.4 Å. The results show that
the interface energy is converged when the bcc grain thickness is 10.6 Å and
larger. We then fix the length of the bcc grain to 21.3 Å and systematically
increase the thickness of the fcc grain. Figure 7.2b shows that the interface
energy is converged when the fcc grain is 17.4 Å and larger. The α − γ
interface energy (σα−γ ) is determined to be 0.41 J/m2 (see Table 7.1).
In this work, we also calculated the surface energies for different
equilibrium bcc and fcc surfaces. This is because the surface energies can
be more accurately measured than interface energies, which provide a good
benchmark for our simulations. In Table 7.1, the surface energies for bcc
(31̄2) and fcc (12̄1) are only slightly (around 5%) larger when compared to
their closest-packed surface, i.e. bcc (110) and fcc (111) surface. In addition,
our calculations agree well with the experimental measurements [148, 148].
These results suggest that our calculations are reasonable and reliable.
Table 7.1: Surface and interface energies for the equilibrium bcc and
fcc surfaces, and bcc-fcc interface, in units of J/m2 .*

Present

Previous

Exp.

theoretical work
Fe(110)bcc

2.44

Fe(31̄2)bcc

2.59

Fe(111)f cc

2.21

Fe(12̄1)f cc

2.30

Interface

0.41

2.43 [149]

2.41 [148]

2.18 [150]

2.11 [151]

∼0.5 [152]

* The magnetic structure of the fcc Fe is described using AFMD
configuration.
It is known that fcc Fe exists in paramagnetic state. In order to check the
influence of magnetic structure on the interface energy, the SQS magnetic
configurations are employed to describe the fcc phase. The calculated α − γ
interface energy is 0.45 J/m2 . The results indicate that the interface energies
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obtained by these two different magnetic structures (i.e. AFMD and SQS)
are close to each other, and they are comparable with the experimental
estimates [152].

7.3

Magnetic and Electronic Properties for
bcc-fcc Interface
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Figure 7.3: Magnetic moments of Fe atoms across the bcc-fcc
interface.
We now turn to the analysis of the magnetic profile around the fcc-bcc
interface. Figure 7.3 shows the local magnetic moments of the Fe atoms as
a function of their positions in the bcc-fcc interface. The results indicate
that the oscillations of magnetic moments occur in the vicinity of the fcc-bcc
interface. In addition, the magnetic moments of the Fe atoms in both phases
are enhanced at the interface, and the highest magnetic moment is 2.35 µB
in the bcc phase. At a distance of 3.0 Å away from the interface, the local
magnetic moment converges to the bulk value in both phases, suggesting
95

the influence of the interface on the magnetic moments is short-ranged.
Similar fluctuations in the local magnetic moments are observed not
only in the bcc-fcc Fe interface, but also in Fe grain boundaries [28, 153],
Fe surfaces [154], and Fe nanowires [155]. The origin of the high magnetic
moments of the Fe interface atoms has been discussed earlier [25, 156, 157].
Čák et al. attributed such high magnetic moment at the boundary or surface
to the magnetovolume effect, i.e. magnetic transition leads to volume change

Site Volume/ bcc Bulk Atomic Volume

[153].
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Figure 7.4: Averaged site volume distribution across the bcc-fcc
interface. The bars indicate the range of values of site volumes
for Fe atoms with spin-up or spin-down states.
In Figure 7.4, the local atomic volume for each Fe atom is calculated by
constructing a Voronoi polyhedron around each site. The calculated atomic
volume is 11.4 Å3 and 11.1 Å3 for bcc and fcc phases, respectively. While at
the interface, the atomic volume is increased up to 12.0 Å3 . In general, the
high local magnetic moments are associated with increased Voronoi volumes,
which is similar to what has been reported for Fe bcc tilt grain boundaries
[28, 153]. In addition, from Figure 7.4, it is evident that the thickness of the
pure bcc-fcc interface is about 7.0 Å.
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7.4

Binding Energies of Solutes with bcc-fcc
Interface

In this section, the segregation behavior of different solutes at various
interface positions is investigated. The relative energy of solutes with the
bcc-fcc interfaces is calculated as:
i
i
Erel
= (EI+X
+ EI ) − (Eα+X + Eα )

(7.1)

i
where EI+X
and EI are the total energies of bcc-fcc interface with and

without solute.

Eα+X and Eα are the total energies of bcc bulk with

and without solute. The superscript i denotes the substitutional sites in
i indicates an attractive interaction
the interface. A negative value for Erel

between solute and the considered interface site.
Since Nb has the largest segregation energy among our investigated
cases, while Mn is one of the most common alloying elements in steels, we
first select these two elements for detailed analysis. The calculated relative
energies for Nb and Mn across the bcc-fcc interface are shown in Figure 7.5.
Both AFMD and SQS magnetic configurations are employed to described
the magnetic states of the fcc grain.
Despite some deviations, the segregation behavior obtained by the SQS
magnetic configuration is comparable with the AFMD results. For Nb,
strong interactions between Nb and the bcc-fcc interface are obtained. Based
on the SQS magnetic configuration, the energy difference between austenite
and ferrite for Nb is 0.18 eV, which is close to the AFMD results, i.e. 0.21 eV.
In addition, the energy difference between Nb in the interface and in ferrite
is 0.18 eV, which differs from the AFMD result by 0.01 eV. For Mn, both
SQS and AFMD results indicate that there exist large chemical potential
difference between ferrite and austenite. The energy difference between Mn
in the interface and in austenite is 0.10 eV, which is the same with the value
obtained by using the AFMD arrangement. Therefore, one can conclude
that AFMD and SQS magnetic configurations for fcc-Fe lead to very similar
characteristics of solute segregation in the bcc-fcc interface. Thus, in the
following calculations, we focus on the computationally less costly AFMD
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Figure 7.5: Relative energies for (a) Nb, and (b) Mn across the α-γ
interface as a function of distance from the habit plane. The
bars indicate the range of energies for the SQS simulations,
where the replaced Fe atom has spin-up or spin-down states.

