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Molecular dynamics simulation of primary irradiation
defect formation in Fe–10%Cr alloy
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Abstract

Molecular dynamics simulations of displacement cascades in Fe and Fe–10%Cr have been performed for primary
knock-on energies from 1 to 20 keV using two different Finnis–Sinclair style interatomic potentials. The different potentials
were fit to describe the extremes of positive (attractive) and negative (repulsive) binding between substitutional Cr atoms
and Fe self-interstitial atoms. As expected, the effect of Cr on the collisional stage of cascade evolution and on the number
of point defects and point defect clusters produced is quite minimal. However, the quantity of mixed Fe–Cr dumbbells
produced is sensitive to the choice of potential.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

High Cr ferritic/martensitic steels are candidates
for first-wall and breeding-blanket structural mate-
rials in future fusion reactor systems. Therefore,
fundamental understanding of microstructural
evolution under conditions of fusion neutron irradi-
ation is important, since microstructural changes
will control mechanical behavior and performance.
The modeling of primary defect formation by dis-
placement cascades is a natural starting point in
predicting neutron irradiation damage. Molecular
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dynamics (MD) simulations based on reliable
semi-empirical many-body interatomic potentials
have long been recognized as the most appropriate
tool for the study of displacement cascades. To date
many investigations have performed MD cascade
simulations in pure Fe using a variety of interatomic
potentials [1–4]. Cascade simulations in Fe alloys
have been not been extensively studied, because
reliable interatomic potentials for Fe alloys are
limited.

However, specifically considering the Fe–Cr
system, a couple of displacement cascade simulation
studies have been performed very recently [5,6].
Malerba et al. [5] performed MD cascade simula-
tions of pure Fe and Fe–10%Cr with primary
knock-on atom (PKA) kinetic energies, Ep, of up
to 15 keV using embedded atom method (EAM)
potentials [7]. Malerba and co-authors used the Cr
potential from the work of Farkas et al. [8], while
.
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the Fe and Fe–Cr cross potentials were fit to avail-
able physical properties. Their results show that Cr
atoms do not have a significant influence on the col-
lision stage of cascades and the number of surviving
defects. But, they did observe that mixed Fe–Cr
dumbbells form preferentially in the Fe–10%Cr
alloys. However, the Fe potential used in that work
predicts incorrect stability of the self-interstitial
atom in Fe, with the h111i dumbbell more stable
than the h11 0i dumbbell [9], in disagreement with
experimental observations [10], recent ab initio cal-
culations [11,12] and most semi-empirical potentials
[13–15].

Meanwhile, Wallenius et al. [6] recently fit
embedded atom method (EAM)-style Fe–Cr poten-
tials to various physical properties of pure Fe, pure
Cr and Fe–Cr alloys. Wallenius and co-workers
simulated displacement cascades of pure Fe, Fe–
5%Cr and Fe–20%Cr with Ep up to 20 keV. Though
the potentials of Wallenius et al. [6] are evidently
improved and correctly predict the h1 10i dumbbell
as the stable configuration in Fe, the calculated
formation energy of the h110i- and h11 1i-oriented
self-interstitial atoms (dumbbells) is more than twice
as large as the recent ab initio calculations [11,12]
and the experimental data [16]. Evidently, the large
formation energy of self-interstitials was responsible
for the much smaller number of surviving defects in
their displacement cascade simulations [6], com-
pared to other simulation results [1–5].

The purpose of this study is to construct an alter-
nate set of Fe–Cr potentials, that predict the correct
relative stability of self-interstitials with more
appropriate formation energies; and to elucidate
the effect of Cr atoms on primary irradiation defect
formation in an Fe–10%Cr alloy by performing MD
simulations of displacement cascades. Section 2
describes the fitting procedure used to develop the
interatomic potentials. Section 3 presents a discus-
sion of the cascade simulation results in pure Fe
and an Fe–10%Cr alloy for PKA energies from 1
to 20 keV, and for two different parameterizations
of the Fe–Cr potential which give opposite interac-
tions between Cr and self-interstitial atoms. The
results are summarized in Section 4.
2. Interatomic potentials and simulation methods

The Finnis–Sinclair potential formalism [17],
which provides a similar framework to the EAM,
was chosen to construct the Fe–Cr potentials. In
the framework of the Finnis–Sinclair approach,
the total energy of the system of n atom is given by

Etot ¼
1

2

Xn

i 6¼j

V ijðRijÞ �
Xn

i

Xn

j

/ijðRijÞ
( )1=2

; ð1Þ

where Vij and /ij are the pairwise repulsive and
the many-body cohesive interactions, respectively,
between atoms i and j separated by a distance Rij.

