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An integrated ab initio and statistical Monte Carlo investigation has been recently carried out to model
the thermodynamic and kinetic properties of Fe–Cr alloys. We found that the conventional Fe–Cr phase
diagram is not adequate at low temperature region where the magnetic contribution to the free energy
plays an important role in the prediction of an ordered Fe15Cr phase and its negative enthalpy of forma-
tion. The origin of the anomalous thermodynamic and magnetic properties of Fe–Cr alloys can be under-
stood using a tight-binding Stoner model combined with the charge neutrality condition. We investigate
the environmental dependence of magnetic moment distributions for various self-interstitial atom h110i
dumbbells configurations using spin density maps found using density functional theory calculations.
The mixed dumbbell Fe–Cr and Fe–Mn binding energies are found to be positive due to magnetic inter-
actions. Finally, we discuss the relationship between the migration energy of vacancy in Fe–Cr alloys and
magnetism at the saddle point configuration.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Body-centred cubic Fe–Cr alloys form the basis of many indus-
trially important steels. Following the discovery of their high
swelling resistance in tests performed in fission reactors during
the 1990s, the low-activated ferritic/martensitic steels (LAMS)
with 7–12 wt% Cr have been selected as candidate materials for
structural applications in future power fusion plants for the range
of operational temperatures below 550 �C [1]. However, these
steels exhibit radiation hardening at low temperature and moder-
ate irradiation doses. Therefore, it is important to understand the
factors driving the evolution of microstructure that are linked to
the degradation of mechanical properties in these alloys. In the ab-
sence of a dedicated intense neutron source of the 14 MeV neu-
trons from the D–T fusion reaction, the development of
computational techniques capable of predicting changes in
mechanical properties, microstructure, and phase stability of LAMS
and Fe–Cr model alloys occurring under fusion-relevant irradiation
conditions, is an important objective of fusion materials research.

Recently, a multi-scale modelling approach has been applied to
the investigation of thermodynamic and kinetic properties of bin-
ary Fe–Cr alloys by combining density functional theory (DFT) cal-
culations with statistical techniques involving cluster expansion
and Monte Carlo simulations [2,3]. This makes it possible to gener-
ate, in a more systematic and accurate way, the lowest energy con-
ll rights reserved.
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figurations from which point defects (vacancies and self-interstitial
atoms (SIAs)) and their interactions at arbitrary Cr concentration
can be investigated. At variance with previous theoretical and
modelling studies of Fe–Cr alloys [4–6], where negative enthalpy
of mixing was found for random or quasi-random configurations
with short-range order interactions, our studies showed that this
anomalous behaviour occurred for an ordered Fe15Cr phase, the
stability of which was directly correlated with the presence of
magnetic interactions in dilute Fe–Cr alloys. Within this picture,
the phase diagram of a binary Fe–Cr alloy for concentrations
exceeding 10% Cr can be interpreted as phase separation between
the possibly partially disordered Fe15Cr a-phase and the a0 phase
of bcc-Cr. Furthermore, clustering of Cr atoms is strongly corre-
lated with magnetic properties of concentrated Cr alloys [7]. In this
paper, we focus on the environmental dependence of magnetic
properties of SIA and vacancy defect configurations in the ordered
Fe15Cr phase and at low Cr concentrations. We investigate electron
spin density maps produced using self-consistent DFT calculation
within generalized gradient approximation (GGA).
2. The magnetic origin of thermodynamic properties of Fe–Cr
alloys

The enthalpy of mixing of the Fe–Cr system has been recently
re-investigated by combining spin-polarized DFT-GGA calculations
performed within the VASP code [8,9] and the cluster expansion
based exchange Monte Carlo simulations [2,3,7]. One of the signif-
icant results derived from these studies is that both DFT and Monte
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Carlo models predict a long-range ordered structure at 6.25% Cr
with negative (�6.5 meV/atom and �4.8 meV/atom, respectively)
enthalpy of formation. Furthermore, within the homogenous
Bragg–Williams approximation, where many-atom cluster interac-
tions are neglected, we find that the mixing enthalpy exhibits
behaviour similar to that found in EMTO-CPA calculations [5],
showing that previous studies in fact addressed the high tempera-
ture limit of random alloy configuration of the Fe–Cr system.

The origin of the anomalous enthalpy of mixing at low Cr con-
centration can be explained using the tight-binding Stoner model
(TBSM) developed from the previous studies of bcc-Fe [10,11,7].
Here the TBSM calculations were performed using the rigid-band
approximation with the same TB parameterisation of 3d orbitals
for both Fe and Cr as those found in Ref. [10]. The charge neutrality
condition has been applied assuming the total electron occupan-
cies of 6.8 for Fe and 5.5 for Cr, and the Stoner interaction param-
eter for the on-site magnetic interactions of 0.77 eV and 0.38 eV for
Fe and Cr, respectively. The values of these parameters are consis-
tent with those obtained from DFT calculations for the 3d magnetic
transition metals in Ref. [12]. Fig. 1 shows comparison between
DFT and TBSM results for the enthalpy of mixing for various Cr
Fig. 1. Enthalpies of mixing calculated using the tight-binding Stoner model and
compared with the corresponding DFT values for different Cr concentrations in Fe–
Cr binary alloys.

