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Predictive performance models of ferritic/martensitic alloys in fusion neutron irradiation environments
require knowledge of point defect interactions with Cr, which can be investigated by a multiscale mod-
eling approach. Molecular dynamics simulations, using Finnis–Sinclair-type potentials, have been used to
investigate the interstitial diffusion and reveal that the extremes of attractive and repulsive binding
between Cr and interstitials change the characteristics of interstitial migration and the Cr-to-Fe diffusiv-
ity ratio. Ab-initio calculations have been performed to determine the vacancy–Cr interactions, and these
calculations reveal complex electronic and magnetic interactions between Cr and Fe. The ab-initio values
have been used to calculate the Cr-to-Fe diffusivity ratio by a vacancy mechanism using the LeClaire
multi-frequency model and a kinetic lattice Monte Carlo model, both of which indicate that Cr diffuses
faster than Fe. The modeling results are discussed in the context of the radiation-induced segregation
of Cr at grain boundaries in BCC Fe–Cr alloys.

� 2009 Published by Elsevier B.V.
1. Introduction

Fe–Cr alloys are candidate first wall and breeder blanket mate-
rials for future Fusion reactors, in addition to candidate fuel clad-
ding, pressure vessel and structural materials for Generation IV
reactors [1]. Fundamental understanding of microstructural evolu-
tion in these alloys under conditions of fission and fusion neutron
irradiation is important, since microstructural changes control
mechanical behavior and ultimately, performance.

The observed microstructural evolution of irradiated Fe–Cr al-
loys include a number of observations that indicate the importance
of Cr–point defect interactions, including the non-monotonic
dependence of Cr content on irradiation-induced swelling [2,3],
complex shifts in the stage I defect recovery processes [4] and
short-range ordering at low (<10%) Cr concentrations [5]. Further-
more, there is an indication that Cr segregation behavior under
irradiation is more complex than in irradiated austenitic FCC al-
loys, where Cr depletes at grain boundaries [1,6]. As indicated in
Fig. 1, the observed radiation-induced segregation behavior of Cr
in ferritic/martensitic Fe–Cr-based alloys and steels involves both
enrichment and depletion at grain boundaries, with no clear trend
as a function of dose, temperature or Cr content [6]. Enrichment of
Cr at grain boundaries can lead to precipitation of secondary phase
particles, and negatively affect the mechanical behavior and frac-
ture toughness [1]. Although Cr has been shown to have minimal
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effect on point defect creation in displacement cascades [7,8], the
subsequent diffusion of point defects and their interactions with
solutes, impurities, and transmutants ultimately dictates the
microstructural evolution and changes in mechanical properties
[9–14].

The objective of the present paper is to investigate the interac-
tion of Cr with point defects in BCC Fe–Cr alloys within a hierarchi-
cal multiscale framework and to evaluate the diffusivity of Cr and
Fe by vacancy and interstitial migration mechanisms. The model-
ing results will be discussed within the context of the segregation
behavior of Cr at grain boundaries.

2. Methodology

Ab-initio calculations have been performed using the Vienna ab-
initio simulation package (VASP) [15–17]. The Fe and Cr pseudo-
potentials were taken from the VASP database, within the projector
augmented wave (PAW) approach and with plane wave cutoff
energies of 334.9 eV for Fe, 283.9 for Cr, and 334.9 eV for the Fe–
Cr alloys. The generalized gradient approximation (GGA) is used
to describe the exchange correlation functional [18], and the
Monkhorst and Pack scheme is used for Brillouin-zone (BZ) sam-
pling [19]. All calculations have simultaneously relaxed the atomic
position and the supercell volume (and shape) using the standard
conjugate gradient algorithm. The nudged elastic band method
[20] is used to determine the migration energies of vacancy
exchange with Cr and Fe, as a function of the relative position of
the vacancy and Cr atom.
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Fig. 2. The ratio of Cr to Fe diffusivity by an interstitial mechanism obtained from
MD simulations in a Fe–10%Cr alloy using different interatomic potentials. The
diffusivity ratio has been evaluated for single-, di- and tri-interstitials.