98

0.3
Nb

(b)

Relative Energy (eV)

Relative Energy (eV)

(a)
0.2

fcc bulk

0.1

bcc bulk

0.0

-0.1

bcc bulk

fcc bulk

0.0

-0.1

bcc grain

fcc grain

-0.2

Mo

0.1

-6

-4

-2

0

2

4

6

-6

-4

Distance from Interface (Å)

0

2

4

6

0.1

(c)

(d)

Ni

-0.05

Relative Energy (eV)

0.00

Relative Energy (eV)

-2

Distance from Interface (Å)

0.05

bcc bulk

-0.10

-0.15

-0.20
fcc bulk

-0.25

-0.30

Mn

0.0

-0.1

bcc bulk

-0.2
fcc bulk

-0.3

-0.4

bcc grain

fcc grain

bcc grain

fcc grain

-0.35

-0.5
-6

-4

-2

0

2

4

6

-6

-4

Distance from Interface (Å)

-2

0

2

4

6

Distance from Interface (Å)

0.18

0.12

(e)

(f)

Cr

Relative Energy (eV)

Relative Energy (eV)

bcc grain

fcc grain

-0.2

0.12

fcc bulk

0.06
bcc bulk

0.00

0.06
bcc bulk
fcc bulk

0.00

-0.06

bcc grain

fcc grain

Si

bcc grain

fcc grain

-0.06

-0.12
-6

-4

-2

0

2

4

6

Distance from Interface (Å)

-6

-4

-2

0

2

4

6

Distance from Interface (Å)

Figure 7.6: Relative energies for substitutional solutes across the bccfcc interface as a function of distance from the habit plane. The
bars indicate the range of energy values, where the replaced Fe
atom has spin-up or spin-down states. The fcc grain is described
by the AFMD configuration.
magnetic configurations.
In Figure 7.6, the relative energies for Nb, Mo, Ni, Mn, Cr, and Si across
the bcc-fcc interface are shown. These alloying elements are crucial for
steels by controlling the austenite to ferrite transformation. We find that
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different solutes prefer different phases. Mn and Ni are austenite stabilizer
and prefer the γ-phase, whereas Nb, Mo, Cr, and Si are ferrite stabilizer and
prefer the α-phase. As a result, a chemical potential difference exists for the
substitutional elements between ferrite and austenite. Figure 7.6 shows that
the energy difference between ferrite and ausenite for Mo and Si are small,
i.e. less than 0.06 eV. This difference becomes much larger for Mn and Ni,
i.e. up to 0.35 eV. Consequently there is a considerable driving force for Mn
and Ni transfer from ferrite to austenite, which is expected to result in a
‘spike’ in austenite [158]. These predictions are consistent with the role of
these alloying elements in stabilizing austenite and ferrite, respectively. For
example, Ni is a critical alloying element for austenitic stainless steels and
Cr for ferritic stainless steels.
As shown in Figure 7.6, a deep valley is found for Nb, Mo, and Si,
indicating strong binding of these elements with the bcc-fcc interface. On
the other hand, there is a gradual change between ferrite and austenite for
Ni, Mn, and Cr, and no obvious binding is observed. To give a more realistic
representation of the binding energy, we use the average values between the
bulk values as the reference point [158, 159].
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Figure 7.7: Definition of the binding energy using linear interpolation
from the bulk energies.
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Figure 7.8: Binding energies for substitutional solutes at the bcc-fcc
interface as a function of distance from the habit plane. The
bars indicate the actual values of binding energies. The fcc grain
is described by the AFMD configuration. The interface width
is indicated by two dashed lines.
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For each interface position, we calculate the average energy using linear
interpolation between the two bulk values. Then the binding energy for each
position is defined as the difference between the DFT results (as shown in
Figure 7.6) and the interpolation from the bulk energies. Figure 7.7 shows an
example of this analysis for Nb. Note that the widths of the bcc-fcc interface
depend on the substituted solute atoms, which vary from 7.0 Å to about 9.0
Å, and show certain asymmetric behaviour. In this work, the boundaries of
the interface are defined as the positions where the variation of the relative
energies due to magnetism (i.e. spin-up and spin-down) is less than 0.01
eV (see the bars in Figure 7.6). Using this procedure, we calculate the
binding energies of selected solutes across the bcc-fcc interface. The results
are shown in Figure 7.8.
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Figure 7.9: Relative binding energies of Nb at the bcc-fcc interface as
a function of the site volume.
Significant binding energies are found for large, elastically dominated
solutes (Nb, Mo). The maximum energy difference between the interface
and the reference point for Nb (Mo) is 0.39 eV (0.24 eV). Such strong
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binding energies indicate that bcc-fcc interface positions are favorable for
large solute elements segregation. In particular, we find the larger binding
energy of Nb (Mo) corresponds to the larger excess volume of the interface
sites. Figure 7.9 plots the relative energies of Nb as a function of the site
i and
volume. It is evident that there is a distinct correlation between Erel
i increasing with the site volume. This trend can be
the site volume, i.e. Erel

understood in terms of a strain-relief argument, whereby the elastic strain
induced by the large substitutional solutes (e.g. Nb, Mo, etc.) in the bulk
lattice can be partially relieved at the interface due to the excess volume.
In the case of Ni, however, the interaction between Ni and bcc-fcc
interface is found to be rather weak, which is consistent with previous
experimental observations [141, 158]. Recall that there is no segregation
trend for Ni in the fcc Σ5 grain boundary (see Chapter 6). A possible
explanation is that Ni prefers to bind with Fe atoms.

From ferrite to

austenite, the coordination number is increased from 8 to 12, resulting in
lower values for Ni in austenite than in ferrite and at the interface positions.
For Mn, the energy difference between the interface and the reference point
is -0.20 eV, which is comparable with the values at the Σ5 bcc and fcc grain
boundaries. For Cr, relatively small binding energies are observed, whereas
moderate binding energies are found for Si.
In Figure 7.8, the bars indicate the actual values of binding energies,
where the replaced Fe atom has spin-up or spin-down states. It is evident
that the spin states play an important role in binding energies. This is
because the distance between two Fe atoms with the same spin states is
larger than those with opposite spin states (see Chapter 6, Figure 6.1),
which give rise to larger excess volume. For large solutes, e.g. Nb and Mo,
the larger excess volume favors the solute-interface binding. For magnetic
elements, i.e. Ni, Mn, and Cr, the binding energies are influenced by the
magnetic interactions between solute and the host atoms. As discussed
in Chapters 5 and 6, the Cr-Fe (Mn-Fe) and Ni-Fe interactions are antiferromagnetic and ferromagnetic, respectively. At the interface, there exist
different magnetic arrangements, which contribute to the variation of the
binding energies. For Si, however, the influence of the spin states on the
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binding energies is small.
In a similar manner with the grain boundary, we calculate the effective
binding energies of solutes in the bcc-fcc interface. Based on the CoghlanWhite approach, the segregation to different sites i in the bcc-fcc interface,
i , is given by [117, 118]:
each with the binding energy Eseg
i
Eseg
ciint
cbulk
=
exp
(−
)
(1 − cbulk )
kB T
1 − ciint

(7.2)

where cbulk is the solute concentration in the bulk, and ciint is the solute
concentration at the interface site i. Equation 7.2 can be rewritten as:
Ei

ciint

cbulk exp (− kBseg
T)

=

Ei

(7.3)

1 − cbulk + cbulk exp (− kBseg
T)

ciint is calculated for each interface site. Then the total segregation cint
is a weighted average summed over all interface sites, which is given by:
cint =

X

(Fi ciint )

(7.4)

i
i . In
where Fi is the fraction of the interface sites that have binding Eseg

Figure 7.10, the calculated total segregation for Nb in Fe bcc-fcc interface
are plotted. We fit these data according to the Langmuir-McLean equation
ef f
and obtain the effective binding energies (Eseg
). Here three fitting equations

are employed in this work, i.e.:
Fitting 1:

ef f
cbulk
Eseg
cint
=
exp
(−
)
(1 − cbulk )
kB T
c0int − cint

ef f
cint
cbulk
Eseg
Fitting 2:
=
exp (−
)
1 − cint
(1 − cbulk )
kB T

Fitting 3: cint = cbulk exp (−

ef f
Eseg
)
kB T

(7.5a)
(7.5b)
(7.5c)