Fig. 2. Magnetic moment distribution in ordered phase Fe15Cr calculated within the
calculations (left). Grey atoms are the Cr ones with negative magnetic moments.
concentrations in different binaries: Fe15Cr, Fe25Cr2, Fe14Cr2,
Fe18Cr12, Fe3Cr (DO3), FeCr (B2), FeCr3 (DO3) and FeCr15. Apart
from the Fe18Cr12 alloy representing the r-phase, other binaries
are the bcc-like alloys. The Fe25Cr2 structure is taken from previous
DFT studies [3,13]. We find excellent agreement between TBSM
and DFT calculations on the cross-over from negative to positive
values of the enthalpy of formation for all the cases considered
in this study. In particular, for the ordered Fe15Cr phase, the forma-
tion energy obtained from TBSM calculation is �6.9 meV/atom.
Fig. 2 shows the magnetic moment distributions (from �1.7lB to
2.3lB) calculated by both DFT and TBSM for the Fe15Cr structure.
We see that the anti-ferromagnetic alignment of Cr atoms with re-
spect to ferromagnetic Fe atoms is very well reproduced, confirm-
ing the occurrence of long-range order in Fe15Cr within k-space
calculations in TBSM.

3. Magnetic behaviour of SIA defects in ordered Fe15Cr phase

Recently, it has been suggested on the basis of electrical resis-
tivity recovery measurements that specific features of electron-
irradiated Fe–Cr concentrated alloys over the stage I temperature
interval can be explained by the formation, migration and trapping
of mixed dumbbells [14]. We have calculated formation and bind-
ing energies of the h110i Fe–Fe, Cr–Cr and Fe–Cr at the five differ-
ent crystallographic sites associated with the space group
symmetry of the ordered phase Fe15Cr and found that the most sta-
ble mixed dumbbell is located at the Fe3 site where there are no Cr
atoms in its environment up to the fifth nearest neighbours [2,15].
The formation and binding energies of this Fe–Cr mixed h110i
dumbbell are 3.58 eV and 0.15 eV, respectively. Fig. 3 shows the
spin density maps calculated within the DFT-GGA approach and
projected on the (110) plane for different mixed Fe–Cr dumbbell
(a) and Fe–Fe, Cr–Cr dumbbell (b) h110i configurations at four
crystallographic positions (Fe3, Fe1, Fe and Cr). It is clearly seen
from Fig. 3(a) that the spin density map of the mixed dumbbell lo-
cated at site Fe3 (bottom right) can be distinguished from other
ones by relatively high magnetic moment at Cr atom (�0.9lB)
whereas the magnetic moment at Fe is reduced to 0.7lB at the
SIA defect configuration in comparison with the average moment
(2.3lB) at Fe sites in the host matrix. We therefore find that there
is correlation between the positive binding energy and Fe–Cr mag-
netic interaction at the mixed dumbbell defect. It is worth empha-
sizing that the point defect behaviour in the non-magnetic bcc
transition metals is fundamentally different to that found in
tight-binding Stoner model (right) and compared with those obtained from DFT
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ferromagnetic bcc iron [16–18]. Among the different Fe–Fe and Cr–
Cr h110i dumbbell configurations considered in Fig. 3(b), it is
found that that magnetic moment for two Cr atoms at the SIA de-
fect is also negative (�0.5lB). However the formation energy of
this Cr–Cr dumbbell (4.09 eV) is higher that those found at differ-
ent Fe sites (3.71–3.75 eV). This is also consistent with the trend
between Fe–Fe and Cr–Cr dumbbells in pure elements [16,17].

4. SIA-impurity interaction in Fe15Cr phase

Modelling of irradiation-induced segregation or thermal non-
equilibrium segregation requires data on impurity-defect interac-
Fig. 3. Spin density maps projected on (110) plane and calculated for (a) mixed Fe–
Cr dumbbells and (b) Fe–Fe and Cr–Cr h11 0i dumbbells at various positions within
the ordered phase Fe15Cr. Clockwise from the top right are the configurations at site
Fe1, Fe3, Fe and Cr, respectively.