Fig. 1. Summary of experimental data compiled by Faulkner [6] on the radiation-
induced segregation in ferritic/martensitic alloys as a function of dose, temperature,
Cr content and irradiating particle (n = neutron, p = proton, e = electron).
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Molecular dynamics (MD) simulations of interstitial diffusion in
the Fe–Cr alloys have been performed using the semi-empirical,
Finnis–Sinclair-type potentials recently fit by Shim et al. [8], which
exhibit contrasting Cr interaction fields. The Fe–Cr I potential pre-
dicts that Cr is oversized relative to Fe with a compressive strain
field and that the binding energy of Cr mixed interstitial dumbbells
is negative. The Fe–Cr II potential predicts that undersized Cr with
a tensile strain field and positive binding energies for mixed dumb-
bells [8,21].

Kinetic lattice Monte Carlo (KLMC) simulations were performed
in a periodic simulation cell of 60 � 60 � 60 unit cells containing a
single vacancy and single Cr atom. This corresponds to the dilute
limit with 2.3 atomic parts per million Cr in BCC Fe to evaluate
the Cr and Fe diffusivities by a vacancy mechanism. The migration
energies obtained from ab-initio calculations (3 � 3 � 3 unit cells,
Table 1) were used to define the vacancy exchange probabilities
when the vacancy was in the vicinity of a Cr atom, and the specific
vacancy–Fe atom exchange was selected at random when not near
a Cr atom.

3. Results and discussion

3.1. Fe and Cr diffusivity by an interstitial migration mechanism

Wong et al. have previously shown that using either the Fe–Cr I
or Fe–Cr II potential, the effect of Cr solute atoms is to decrease the
diffusivity of single interstitials and small clusters of interstitials
Table 1
Migration energy barrier (eV) corresponding to the vacancy–atom exchanges for a vacancy

x0 x2 x3 x4 x

(2 � 2 � 2) 0.61 0.56 0.68 0.57 0
(3 � 3 � 3) 0.66 0.52 0.66 0.62 0
[21]. Terentyev and Malerba have obtained similar results [22].
The addition of oversized Cr causes the interstitial dumbbells to ro-
tate more frequently to avoid mixed dumbbell formation; in con-
trast, the positive binding of mixed dumbbells traps interstitials
at the undersized Cr and hinders long translational jumps. Here,
we have extended the previous work by calculating the ratio of
Cr-to-Fe diffusivity by an interstitial mechanism. Fig. 2 plots the ra-
tio of the Cr and Fe diffusivities in a Fe–10%Cr alloy obtained with a
single, di- and tri-interstitial for the Fe–Cr I and Fe–Cr II potentials.
The results are consistent with the binding energies, namely that
the Fe–Cr I potential predicts that Cr is a slower diffuser than Fe
when Cr is oversized (repulsive interaction with the interstitial).
In contrast, when Cr is undersized/attractive in FeCr II, Cr diffuses
faster than Fe by 10–30%, as a consequence of mixed dumbbell for-
mation and Cr–interstitial dumbbell binding energy. The Fe–Cr II
potential is consistent with the size effects and interstitial binding
energies for Cr atoms in BCC Fe–Cr alloys predicted by ab-initio cal-
culations [23], and thus the preliminary conclusion of these MD
simulations is that Cr diffuses faster than Fe by an interstitial
mechanism. Faster diffusivity of Cr by an interstitial mechanism
is consistent with an inverse Kirkendall-based model [13] of Cr
dragging by interstitials, which would produce Cr enrichment at
the dominant interstitial sinks in the microstructure. However,
quantifying the predicted levels of Cr enrichment will require more
precise values of the Cr and Fe diffusivities by interstitial and inter-
stitial cluster mechanisms, including the use of more recent poten-
tials developed for Fe [24] in addition to determining the
partitioning of interstitial-type defect fluxes to dislocation and
grain boundary sinks.

3.2. Vacancy–Cr interactions in BCC Fe–Cr alloys

The VASP ab-initio calculations predict a reference state of pure
Fe that is ferromagnetic BCC with a lattice parameter of 0.283 nm
and a magnetic moment of 2.19lB, while the Cr ground state is an
anti-ferromagnetic BCC structure with a lattice parameter of
0.285 nm and a magnetic moment of ±1.09lB, which are consistent
in proximity to a Cr solute atom in the BCC lattice, following LeClaire’s definition [27].