In Equation 7.5a, c0int is the fraction of interface sites with favourable
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Figure 7.10: Calculated effective binding energies for selected alloying
elements as a function of solute volume in bcc-fcc interface.
The dotted line indicates the volume of Fe calculated from the
first nearest neighbor distance in the bcc bulk Fe.
binding. For example, 20 of 24 interface sites have the favourite binding for
Nb, i.e. c0int =0.83. Though Equation 7.5a is the most rigid expression, it
can not be used in the experiments. This is because it is extremely difficult
to obtain c0int based on the experimental measurements. Note that the data
cannot be fitted perfectly across the whole temperature region using one
binding energy since there are unlike for the Σ5 boundaries rather large
fluctuations in the individual binding energies for different interface sites.
Since we are interested in α−γ transformation temperature, i.e. 773∼1184K,
we focus on this high temperature range. The results based on the different
fitting equations are essential the same at high temperature. To make our
ef f
results, i.e. Eseg
, more comparable with those measurements, Equation 7.5b

is employed in the following study.
The effective binding energies by fitting Equation 7.5b of selected solutes
are summarized in Figure 7.11. The results are plotted as a function of
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Figure 7.11: Calculated effective binding energies for selected alloying
elements as a function of solute volume in bcc-fcc interface.
The dotted line indicates the volume of Fe calculated from the
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solute volume (Vs ), which was computed from relaxed atomic positions in
the bcc bulk according to the hard sphere model. Similar with the case of
bcc Σ5 grain boundary, there is a distinct correlation between the effective
ef f
binding energy and solute volume, i.e. the magnitude of Eseg
and thus

the tendency for segregation increase with solute size. Compared with the
values in bcc and fcc grain boundaries, the binding energies of large solute,
i.e. Nb and Mo, are smaller in the bcc-fcc interface. This can be ascribed
to the smaller excess volume in the bcc-fcc interface than in the Σ5 bcc or
fcc grain boundaries (see Figure 6.9 and Figure 7.4). On the other hand,
the binding energies of relatively small alloying elements, e.g. Si and Mn,
are comparable with the values in bcc and fcc grain boundaries.
The experimental results for interaction parameters between Fe and
solutes in the interface are limited. Nevertheless, Zurob et al. estimated the
binding energies for several alloying elements with the phase boundary using
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controlled decarburization experiments. The experimental binding energies
for Cr and Mo are -3∼-6 kJ/mol (-0.03∼-0.06 eV) and -15∼-24 kJ/mol (0.16∼-0.25 eV) [152, 158, 160], which are comparable with our predictions,
i.e. -5.8 kJ/mol (-0.06 eV) and -15.4 kJ/mol (-0.16 eV), respectively. In
addition, our calculations indicate that the binding energies of Nb and Mo
with the interface are relatively large. Overall, such large binding energies
indicate strong interactions with the interface, and are expected to delay
ausenite-to-ferrite transformation, which is consistent with experimental
observations [158, 161, 162].
In general, the solute segregation behavior is illustrated in Figure 7.12.
For large solute elements, e.g. Fe-Nb and Fe-Mo systems, the interactions are
rather strong, which can be rationalized with the elastic strains, where these
large solute elements bind to the interface as a means of relieving strain on
the Fe matrix. For Fe-Mn and Fe-Ni systems, the energy difference between
ferrite and austenite is comparatively large, which provides considerable
driving force for solute transfer from ferrite to austenite. The interaction
between Ni and the interface is weak, while it becomes much larger for Mn.
For ferrite stabilizers with similar atom size than Fe, relative small (Cr) to
moderate (Si) binding energies are predicted.

Figure 7.12: Illustrations of interaction profiles between solute atoms
and bcc-fcc interface.

7.5

Solute-solute Interactions in bcc-fcc Interface

In order to analyze the segregation characteristics of solutes in more
detail, we calculate the effective interaction (Eef f ) as a function of solute107

solute distance according to Equation 4.12. To minimize the number of
calculations, we fix one solute atom in its favorite position based on the
single solute segregation profile while the other solute atom occupies other
interface positions.
The results for Nb-Nb, Cr-Cr, and Mn-Mn are shown in Figure 7.13.
We select these solutes because they are some of the most common alloying
elements in steels.

In addition, these examples represent two major

solute-specific contributions to the effective interactions: contributions from
the elastic energy induced by atomic size misfit, and contributions from
competing magnetic interactions.
The elastic contribution to the solute-solute interaction is determined by
the relative size of solutes with respect to Fe. As the size of solutes increases,
the elastic contribution to solute-solute interactions becomes increasingly
more important. In Figure 7.13a, the repulsive energy for Nb-Nb pair is up
to 0.4 eV within the first nearest neighbor distance, which is comparable
with the values of bcc and fcc Fe bulk. In addition, we find apparent
negative binding energies (about -0.1 eV) at intermediate pair distance. Such
attractive interactions occur when two Nb atoms belong to different grains.
Similar with the case of Σ5 tilt grain boundaries, the attractive interaction
can be ascribed to the excess volume at the interface (see Figure 7.4),
whereby the elastic strain at these positions can be partially relieved.
In chapter 5, we have discussed that strong repulsive interactions
between Cr atoms can be attributed to magnetic frustration. According
to the model of Moriya [129], the Cr-Fe and Cr-Cr interactions are
antiferromagnetic (AFM). In the dilute limit, this AFM coupling increases
the energy of the system when two Cr atoms occupy adjacent sites in an
otherwise ferromagnetic (FM) host material. Figure 7.13b shows that in the
bcc-fcc interface, when two Cr atoms occupy adjacent sites in the bcc phase,
strong repulsive energy is obtained. By contrast, when the second Cr atom
occupies the fcc grain position and has the opposite spin states than the
first Cr atom, the repulsive interactions for Cr solute pair becomes weaker,
i.e. less than 0.1 eV within the first nearest neighbor distance.
Similar results are also found for Mn-Mn interactions. In Figure 7.13c,
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Figure 7.13: Pair interactions for (a) Nb, (b) Cr, and (c) Mn in bcc-fcc
Fe interface. The first solute occupies its favorite position. The
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γ-phase grain, respectively. The superscripts ‘1st’ and ‘2nd’
denote the first and the second substitutional solute atom,
respectively. The arrow ↑ (↓) represents solute atom has spinup (spin-down) state.
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remarkable repulsive interactions are obtained when two Mn atoms occupy
adjacent sites with the same spin states. On the other hand, when two
Mn atoms occupy positions in the fcc phase with opposite spin states, the
interaction between the Mn pair becomes much smaller, i.e. less than 0.06
eV. This can be ascribed to the AFMD magnetic arrangements that reduces
the influence of the magnetic frustration.
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Chapter 8