The potentials for the pure elements were taken
from the literature [14,17], using the potentials fit
by Ackland et al. [14] for Fe and by Finnis and
Sinclair [17] for Cr. For cascade simulations, it is
important to validate a potential at short atomic
separations as well as near the equilibrium lattice
spacings. For instance, it is known that the Fe
potential developed by Finnis and Sinclair [17] is
too ‘soft’ at short atomic separations and therefore
not well suited for MD simulations of high-energy
cascades. Calder and Bacon [1] modified this poten-
tial to make it ‘stiffer’ in their cascade simulations.
Fortunately, the Finnis–Sinclair type Fe potential
proposed later by Ackland et al. [14] already
includes such a modification at short atomic separa-
tions and is appropriate for cascade simulations.
The Ackland Fe potential [14] also correctly pre-
dicts the stability and defect formation energy of
self-interstitial atoms, although more recent ab initio
calculations [12] and Finnis–Sinclair type Fe poten-
tial by Mendelev et al. [15] predict a larger energy
difference between SIAs in the form of h110i and
h111i-oriented split dumbbells and a change in
the SIA migration mechanism. Fig. 1 plots the
volume–energy curve of the Finnis–Sinclair Cr
potential [17] and shows reasonably good agreement
with the universal equation of state [18].

To construct the Fe–Cr cross potential, the two
terms VFeCr and /FeCr need to be determined. The
method proposed by Konishi et al. [19] was adopted
from the various cross potential schemes. According
to this approach, the two terms are given by

/FeCr ¼ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/FeFe/CrCr

p
; ð2Þ

V FeCr ¼
b
2

/FeCr

/FeFe

V FeFe þ
/FeCr

/CrCr

V CrCr

� �
; ð3Þ

where a and b are adjustable fitting parameters.
In this study, a and b were fit to experimental

data including the enthalpy of mixing and the vari-
ation of lattice constants in Fe–Cr alloys as a func-
tion of Cr content. The fitted parameters are given
in Table 1. The first attempt involved fitting only



0.2 0.4 0.6 0.8 1.0 1.2 1.4

-10

-5

0

5

10

15

20

25

P
ot

en
tia

l e
ne

rg
y 

(e
V

)

Normalized volume (Ω/Ω
0
)

 Finnis and Sinclair [17]

 Universal equation of state [18]

Fig. 1. Calculated potential energy of Cr versus atomic volume,
as calculated using the Finnis–Sinclair Cr potential [17] and
compared to the universal equation of state [18].

Table 1
Parameters for the Fe–Cr potential fitted in this study

a b

FeCr I 1.00 1.25
FeCr II 0.94 0.90

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

 FeCr I

 FeCr II

 CALPHAD (Paramagnetic) [21]

 CALPHAD (Ferromagnetic) [21]

H
ea

t o
f m

ix
in

g 
(J

/m
ol

)

XCr

Fig. 2. Heat of mixing in Fe–Cr bcc alloys calculated by the
present Fe–Cr potentials, and compared to the calculations from
CALPHAD for both ferromagnetic and paramagnetic Fe–Cr
alloys.
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Fig. 3. Calculated lattice constants in Fe–Cr bcc alloys by the
present Fe–Cr potentials in comparison with the experimental
data.
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b, with a fixed equal to 1, which is equivalent to the
original approach proposed by Ackland and Vitek
[20] for fitting alloy potentials within the Finnis–
Sinclair framework. This potential will be referred
to throughout the paper as FeCr I. Fig. 2 shows
the heat of mixing predicted by the FeCr I potential,
in addition to the values calculated by the CALP-
HAD approach [21] for both paramagnetic and
ferromagnetic alloys, which are derived from exper-
imental data [22]. The FeCr I potential is in very
good agreement with the calculated mixing enthal-
pies for paramagnetic alloys for all Cr concentra-
tions and is also in excellent agreement with the
calculated mixing enthalpy of ferromagnetic alloys
in the Fe-rich region (XCr < �0.4). Fig. 3 shows a
comparison of the lattice parameter calculated from
the FeCr I potential for pure Fe and four different
Fe–Cr alloys with three different sets of experimen-
tal data (shown as trend-lines) [23–25]. The experi-
mental data shows considerable scatter with
increasing Cr concentration, but the predictions of
the FeCr I potential are in very good agreement
with the data of Pearson [25]. The binding energies
of Cr atoms with vacancy and interstitial point
defects are presented in Table 2, in addition to the
value of the h110i-oriented Fe–Cr mixed dumbbell
published by Wallenius et al. [6] and ab initio calcu-
lations by Domain [26]. The binding energies of Fe–
Cr h110i and h111i mixed dumbbells with respect