0
3 x04 x003 x004 x5 x6

.65 0.55 0.47 0.63

.65 0.59 0.60 0.57 0.74 0.69



Fig. 3. The ratio of Cr to Fe diffusivity by a vacancy mechanism, as calculated based
on ab-initio simulations of the vacancy–atom exchange energies implemented into
the multiple frequency LeClaire model [27,28] in the dilute limit (solid line), as
compared to KLMC simulations (data points). As well as, the effect of solute
enhancement of Fe self-diffusion in the LeClaire model in an Fe–10%Cr alloy is
shown with the dotted line.
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with both experimental observations [25] and previous ab-initio
calculations by Olsson [23,26]. In the Fe–Cr alloys, the magnetic
moment and atomic size of the Cr atoms depend strongly on the
alloy Cr content. At Cr concentrations below 16.7%, Cr is strongly
anti-ferromagnetic, and the excess atomic volume of the system
is positive for Cr concentrations up to 25%, suggesting that Cr is
oversized in Fe matrix. However, careful examination of the 1st
NN Fe atoms indicates relaxation toward the Cr atom, indicating
that Cr is undersized. This apparent difference in the observed Cr
atomic volume can be rationalized by comparing with the relaxa-
tion near a vacancy, in which oscillating expansion and contraction
of NN shells occurs. In this case, the total relaxation over all NN
shells produces an increase in the system volume even for an
undersized species. Thus, our calculations indicate that Cr is an
undersized solute with a surrounding tensile field and therefore
should not be expected to bind with a vacancy. However, the fur-
ther ab-initio results show that the binding energy of a vacancy and
a first NN Cr atom is about 0.05 eV, which is likely caused by elec-
tronic and magnetic interactions. For example, when Cr is paired
with a vacancy in a Fe–1.8%Cr alloy, the magnetic moment on
the Cr decreases from �1.88 to �2.12lB, while the magnetic mo-
ment on the 1st NN Fe atoms increases from 2.2 to 2.4lB.

The activation energy from our VASP calculations for vacancy
exchange with Fe in pure BCC Fe is 0.66 eV, whereas it is 0.52 eV
for the direct exchange with a Cr atom in a Fe–1.9%Cr alloy. This
suggests a faster diffusivity for Cr relative to Fe due to both vacancy
binding and preferential vacancy exchange. However, since solute
diffusion in BCC alloys is controlled by more than just the direct va-
cancy exchange, we have followed the multi-frequency models
developed by LeClaire [27,28] to calculate the activation energies
of vacancy–atom exchanges for a vacancy in close proximity to
Cr. The resulting vacancy migration energies are presented in Table
1 for simulation cells containing 2 � 2 � 2 (Fe–6%Cr) and 3 � 3 � 3
(Fe–1.9%Cr) unit cells.

3.3. Self-diffusivity of Fe and Cr from vacancy migration

The self-diffusivity of Fe in BCC Fe was calculated using the
LeClaire model [27,28], based on the values presented in Table 1
and values for the vacancy formation and migration energy
(Ev,m = 0.65 eV, Ev,f = 2.18 eV) obtained from ab-initio calculations.
This results in a predicted diffusivity given by Eq. (1),

DFe
BCC�Fe ¼ 2:051 � 10�5 � exp �2:84

kBT

� �
½m2=sec�: ð1Þ

This value for the Fe self-diffusivity is consistent with the range of
values previously obtained by Becquart and Domain [29,30].