Simulation of Self- and
Solute-diffusion in Fe
8.1

Diffusion in Fe bcc Lattice

In this work, we consider diffusion occurring through vacancy mediated,
thermally activated lattice jumps. The mechanism of vacancy diffusion in
bcc Fe is illustrated in Figure 8.1. For pure Fe, the calculated vacancy
formation energy (Ev ) and migration energy (Em ) are 2.21 eV and 0.63 eV,
respectively, which are consistent with the range of values of Ev =2.18∼2.23
eV and Em =0.63∼0.68 eV from previous DFT calculations [11, 163, 164].
The calculated vacancy formation, migration and binding energies, as well
as the associated activation energies for self- and solute-diffusion in the
ferromagnetic and paramagnetic state are summarized in Table 8.1.
Table 8.1 shows that for all investigated cases, the binding energies of
solute-vacancy pairs are negative (attractive). Compared with other solute
elements, Nb is found to display the largest binding energy to a neighboring
vacancy, which can be understood in terms of a strain-relief argument. The
distortion of the Fe lattice due to the oversized atomic radius of Nb results
in large attractive interactions between Nb atoms and vacancies.
The migration energies for the solutes in Table 8.1 correspond to a
nearest-neighbor exchange with a vacancy. All of the solutes considered here
111

Migration Energy (eV)

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

-0.1
0.0

0.5

1.0

1.5

2.0

Å

Diffusion Coordinate (

2.5

3.0

)

Figure 8.1: First-neighbor diffusion of the vacancy in bcc Fe. One
vacancy locates in the center, and diffuses along the red line to
the corner of the cubic cell (the corner atom diffuses into the
centered vacancy). The calculated migration barrier for vacancy
is also shown.
show smaller values of Em than that for Fe self-diffusion, and Mn exhibits the
lowest value. When the vacancy formation, binding and migration energies
are combined to compute the ferromagnetic activation energies (Q0 ) from
Equation 4.15, it is seen that all solutes have a smaller calculated value than
that for Fe self-diffusion in the ordered ferromagnetic state.
We focus for the remainder of this section on Mn, Mo, and Nb solutediffusion.

The diffusion coefficient D is expressed in the form of the

Arrhenius expression:
D = D0 exp(−Qa /kB T )

(8.1)

where D0 is the pre-exponential factor and Qa is the activation energy
above 0K. The influence of the bulk magnetization on the diffusion activation
energy is well known [165]. In the whole temperature range across the Curie
temperature Tc , Qa is expressed in the following form:
Qa = Q0 (

1 + ᾱs(T )2
)
1 + ᾱ

(8.2)

where s(T ) = M (T )/M (T = 0K) is the reduced magnetization at

112

Table 8.1: Calculated vacancy formation energy (Ev ), migration
energy (Em ), vacancy-solute binding energy (Eb ), and activation
energy (Q0 ) for self- and solute-diffusion in bcc Fe.

Fe

Ev (eV)

Em (eV)

2.21

0.63

Eb (eV)

Q0 (eV)
2.84

Si

0.43

-0.33

2.31

Ti

0.42

-0.30

2.33

V

0.47

-0.08

2.60

Mn

0.39

-0.23

2.37

Nb

0.40

-0.40

2.21

Mo

0.51

-0.19

2.53

the temperature T , which varies continuously in the ferromagnetic phase
between one at 0 K, and zero at the Curie temperature, i.e. Tc =1043 K in
Fe (s(T) = 0 for all T in the paramagnetic state). s(T ) can be calculated
based on the Onsager and Yang model, which is expressed as [166, 167]:
s(T ) = (1 − T /Tc )1/8

(8.3)

In Equation 8.2, the parameter ᾱ is a species-dependent parameter that
quantifies the dependence of Qa on magnetization. Nitta et al. indicated
that for solute species where the parameter ᾱ has not been measured, its
value can be estimated from a linear relationship between the magnitudes
of ᾱ and ∆M12 [168], which is given by:
ᾱ = 0.053∆M12 + 0.163

(8.4)

where ∆M12 is the sum of the change in the local magnetic moments
induced on the Fe atoms in the first and second nearest neighbors of an
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Figure 8.2: Relationship between ᾱ and ∆M12 . The triangles denote
the parameter ᾱ is derived from experiments [169–172] and the
line gives the model according to Equation 8.4.
solute atom, i.e.:
∆M12 =

8
X

∆Mi1st +

i=1

6
X

∆Mi2nd

(8.5)

i=1

∆M12 can be obtained based on our DFT calculations. In Figure 8.2,
the results for measured values of ᾱ are plotted with triangle symbols. The
solid line represents the linear relationship as indicated by Equation 8.5.
In order to compute solute diffusion coefficients, we employ the approach
proposed by Asta et al., which is based on the framework of Le Claire’s ninefrequency model [11, 43]. The pre-exponential factor (D0 ) can be expressed
in terms of the lattice constant (al ), the correlation factor (f2 ), the attempt
frequency for the hop of a solute atom to a nearest-neighbor vacancy (ν0 ),
and the entropy of vacancy formation in Fe (Sv ), i.e.:
D0 = a2l f2 ν0 exp(Sv /kB )

(8.6)

where kB is the Boltzmann constant. In Equation 8.6, the correlation
factor (f2 ) can be quantitatively evaluated using the nine-frequency model
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Figure 8.3: An illustration of the different vacancy hops involved in
the Le Claire nine-frequency model for the correlation factor for
solute diffusion in Fe. X and V denote the solute atom and the
vacancy, respectively.
developed by Le Claire [173]. This approach is depended on the jump
frequencies as illustrated in Figure 8.3 and are given by:
f2 =

1 + t1
1 − t1

(8.7)

where t1 can be expressed as:
t1 =

ΓX + 3Γ12 + 3Γ13 + Γ15 −

ΓX
Γ12 Γ21
Γ21 +0.512Γ24

−

2Γ13 Γ31
Γ31 +1.536Γ0

−

Γ15 Γ51
Γ51 +3.584Γ0

(8.8)
Here ΓX , Γij , and Γ0 are the solute-vacancy exchange jump frequency,
Fe-vacancy jump frequency from site i to j as illustrated in Figure 8.3,
and Fe-vacancy jump frequency in pure Fe. These jump frequencies are
calculated according to Equation 4.16
It has been demonstrated that the correlation factors (f2 ) display good
Arrhenius behavior [119], which can be modeled as:
f2 = f0 exp(−Ef2 /kB T )
where Ef2 is defined as the “correlation energy”.