Table 2
Calculated binding energies of Cr-vacancy, Cr–Cr and Cr-dumbbells in bcc Fe relative to well-separated Cr and point defects

F–S FeCr I F–S FeCr II EAM,
Wallenius [6]

Ab initio,
Domain [26]

Cr–V 1NN 0.04 �0.002 – –
Cr–V 2NN �0.04 �0.01 – –
Cr–Cr 1NN 0.07 0.03 – –
Cr–Cr 2NN 0.0004 0.03 – –
h110iIFeCr �0.40 0.10 0.27 0
h111iIFeCr �0.25 0.20 – 0.3
h110iIFeFe–Cr (parallel) �0.16 0.06 – –
h110iIFeFe–Cr (perpendicular) 0.02 �0.007 – –

All energies are given in eV.

Table 3
Change in first nearest neighbor distance around a substitutional
Cr atom in bcc Fe

Change (%)

FeCr I +0.53
FeCr II �0.32
Ab initio (SeqQuest) �0.29
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to a well-separated Cr atom and SIA are �0.40 and
�0.25 eV, respectively and the negative values mean
that these dumbbells are not energetically stable
compared to the Fe SIA. However, this is opposite
to a recent ab initio calculation which predicts a
zero binding energy for the h110i and a positive
binding energy of 0.3 eV for the h11 1i-oriented
mixed dumbbells [26]. As well, the Fe–Cr potential
of Wallenius et al. [6] predicts a relatively large
positive binding energy of 0.27 eV for the h110i-ori-
ented mixed dumbbell.

Thus, it was decided to make another Fe–Cr
potential that would predict a positive binding
energy for the mixed interstitial dumbbell configura-
tions by fitting both a and b simultaneously. This
potential was named FeCr II. The FeCr II potential
does predict positive binding energies for the mixed
dumbbells, as described in Table 2, in addition to
providing very good agreement with the enthalpy
of mixing and reasonable agreement with the lattice
parameter of Fe–Cr alloys as a function of Cr
content, as shown in Figs. 2 and 3. As a first attempt
to validate these two potentials and to determine
which is most appropriate for simulating Cr-point
defect interactions and defect production by dis-
placement cascades in Fe–Cr alloys, an ab initio cal-
culation was carried out using the SeqQuest code
[27]. The SeqQuest performs the density functional
theory (DFT) calculations using norm-conserving
pseudopotentials and Gaussian basis sets in a linear
combination of atomic orbitals (LCAO) approach.
For the present calculations, the Perdew–Burke–
Ernzerhof [28] generalized gradient approximation
(PBE-GGA) with spin-polarized scheme is used.
This ab initio calculation involved placing a single
substitutional Cr atom in a bcc Fe matrix consisting
of 54 atoms. Although Cr is expected to be a slightly
oversized atom compared to Fe, the SeqQuest cal-
culation predicts that the first nearest neighbor Fe
atoms constrict toward the Cr atom by 0.3%. This
is in better agreement with the prediction of the
FeCr II potential, as shown in Table 3 and may
be closely related with the recent ab initio calcula-
tion by Domain that predicts the formation of ener-
getically stable mixed Fe–Cr dumbbells in Fe [26].
However, the energetic stability of the mixed dumb-
bells is not well understood at this time, especially
considering that Cr is slightly oversized and elasti-
cally stiffer than Fe [17]. It is possible that this
behavior is caused by complex electronic or mag-
netic interactions between Fe and Cr in Fe-rich
regions, but complete understanding will require
further electronic structure calculations. At this
time, we note only that the FeCr II potential is in
reasonably good agreement with available experi-
mental information and the recent ab initio calcula-
tions, and we compare the point defect production
behavior predicted by the two different potentials
in an Fe–10%Cr alloy for displacement cascades ini-
tiated by primary knock-on atoms with kinetic
energy from 1 to 20 keV.

The two Fe–Cr potentials that have been devel-
oped were implemented in the MDCASK code
[29] and MD simulations were performed using a
constant pressure periodic boundary condition
based on the Parrinello–Rahman method [30]. The
computational cell is composed of 60 · 60 · 60 bcc
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unit cells (432000 atoms). The cell was thermally
equilibrated at 673 K for 30 ps prior to performing
the cascade simulations. The cascades were initiated
by giving a PKA kinetic energy, Ep, ranging from 1
to 20 keV along h135i directions in pure Fe and Fe–
10%Cr alloys. The MD simulations continued for
40 ps without temperature rescaling after starting
cascades. In order to obtain statistically meaningful
results, 5–10 MD runs were carried out at each
kinetic energy by changing the specific PKA direc-
tion. The Wigner–Seitz cell method was adopted
to analyze the number and distribution of produced
defects. Second nearest neighbor (NN) and third
NN criterion were used to define vacancy and inter-
stitial atom clusters, respectively.