Similarly, the Cr diffusivity has been calculated from the LeC-
laire model [27,28] using the values presented in Table 1. For this
calculation, it is assumed that the various jump frequencies are
determined by the activation free energies with an invariant pre-
exponential factor (mo), given the similar atomic size and mass of
Cr and Fe, although there may be effects of Cr on the vacancy
migration entropy and the vibrational density of states at the sad-
dle point that are not included in this assumption. Thus, in the di-
lute limit, the Cr diffusion coefficient is:

DCr
BCC�Fe ¼ a2w2f2

w04
w03

ceq
v ; ð2Þ

where

f2 ¼
1þ t1

1� t1
;

t1 ¼ �
w2

w2 þ 3w3 þ 3w03 þw003 �
w3w4

w4þFw5
� 2w03w04

w04þ3Fw0
� w003w004

w004þ7Fw0

; ð3Þ
and F = 0.512. For concentrated alloys, the Fe self-diffusivity will be
modified by the presence of Cr atoms, which has been determined
[27,28] to follow:

DFe
BCC�FeðcCrÞ ¼ DFe

BCC�FeðcCr ¼ 0Þð1þ bcCrÞ; ð4Þ

where b is a solute enhancement factor. Assuming the effect of the
solute is not sufficiently strong to alter the solvent correlation factor
f appreciably from the value f0 in pure solvent,

b ¼ �20þ 1
w0

�
ð3w03 þw00 þ 3w3Þ

w04
w03
þ ð3w4 þ 3w5Þ

w6

w5

þ 3w04 þw004 þ 3w6

�
: ð5Þ

From the above equations, the ratio between the Cr and Fe diffusiv-
ity is obtained as:

DCr
BCC�Fe

DFe
BCC�FeðcCrÞ

¼ w2

w0

f2

f0

w04
w03

1
ð1þ bcCrÞ

: ð6Þ

The ratio between Cr and Fe diffusivities in BCC Fe–Cr alloys
obtained from Eq. (6) are plotted in Fig. 3 as a function of temper-
ature. The results predict that Cr is a much faster diffuser than Fe,
both in the dilute limit (solid line) and when including the solute
enhancement of solvent diffusion in a concentrated Fe–10%Cr al-
loy (dashed line). KLMC simulations have also been performed
to evaluate the ratio of Cr to Fe diffusivity. In these simulations,
the values of vacancy jump migration energies modified when
near a Cr solute atom presented in Table 1 have been used to
determine the specific vacancy–atom exchanges, assuming an
invariant jump frequency pre-factor. The KLMC simulation results,
plotted as filled symbols in Fig. 3, predict that Cr diffuses much
faster than Fe and in fact, with much larger ratios than predicted
by the LeClaire model but with a similar temperature dependence
as the dilute limit LeClaire model prediction. The clear conclusion
from this analysis is that Cr will diffuse faster (�2–150 times lar-
ger) than Fe by a vacancy mechanism, and that it appears that the
relative ratio of Cr to Fe is much larger for a vacancy than an
interstitial mediated diffusion mechanism. Within an inverse Kir-
kendall model of radiation-induced segregation [13], the faster
diffusivity of Cr by a vacancy mechanism would produce Cr at
grain boundaries.
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4. Conclusions

A hierarchical multiscale modeling approach has been used to
evaluate Cr interactions with point defect clusters in BCC Fe–Cr al-
loys. Ab-initio calculations of vacancy–Cr binding energy and the
activation energy for vacancy–atom exchanges in the proximity
of Cr have been used to calculate the diffusivities of Fe and Cr by
a vacancy mechanism in the LeClaire multiple frequency model
and kinetic lattice Monte Carlo simulations. This analysis leads to
the conclusion that Cr diffuses much faster (�2–150 times larger)
than Fe by a vacancy mechanism. The relative diffusivity of Cr to Fe
by an interstitial mechanism has been investigated using molecu-
lar dynamics simulations, with two different Fe–Cr potentials that
predict either an attractive or a repulsive interaction between Cr
and the interstitial defects. The potential predicting an attractive
interaction of Cr with interstitials (Fe–Cr II) is more consistent with
ab-initio predictions, and for this case, the Cr diffusivity by an inter-
stitial mechanism is between 10% and 30% larger than Fe diffusiv-
ity. Thus, it seems apparent that either Cr enrichment or depletion
at grain boundaries could be expected under irradiation, depend-
ing on the relative fluxes of interstitial versus vacancy defects. Fu-
ture efforts will focus on developing atomic-scale models of Cr
transport based on vacancy and interstitial-type diffusion mecha-
nisms and on evaluating the relative point defect fluxes to various
microstructural sinks to better understand the apparently contra-
dictory experimental observations of Cr segregation in irradiated
ferritic/martensitic alloys.
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