(8.9)
For Mn, we find

Ef2 is less than 0.01 eV. While for large solutes, i.e. Mo and Nb, the
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calculated correlation energies have small contributions (3% ∼5%) to the
overall activation energies, which are in agreement with the previous results
obtained by Asta et al. [11].
In Equation 8.6, the vacancy-formation entropy Sv can be calculated as
the difference of the vibrational entropy for a supercell with and without
one vacancy, i.e [11]:
3(N −1)

Sv = kB [

X
i=1

3N

ln(

kB T
N − 1 X kB T
)]
ln(
eq ) −
N
hνi
hνi

(8.10)

i=1

where νieq denotes the vibrational frequencies in a supercell with one
vacancy at equilibrium configuration, while νi corresponds to the frequencies
in a pure Fe system, which are computed from the hessian matrix (see
Chapter 4 for detail).
Figure 8.4 provides a direct comparison between calculated and measured
temperature-dependent diffusion coefficients for Fe self-diffusion, Mn, Mo
and Nb solute-diffusion.

For Fe self-diffusion the agreement between

calculations and measurements in the ferromagnetic phase is excellent,
while the calculated values underestimate some of the measured values in
the paramagnetic phase at the highest temperatures [174–176]. For Mn
diffusion, our results are slightly (by a factor of 2) higher than the values
reported by Lübbehusen et al. in paramagnetic phase [170], while agree
well with Kirkaldy et al.’s work [177]. For Mo diffusion, the calculated
diffusion coefficients show good overall agreement with the experiments,
and are roughly in the middle range of the measured values obtained by
Nitta et al. [172] and Alberry et al. [48]. In addition, Figure 8.4c shows
previous DFT results for the Mo diffusion coefficient obtained by Asta et
al. [11], which indicate that our results are consistent with previous DFT
calculations. For Nb diffusion, the calculated diffusion coefficients show
good overall agreement with the measured values in the ferromagnetic phase
obtained by Herzig et al. [171]. The calculations are in good agreement with
the measurements of Geise et al. [178] in the paramagnetic phase as well.
Overall, our calculations predict reasonable results for self- and solute116
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Figure 8.4: Predicted temperature dependence of the calculated α-Fe
self-, Mn, Mo, and Nb solute-diffusion coefficients vs. published
experimental data [11, 48, 165, 170, 171, 174? –178].
diffusion in the bcc Fe lattice in both para- and ferromagnetic states, which
are comparable with the experiments and also previous DFT calculations.
The agreement between the computed and measured results demonstrated
that the computational methodology presented in this project is capable
of predicting quantitative information of the atomistic diffusion processes,
which gives us confidence to investigate solute diffusion in grain boundaries
and interfaces.

8.2

Diffusion in the Fe fcc Lattice

In this section, AFMD magnetic arrangement is first employed to describe
the fcc phase. The calculated vacancy formation energy in pure fcc Fe is
1.72 eV. This value is significantly lower than that in bcc Fe, i.e. 2.21
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eV, suggesting that vacancies are much easier to generate in the fcc phase.
Such lower vacancy formation energy can be ascribed to the higher packing
density in the fcc phase. The migration barriers are then determined using
nudged elastic band (NEB) method [105, 106]. In the AFMD configuration,
each site (o) has three types of nearest neighbors, namely p, q, and w, which
are labeled in Figure 6.1. As a result, three migration paths have to be
considered. The results are listed in Table 8.2.
Table 8.2: Vacancy formation energies (Ev ), vacancy migration
barrier (Em ), and the activation energy for self-diffusion (Q0 )
along each path. The migration paths are labeled in Figure 6.1.
AFMD

SQS

Path

o−p

o−q

o−w

Ev (eV)

1.72

1.72

1.72

1.92∼1.99

Em (eV)

1.09

0.74

0.93

0.51∼0.68

Q0 (eV)

2.81

2.46

2.65

2.46∼2.67

It should be noted that along path o − w, the initial and final magnetic
moments for the migrating atom have the opposite sign and magnetic
moment flips are required along the migration path.

Nevertheless, our

calculations indicate that the energy cost of magnetic moment flipping is
less than 0.05 eV, i.e. less than 5% of the migration energy, and therefore
have a relatively small effect on the migration barrier. Overall, the estimated
migration energies for vacancies in fcc γ-Fe are in the range of 0.74∼1.09
eV, which is about 16% ∼ 70% higher than the values in the bcc phase.
Combined with the vacancy formation energy, the activation energy for selfdiffusion in γ-Fe lies between 2.46 eV and 2.81 eV.
For comparison, the vacancy formation energy, migration energy, and
activation energy are also investigated by using the SQS magnetic arrangement. Note that in SQS magnetic structure, the vacancy formation energy
and migration energy vary from site to site. In this work, six different
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configurations are considered. The results are shown in Table 8.2, from
which one can see that though there is some deviations between SQS and
AFMD for vacancy formation energies and migration barriers, the activation
energies calculated by the two independent magnetic arrangements fall into
the same range.
The experimental results of activation energies for fcc self-diffusion are
2.80∼2.90 eV [175, 179], which are about 10% higher than our calculated
values.

This is because our calculations are performed at 0K, whereas

the experiments are carried out at high temperature (i.e. T > 1173 K).
To correlate such deviations, the corresponding lattice constants at high
temperature should be employed.
Table 8.3: Lattice constants (al ), atomic volume (V ), vacancy
ef f
formation energy (Ev ), effective migration energy (Em
), and
f
)
as
a
function
of
temperature.
effective activation energy (Qef
a
al (Å)

V (Å3 )

Ev (eV)

ef f
Em
(eV)

f
Qef
(eV)
a

bcc (0K)

2.84

11.45

2.21

0.63

2.84

bcc (800K)

2.866

11.77

2.24

0.63

2.87

fcc (0K)

3.55

11.18

1.72

0.87

2.59

fcc (293K)

3.59

11.57

1.87

0.83

2.70

fcc (1184K)

3.65

12.16

1.97

0.81

2.78

To address the influence of the lattice constants due to the thermal
expansion, we calculated the vacancy formation energy, effective migration
energy, and effective activation energy using different lattice constants.
These lattice constants are employed from the experimental measurements
at a given temperature T [138, 180]. The results are listed in Table 8.3. In
this work, the effective migration energy is calculated via KMC simulations.
With the increase of temperature, the effect of lattice constant on the
activation energy in the fcc phase is remarkable, while it is rather small in
the bcc phase. This is because fcc is the closest-packed structure, which has
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12 nearest neighbors. The change of lattice constants induced by thermal
expansion results in a larger influence of nearest neighbors Fe atoms on
activation energy than that in the bcc phase. Consequently, the activation
energy of the fcc phase obtained at T=1184K is increased to 2.78 eV, which
is consistent with the experimental measurements, i.e. 2.80 eV [179]. It
should be noted that for the bcc phase, the magnetic transformation has
a significant influence on the activation energy, and the activation energy
has to be modified according to Equation 8.2. Recall that α=0.163 for Fe
(see Figure 8.2). Thus the activation energy at a given temperature T is
expressed as:
Qa = Q0 (

1 + 0.163s(T )2
)
1.163

(8.11)

where s(T ) is calculated according to Equation 8.4. The modified activation energies for Fe self-diffusion in bcc and fcc at different temperatures
are plotted in Figure 8.5. At low temperature, the activation energy is lower
in fcc than in bcc, while it becomes opposite at high temperature.
The diffusion coefficients for Fe self-diffusion in the fcc phase are
calculated in the Arrhenius form, i.e.:
f
D = D0 exp(−Qef
a /kB T )