3. Results and discussion

Fig. 4 plots the variation in the average number
of Frenkel pairs with time during a 20 keV displace-
ment cascade in pure Fe and in an Fe–10%Cr alloy,
with the FeCr I and FeCr II potentials. Very similar
behavior is observed, independent of the Cr content
(similar for pure Fe and Fe–10%Cr) or the inter-
atomic potential used to describe the Fe–Cr interac-
tion (FeCr I and FeCr II). The number of Frenkel
pairs initially increases rapidly until reaching a peak
about 0.5 ps after initiation of the cascade. The
number of Frenkel pairs at the peak of this colli-
sional stage is between 800 and 900. Subsequently,
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Fig. 4. Number of Frenkel pairs versus time during 20 keV
cascade.
the number of Frenkel pairs decreases rapidly due
to interstitial-vacancy recombination and then
slowly decreases for times greater than about 6 ps.
These results indicate that Cr atoms in Fe do not
have a significant effect on the number of primary
irradiation defects forming during cascades, as
expected from other works [5,6].

The average number of Frenkel pairs surviving
after 40 ps is plotted in Fig. 5 as a function of Ep.
The variation of defect production with PKA
energy is well described by the power law fit
proposed by Bacon et al. [31] for pure Fe, and
indeed, a similar power law exponent of 0.8 ± 0.02
is observed, although a slightly smaller prefactor
of 3.5 versus 5.7 is obtained in this study. The defect
production efficiency is presented in Fig. 6 by divid-
ing the number of surviving Frenkel pairs into the
displacement predicted by the Norgett–Robinson–
Torrens (NRT) model [32]. According to the NRT
model, the number of Frenkel pairs produced by a
PKA of kinetic energy Ep is defined as 0.8Ep/2Ed,
where Ed is the average threshold displacement
energy an the recommended value of Ed = 40 eV
for bcc Fe is used [2]. Although there are relatively
large statistical uncertainties at low energies, the
overall trend in the defect production efficiency is
to slowly decrease as Ep increases, as is observed
in other studies [5]. The efficiency at 20 keV is about
0.22, which is slightly lower than the previous works
for pure Fe [2] and Fe–10%Cr [5].
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Fig. 7. Typical defect distributions at 40 ps after 20 keV cas-
cades. The empty, gray and black circles represent vacancies, Fe
SIAs and Cr SIAs, respectively.
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Fig. 7 shows the typical defect distribution for
pure Fe and Fe–10%Cr at a time of 40 ps after the
20 keV cascades. No significant difference in the
defect distribution between pure Fe and the Fe–
10%Cr alloy is found. While most vacancies are
isolated, many of the interstitial atoms form clusters
containing two or more interstitials. Very large clus-
ters containing more than 10 interstitials are found
in all cases. FeCr I and FeCr II exhibit an opposite
feature with respect to the chemistry around the
defects, as is expected from the Cr-interstitial bind-
ing energies (Table 2). Many Fe–Cr mixed and even
Cr–Cr dumbbells are produced using the FeCr II
potential, whereas mixed dumbbells are not
observed in the FeCr I potential, as expected from
the negative Cr–SIA binding energy, and most
dumbbells are Fe–Fe. However, Cr atoms are often
found in very large SIA clusters, even using the FeCr
I potential, which is different than the behavior of
single interstitials. Fig. 8 plots the average number
of Fe–Fe, Fe–Cr and Cr–Cr interstitial dumbbells
as a function of PKA energy. As expected, the frac-
tion of mixed dumbbells, and even Cr–Cr dumbbells
is much larger for the FeCr II than the FeCr I poten-
tials. Further, the fraction of mixed dumbbells
observed in cascades using the FeCr II potential
are substantially greater than the number expected
based on the probability of finding a Cr atom as part
of an interstitial dumbbell in a randomly distributed
10% Cr alloy, which would be 0.2.
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The vacancy and SIA cluster size distributions at
a PKA energy of 20 keV are presented in Fig. 9.
Consistent with previous MD cascade simulations
in pure Fe [4], most of the vacancies are isolated,
but those in clusters primarily contain only 2 or 3
vacancies. As shown in Fig. 9(a), the number of
di-vacancy clusters in the Fe–10%Cr alloy is larger
than observed in pure Fe for both FeCr I and FeCr
II. For interstitial clusters, a much wider cluster size
distribution is obtained, although it is still peaked at
a cluster size of 2. The agreement between pure Fe
and the Fe–10%Cr alloy is much better for the inter-
stitial size distribution than for the vacancy cluster
size distribution, although the underlying reason
for the difference is not clear. Fig. 10 shows the
average fraction of vacancies and interstitials in
clusters (shown in percent) as a function of Ep. A
very large scatter exists in the obtained simulation
results, especially for the lower PKA energies. While
there is no clear trend in the fraction of vacancy
clusters with PKA energy, the range of values of
from 5% to 25% agree well with the values obtained
by Becquart et al. [4] in Fe–Cu alloys. The fraction
of interstitials in clusters increases with increasing
Ep until reaching an apparent saturation of about
65% for PKA energies above about 5 keV. This
tendency is in agreement with the behavior observed
in pure Fe cascade simulations by Stoller et al. [2]
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using the original Finnis–Sinclair Fe potential.
However, the fraction of interstitials in clusters
obtained in this work is slightly larger compared
to the more recent Fe–Cr cascades simulations of
Malerba et al. [5].