Fig. 4. Clockwise from the top right: spin density maps calculated for h110i Mn–
Mn, C in octahedral, Fe–C and Fe–Mn mixed dumbbells at Fe3 site.
tion energies. For ferritic/martensitic steels, the matter is more
complex due to the presence of magnetic interaction that we dis-
cussed in the previous session for the binary Fe–Cr alloys. The pre-
vious approach for calculating impurity-interstitial (mixed
dumbbell) binding energies on the basis of classical strain field
arguments due to different over/undersize effects cannot be valid
[19]. For example, following these arguments one could predict a
negative binding energy (�0.096 eV) of mixed Fe–Cr dumbbell in
ferritic steel matrix whereas our DFT calculations predict a positive
binding energy. A systematic study of mixed dumbbell binding
energies with non-magnetic transition metals elements (V, Nb,
Mo, Ta, W) as well as with sp-valent element (P, S, Si, Al) was car-
ried out in a previous study [15]. Fig. 4 shows the spin density
maps calculated for mixed dumbbell configuration with manga-
nese and carbon impurity atoms and also Mn–Mn dumbbell and
octahedral C impurity at Fe3 site in Fe15Cr phase. We find the
mixed dumbbell Fe–Mn binding energy calculated is strongly posi-
tive (0.34 eV) that is again correlated with the anti-ferromagnetic
spin of �0.7lB shown in the top left of Fig. 4. Taking into account
that the Mn atom is an oversized impurity in comparison with Fe
(1.36 Å vs. 1.24 Å) the present result together with those shown
Fig. 3(a) for the Fe–Cr mixed dumbbell demonstrate a crucial role
played by magnetic contribution to the binding energy of SIA-
impurity interaction. The spin density maps for carbon impurity
show a very small magnetic moment (�0.08lB) for both interstitial
and octahedral site and in these cases the positive binding energies
found from DFT calculations can be understood from the strain
field theory arguments. The latter case (with carbon impurity)
gives a consistent result with our previous study on mixed dumb-
bells between Fe and P, S, Si and Al [15] where the size effect plays
a dominant role.

5. Environmentally magnetic dependence of vacancy migration
barrier

One of very challenging problems for modelling the precipita-
tion kinetics in concentrated alloys at a microscopic scale is the
dependence of saddle point energies of defect migration on the lo-
cal atomic configurations. For ferritic/martensitic steels in general
and for the Fe–Cr binary system in particular, this environmental



Fig. 5. Spin density maps calculated for saddle point configuration of exchange vacancy-Cr migration within different environments: with 6Fe atoms (right) and with
3Cr + 3Fe atoms (left).
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dependence is again correlated with magnetic moment distribu-
tion in these configurations. In the bcc lattice, there are six nearest
neighbours of the saddle point position for a point defect [20].
Fig. 5 shows the spin density maps calculated for two saddle point
energy configurations obtained by nudge elastic band method
implemented in the VASP code for the jumping Cr atom and
mono-vacancy in bcc-Fe. The left hand side configuration contain-
ing 3Cr and 3Fe atoms among the nearest neighbours has the high-
est vacancy migration barrier of 0.89 eV whereas the right hand
side one with 6Cr atoms in its environment has the lowest saddle
point binding energy of 0.56 eV [2]. For the first configuration, the
calculated magnetic moments on 3Cr atoms are �1.27lB whereas
for the latter one, the magnetic moments on 6Cr atoms are de-
creased to �0.76lB. The different magnetic behaviour of these
two configurations can be seen clearly in Fig. 5 that shows the scale
of magnetic moments. We find that lower anti-ferromagnetic mo-
ment configuration of environmental Cr atoms corresponds to
smaller migration barrier for an exchange between vacancy and
chromium. Note that in the solid solution limit the migration bar-
riers of the Fe atoms are usually higher than those of Cr atoms [2].

6. Summary

We have demonstrated in this paper that the anomalous ther-
modynamic and defect properties in concentrated Fe–Cr binary al-
loys are strongly correlated with magnetic properties obtained
from the first-principle spin density map calculations. We have
illustrated this correction for the case of ordered Fe15Cr phase
where there is a consistent result of negative enthalpy of mixing
between various investigations: DFT, cluster expansion in combi-
nation with exchange Monte Carlo and the present TBSM approach.
We show that the mixed dumbbell h110i Fe–Cr has a positive
binding energy and its origin can be explained by anti-ferromag-
netic alignment of Cr at the SIA configuration. Furthermore, the
same behaviour is also found for the mixed dumbbell Fe–Mn
where the strain field argument from classical elastic theory fails,
whereas in the case of Fe–C impurity interaction the size effect is
dominant because of negligible magnetic effect on the carbon
atoms. Finally, it is shown that the magnetic interaction plays an
important role in understanding the environmental dependence of
vacancy-Cr exchange migration barrier that is crucial for investi-
gating the precipitation kinetics in Fe–Cr alloys.
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