(8.12)

where D0 is the pre-factor, which is given by:
D0 = a2l f2 ν0 exp(Sv /kB )

(8.13)

where the correlation factor f2 =0.7815 for fcc. Based on our calculations,
the attempt frequencies ν0 for different jump paths in fcc Fe are very similar,
i.e. 9.0 THz, 6.6 THz, and 7.4 THz for jump paths o − p, o − q, and o − w,
respectively. For simplicity, we take the average value 7.7 THz, which is also
close to the value in the bcc phase, i.e. 8.5 THz. The vacancy formation
entropy (Sv ) in the fcc phase is 2.8kB , which is about 60% of the value
in bcc. Consequently, the pre-factor (D0 ) in fcc is 9.6×10−6 m2 /s at zero
temperature. The influence of the lattice constants on the pre-factor are
also tested. The results indicate that the difference of D0 is less than 3%.
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Figure 8.5: The modified activation energies for Fe self-diffusion in
bcc and fcc phase at different temperature.
Thus, the pre-factor can indeed be considered as a constant over the relevant
temperature range, i.e. 0∼1200K.
Figure 8.6 presents the calculated Fe-self diffusion coefficients in bcc and
fcc. At lower temperature, the predicted diffusion coefficient is larger in fcc
than in bcc, while it becomes opposite at higher temperature. In addition,
the calculated self-diffusion coefficients in bcc and fcc at higher temperature
agree well with experimental observations [174, 175].
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Figure 8.6: Predicted temperature dependence of the Fe-self diffusion
coefficients vs. published experimental data in bcc and fcc [174,
175].

8.3

Grain Boundary Diffusion in bcc Fe

The vacancy formation energies (Ev ) calculated for several atomic positions
within the grain boundary are shown in Figure 8.7. The results indicate that
the influence of the grain boundary on Ev is short-ranged and is limited to
about 3∼4 atomic layers. In addition, it was found that Ev displays very
strong site-to-site variations, i.e. at boundary position b, Ev is 0.77 eV (35%)
below the bulk value of 2.21 eV, while at boundary site a, the difference is less
than 10%. Such large variations in Ev can be attributed to the existence of
alternating tension and compression regions in the boundary areas. We find
that the nearest Fe-Fe distance at the boundary site b (dbb0 , see Figure 5.1) is
only 2.18Å. It is about 12% shorter than that in the bulk (2.46Å), which gives
rise to high strain at this position. While at boundary site a, the nearest FeFe distance (dab ) increases to 2.51Å, resulting in relatively low strain at this
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position. Similar results were also reported for Cu grain boundaries [41, 42].
Evidently, lower formation energies favor the accumulations of vacancies in
the grain boundary.
Vacancy Formation Energy (eV)
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Figure 8.7: Vacancy formation energies at different sites of Σ5 (013)
grain boundaries in α-Fe. The dotted red line indicates the
value in the bulk lattice.
Figure 8.8 shows the calculated binding energies for vacancy-solute pairs.
The capital letter X refers to the solute atom while V stands for the vacancy.
The subscripts a, b, and c indicate grain boundary positions. A negative
sign denotes favorable binding. Overall, the formation of the solute-vacancy
pair is energetically favorable. However, similar to Ev , the vacancy-solute
binding energies (Eb ) vary from site to site. In most of the cases, however,
the vacancy-solute binding energies in grain boundaries are comparable with
the values in the bulk. While in a couple of cases, the interactions are
remarkably weaker than in the bulk, or even show positive (repulsive) values.
The migration energy barriers (Em ) for various solutes along different
paths in the Σ5 (013) grain boundary are listed in Table 8.4. The jump b0 −c
bridges two neighboring structural units. The jump vector is normal to the
tilt [001] axis, so this jump does not contribute to diffusion along the tilt axis.
For other jumps, they have components along the tilt axis and can contribute
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Figure 8.8: Vacancy-solute binding energies at Σ5 (013) grain
boundaries and bulk in α-Fe. Vacancy segregates at (a)
boundary a0 , and (b) boundary b position. The capital letters
X refer to the solute and V refer to the vacancy
to diffusion in both directions in the boundary plane. It is seen that the
migration energies can vary for the different paths along the boundary. In
general, solutes have a smaller calculated migration energy than that for
Fe self-diffusion in the grain boundary, suggesting faster diffusion of solute
atoms than Fe self-diffusion.
Unlike the bcc bulk situation, the activation energies of the solutes in the
grain boundary depend on the positions, and the jump rates vary at different
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Table 8.4: Calculated migration energy for various solutes along grain
boundary (Em , in units of eV). Sites a0 , b0 , c0 , and c refer to
boundary sites as shown in Figure 5.1.
P ath

a0 -b0

b0 -a0

a0 -c

c-a0

b0 -c0

c0 -b0

b0 -c

c-b0

Fe

0.91

0.32

0.68

0.40

0.39

0.71

0.45

0.77

Si

0.57

0.42

0.63

0.32

0.28

0.53

0.37

0.62

Ti

0.93

0.18

0.62

0.24

0.18

0.48

0.30

0.60

V

0.88

0.55

0.64

0.28

0.55

0.69

0.41

0.55

Mn

0.84

0.32

0.59

0.21

0.32

0.44

0.31

0.43

Nb

0.98

0.19

0.66

0.22

0.16

0.41

0.24

0.49

Mo

0.85

0.23

0.60

0.31

0.27

0.46

0.34

0.54

sites. To investigate solute diffusion and obtain the effective activation
energies, a kinetic Monte Carlo (KMC) model is developed based on the
detailed input from DFT calculations. In this work, a thin boundary model
with periodic boundary conditions is constructed. As discussed in Chapter
5, the effective thickness of the grain boundary (δ) is about 6 atomic layers
(∼4.5 Å). The ratio of the effective thickness of the grain boundary (δ) to the
grain size (dgs ) is set to 0.25, i.e. dgs = 4δ. In the KMC model, the supercell
consists of N =8 × 104 lattice sites with the dimension of 142 × 180 × 36 Å3 .
The vacancy concentration is given by 1/N . To correlate our KMC vacancy
concentration with the real case, the physical time is rescaled using the
relation [181]:
τr = τkmc cv /ceq
v

(8.14)

where ceq
v is the equilibrium vacancy concentration, which is given by a
Boltzmann distribution, i.e.
ceq
v = exp(

Sv
Ev + Eb
) exp[−
]
kB
kB T
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Figure 8.9: Predicted temperature dependence of the calculated Nb,
Mo, Mn, and Fe-self diffusion coefficients at grain boundaries.
The apparent diffusion coefficients are determined by Equation 4.22
based on the KMC simulations. According to Equation 4.23, the grain
boundary diffusivity is given by:
Db =

dgs
δ
(Dapp − (1 −
)Dl )
δ
dgs

(8.16)