The results of this study indicate that Cr atoms in
an Fe–10%Cr alloy do not have a significant effect
on either the number of defects formed or on the
number of point defect clusters produced during
displacement cascades with PKA energies from 1
to 20 keV. This is consistent with the results of other
cascade simulation studies in pure Fe and Fe alloys
[5,6]. However, the subsequent microstructural evo-
lution during the long-time annealing or aging evo-
lution of the cascades [33,34] is much more likely to
be influenced by the Cr atoms, since Cr and other
solutes can have a much stronger effect on defect
mobility, particularly for interstitial atoms and
interstitial clusters. Recent MD simulations in Fe–
Cr [9] and Fe–Cu [35] alloys have shown changes
in the (self-) interstitial atom diffusivity by the pres-
ence of solute atoms. In addition, recent experimen-
tal observations indicate that Cr can retard the one-
dimensional motion of interstitial dislocation loops
in Fe [36]. It is generally believed that the binding
energy between self-interstitial and solute atoms will
be the main factor controlling changes in the SIA
diffusivity. The two interatomic Fe–Cr potentials
proposed in this study show opposite binding inter-
actions for Fe–Cr mixed dumbbells and can provide
insight into the effects of solute atoms with different
binding energies on interstitial and interstitial atom
diffusivity. At the present time, it is difficult to deter-
mine whether the FeCr I or FeCr II potential is
most appropriate for simulations of point defect
and in particular, interstitial, mobility in Fe–Cr
alloys, although the recent ab initio calculations
support FeCr II. Additional ab initio calculations,
as well as experimental investigations into the stabil-
ity and mobility of interstitial atoms, and kinetic
models that can predict microstructural evolution
during irradiation and isochronal annealing with
the two extremes of Cr-interstitial binding and com-
pare to previous experimental studies of isochronal
annealing recovery of electron irradiated Fe–Cr
alloys are required to validate these potentials.

4. Conclusions

MD simulations of displacement cascades with
primary knock-on atom kinetic energy from 1 to
20 keV have been performed in Fe and an Fe–
10%Cr alloy with potentials based on the Finnis–
Sinclair formalism. Two different cross potentials
for Fe–Cr, FeCr I and FeCr II, have been fit to
the available experimental information, including
the heat of mixing and variations in the lattice con-
stant with Cr additions to Fe–Cr alloys. The two
potentials exhibit opposite behavior for the Cr-
interstitial atom interaction; the FeCr I potential
predicts a negative binding energy for Fe–Cr mixed
dumbbells, while the FeCr II potential predicts the
stable formation of mixed dumbbells. The poten-
tials used in this study show slightly lower NRT
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defect production efficiency compared to previous
cascade studies on pure Fe and Fe–Cr alloys. As
expected, Cr atoms do not have much influence on
defect population during the cascade collisional
stage, regardless of which Fe–Cr potential is
selected. However, the effect of Cr-interstitial atom
binding energy is readily apparent with the large
number (35% at 20 keV) of mixed Fe–Cr dumbbells
produced in displacement cascades simulated with
the FeCr II potential. However, the mixed dumbbell
fraction is lower than the results of Malerba et al.
[5]. While Cr atoms did not have a strong influence
on the displacement cascade evolution during the
initial 40 ps, a larger influence of Cr is anticipated
on the mobility of interstitial atoms and interstitial
clusters and the subsequent aging evolution of the
cascade defect structure, which will be investigated
in the future using kinetic Monte Carlo simulations.
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