When Dapp  Dl , diffusion through the bulk lattice can be ignored
in comparison to grain boundary diffusion. This is indeed the case in our
simulations. At 800K (the highest temperature used in the simulations), the
obtained apparent diffusion coefficients for Nb is 1.54 × 10−17 m2 /s, which
is two orders of magnitude larger than the bulk diffusion, i.e. 1.26 × 10−19
m2 /s (see Figure 8.4d). The difference is even larger for self-diffusion, which
is up to 3 orders of magnitude. Thus, Equation 8.16 can be rewritten as:
Db =

dgs
Dapp
δ

(8.17)

The calculated Nb, Mo, Mn, and Fe-self diffusion coefficients in Σ5 (013)
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tilt grain boundary are presented in Figure 8.9. Though the activation
energy varies for different diffusion paths, the diffusion coefficients follow
the Arrhenius law quite well, which is consistent with the experimental
observations for Fe self-diffusion and previous theoretical results for Cu selfdiffusion in grain boundaries [41, 42, 182]. In addition, Nb is found to have
a much larger diffusion coefficient, which is approximately two orders of
magnitude higher than that for Fe self-diffusion. Such an enhanced diffusion
coefficient can be ascribed to both the attractive vacancy-solute binding
energies and the reduced value of the migration energy (see Figure 8.8 and
Table 8.4). The effective activation energy in grain boundaries (Qgb ) can
be extracted from the slope in the Arrhenius plot shown in Figure 8.9. The
results are listed in Table 8.5. Compared with the activation energy in bcc
Fe, the effective activation energy in grain boundaries is reduced by 15-20%,
which indicates that grain boundaries offer a fast diffusion path.
Table 8.5: The effective activation energy (Qgb ) in Σ5 (013) grain
boundaries and the ratio of Qgb /Qbulk .
Fe

Si

Ti

V

Mn

Nb

Mo

Qgb (eV)

2.27

1.96

1.92

2.14

1.98

1.83

2.10

Qgb /Qbulk

0.80

0.85

0.82

0.82

0.84

0.83

0.83

Experimental values for diffusion in grain boundaries are limited.
Nevertheless, the calculated activation energy for self-diffusion in pure Fe
grain boundary are comparable with experimental data, which lies between
1.46∼2.34 eV when extrapolated to the ferromagnetic phase [182? , 183]. It
is interesting to note that Turnbull and Hoffman who studied self-diffusion
in [001] grain boundaries in silver as a function of crystal misorientation (θ)
found that within the experimental uncertainty, the self-diffusion coefficients
in different grain boundaries are independent of θ. Similar results were also
obtained by Suzuki and Mishin [42]. They studied Cu self-diffusion in several
tilt grain boundaries by molecular dynamics simulations and found that the
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conclusions reached for the Σ5 grain boundary are general and hold for
other grain boundaries as well. Thus, one would expect that the tendency
for solute diffusivities at the considered Σ5 grain boundary can be extended
to more general boundaries. Further calculations are needed to confirm this
assumption.

8.4

Diffusion in the bcc-fcc Fe Interface

Figure 8.10 presents the vacancy formation energy at the bcc-fcc interface
as a function of distance from the habit plane. The AFMD configuration
is employed to describe the magnetic states of fcc. The results indicate
that there exists a chemical potential gradient for vacancies between ferrite
and austenite. Vacancies form much easier in austenite than in ferrite. In
addition, lower vacancy formation energies are observed at the interface
positions on the austenite side. Similar to the case of grain boundaries, the
influence of the interface on the vacancy formation energy is short-ranged,
i.e. the bulk value of the vacancy formation energy is achieved approximately
4 Å away from the interface.
We then calculated the migration energy of vacancies in the bcc-fcc
interface. Due to the asymmetric structure, the jump rates vary from site to
site. The jump paths are illustrated in Figure 8.11, which can be categorized
into five groups: (I) migration from the second layer to the first layer in bcc;
(II) migration within the first layer in bcc; (III) migration from the bcc
side to the fcc side of the interface; (IV ) migration within the first layer in
fcc; and (V ) migration from the second layer to the first layer in fcc. The
calculated migration energies (Em ) for different types of jumps are listed
in Table 8.6. In addition, the migration energy for opposite jump direction
0 ) are also shown.
(Em

The results indicate that in general, Em is smaller compared with the
bulk value. For example, the migration energies from the second layer to
the first layer in bcc (group I) are 0.55 eV, which are about 13% lower than
the bcc bulk value, i.e. 0.63 eV. In addition, the migration energies have
lower values when the vacancy moves from the inner grain (second layer) to
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Figure 8.10: Vacancy formation energies as a function of distance
from the habit plane. The bars indicate the actual vacancy
formation energies, where Fe atom has spin-up or spin-down
states.

Figure 8.11: Illustration of various jump paths in the bcc-fcc
interface. Blue and red circles indicate fcc Fe atoms with spindown and spin-up magnetic state, while white circles represent
bcc Fe atoms.
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Table 8.6: Migration energies of vacancy for different types of jump
paths as defined in the text in the bcc-fcc interface. The arrows
indicate the spin states of the jump Fe atoms in initial and final
states.
Em

0
Em

I (↑↑)

0.55

0.69

II (↑↑)

0.60

0.56

III (↑↑)

0.52

0.71

III (↑↓)

0.58

0.68

IV (↑↑)

0.65

0.66

IV (↓↓)

0.58

0.76

IV (↑↓)

0.58

0.49

V (↑↑)

0.61

0.66

V (↓↓)

0.70

0.76

V (↑↓)

0.70

0.83

the interface (first layer) than when it moves in the opposite directions. As
a result, vacancies are expected to be confined to the interface, which are
consistent with the experimental observations that interfaces act as a sink
for vacancies.
Table 8.7: Activation energy for Fe self-diffusion in the bcc-fcc
interface, fcc bulk, bcc bulk, and Σ5 grain boundaries (GBs)
at 0K. Unit is eV.

Q0

Interface

fcc bulk

bcc bulk

Σ5 GBs

2.46

2.59

2.84

2.27

The apparent diffusion coefficients in the bcc-fcc interface is determined
by Equation 4.22 based on the KMC simulations. In a similar manner with
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the grain boundary, if the interface has an effective thickness δα in bcc and
δγ in fcc, and the bcc (fcc) grain size is dα (dγ ), the apparent diffusion
coefficient (Dapp ) is expressed as:
Dapp =

dα − δα α dγ − δγ γ δα + δγ
D +
D +
DI
dα + dγ l
dα + dγ l
dα + dγ

(8.18)

where Dlα , Dlγ and DI are the bcc bulk, fcc bulk, and bcc-fcc interface
diffusivities. As discussed in Chapter 7, the effective thickness of the bcc-fcc
interface is about 7.0 Å. We set dα /δα =dγ /δγ =5. The supercell consists
of N = 2.16 × 105 lattice sites with the dimension of 197 × 184 × 67 Å3 .
Dlα and Dlγ are obtained directly from the DFT calculations (see sections
8.1 and 8.2). Since the influence of the thermal expansion and magnetic
transformation on the interface diffusion is unclear, we did not include these
effects in our calculations. So in the simulations, we use the activation
energies Q0 at T =0K to calculate the Fe self-diffusions without any further
corrections for lattice constants and magnetism at higher temperature. The
interface diffusivity DI is thus determined by Equation 8.18.
The effective activation energy in the bcc-fcc interface can be extracted
from the slope in the Arrhenius plot for the interface diffusivity. The result
is shown in Table 8.7. For comparison, the activation energies for Fe selfdiffusion in the fcc bulk, bcc bulk, and in the Σ5 bcc grain boundary are also
listed. Compared with the values in bulk diffusion, bcc-fcc interface provide
a moderate “fast diffusion” path. However, it should be noted that at
elevated temperature, the thermal expansion and magnetic transformation
have significant influence on the activation energies for diffusion in fcc and
bcc, respectively. As a result, it can be expected that the activation energy
in the bcc-fcc interface is modified at higher temperature as well. Therefore,
new theoretical models and simulation tools are required.
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Chapter 9

Conclusions and Future
Work
9.1

Conclusions

This work demonstrates an atomistic modeling scheme for the simulation
of solute-interface interactions in Fe, which provides a basis for further
investigations.

The binding energies of solutes with grain boundaries

and bcc-fcc interfaces are determined based on the framework of DFT
calculations.

The calculated jump rates are set as the input data for

KMC simulations to obtain the diffusion coefficients and effective activation
energies. The main simulation results are summarized below:
• Strong interactions between large solutes (i.e. Nb, Mo, and Ti) and
Σ5 grain boundaries in bcc and fcc Fe as well as the bcc-fcc interface are
obtained. Such strong interactions are expected to delay grain growth,
recrystallization, and ausenite-to-ferrite transformation.

This can be

understood in terms of the strain-relief argument, where large solutes bind
to the grain boundary or interface as a means of relieving strain on the Fe
matrix.
• It is found that segregation to the Σ5 bcc grain boundaries are
favorable for all solutes and boundary sites considered in this work, and
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the magnitude of the segregation energy of the solute atoms increases with
the solute atom volume.
• Our DFT calculations indicate that the excess volume at boundaries
and interfaces is an important parameter to predict the segregation tendency
of solutes. This is in particular of significance for large solute atoms (i.e.
Nb, Mo, and Ti). Further, molecular statics simulations reveal that though
the site volume distribution is much narrower for the Σ5 grain boundary, the
average excess volume is comparable to that for high Σ grain boundaries,
suggesting that the tendency to accommodate solute atoms at the considered
Σ5 grain boundary can, to a large extent, be applied to more general
boundaries.
• A large set of possible reference states for γ-Fe at 0 K have been
evaluated and the AFMD and SQS configurations are found to be the
most suitable magnetic states. Though SQS may give more realistic results
for paramagnetic γ-Fe, the properties such as vacancy formation energy,
solute pair interactions, etc. vary from site to site, which requires a large
computational load. Further calculations indicate that the results obtained
by AFMD and SQS magnetic structures are comparable to each other,
suggesting AFMD structure is a good and more convenient representative
for paramagnetic γ-Fe.
• It is found that some of the boundary sites are not favorable for
solute segregation at the Σ5 grain boundary in fcc Fe. Positive segregation
energies are observed for Cr and Si. In addition, no segregation tendency of
Ni to fcc grain boundary is found, which implies that Ni prefers to stay at
the bulk position rather than at the boundary sites. On the contrary, Large
binding energies for Nb and Mo are obtained at the Σ5 grain boundary in
fcc Fe. The interactions between these solutes and the fcc grain boundary
are even stronger than those at the bcc grain boundary.
• In the bcc-fcc interface, a chemical potential difference exists for the
substitutional elements between ferrite and austenite. This difference is
rather large for Mn and Ni, which provided considerable driving force for
solute transfer from ferrite to austenite.
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• Using the average energies between the two bulk values as the
reference point, we calculate the effective binding energies of selected solutes
in the bcc-fcc interface based on the Langmuir-McLean equation. Good
agreement with the experimental observations for solute segregation are
shown.

The reported interaction parameters for Nb, Mo Mn, and Si

agree well with our predictions. The tendency predicted for segregation,
in particular the strong segregation of Nb, is consistent with observations
of the role of Nb in delaying austenite-ferrite transformation in low-carbon
steels, which at least in part have been attributed to solute drag.
• The solute-solute interactions and their predicted contributions to
the segregation energies indicate that there is a massive penalty to the
binding energy when the solute-solute distance is short. While at some
intermediate solute-solute distance, co-segregation effects are observed for
large solute elements (i.e. Nb, Mo, and Ti) and the binding energies are
increased by about 30%. A detailed analysis reveals that for TMs, there
are mainly three aspects that contribute to the solute-solute interactions,
i.e. elastic strains, competing magnetic interactions, and contributions from
magnetically driven clustering. In addition, for non-metal element such
as Si, the chemical bonding effects may also contribute to the solute pair
interactions.
• The self- and solute-diffusivities in bcc and fcc bulk lattice have
been computed within a framework combining DFT calculations and
KMC simulations.

Good agreement between our calculations and the

measurements for self- and solute diffusion in bulk Fe is achieved, which
demonstrates the computational methodology presented in this project is
capable of predicting quantitative information of the atomistic processes.
• Our simulations indicate that the effective activation energies for the
Σ5 bcc grain boundary diffusion are 80%∼85% of those for lattice diffusion
for different solutes, suggesting grain boundaries can provide fast diffusion
paths. By contrast, the effective activation energy of self-diffusion in bccfcc Fe interface is close to the value of fcc self-diffusion at 0K, and bcc-fcc
interface provides a moderate “fast diffusion” path.
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9.2

Future Work

To further enhance the present understanding, several suggestions can be
made for further investigations as follow:
• The present study focuses on the special grain boundaries, i.e.
Σ5 grain boundary. Further work is required to understand the solute
segregation behavior at more general, e.g.
boundaries.

high Σ or low angle, grain

This could be achieved by employing the hybrid method,

i.e. quantum mechanics/molecular mechanics (QM/MM) approach, which
combines the strengths of the accuracy of quantum mechanics and the
efficiency of molecular mechanics [184, 185].
• It is demonstrated that the lattice constants due to the thermal
expansion and the magnetic transformation at elevated temperature have a
significant influence on the diffusion coefficients in fcc and bcc, respectively.
Thus, new theoretical models and simulation tools are required to modify
the activation energies for diffusion across the bcc-fcc interface at higher
temperature.
• Carbon is one of the most important elements in steels. Further work
will have to be done to incorporate carbon into the system. In particular,
the interactions between carbon and alloying elements and the influence of
carbon on the solute segregation should be investigated.
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[122] P. Lejček, Grain boundary segregation in metals. Berlin:
Springer-Verlag, 2010. → pages 63
[123] C. Sinclair, C. Hutchinson, and Y. Bréchet, “The effect of nb on the
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