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Abstract

Molecular dynamics (MD) simulations of displacement cascades, with recoil energies up to 50 keV, have been performed in Fe90Cr10

and Fe using a recently developed two band embedded atomic model (2BM) potential that correctly describes the mixing enthalpy and
the binding energy of the mixed dumbbell configurations. Comparisons between results obtained with the 2BM potential fitted to dif-
ferent data sets, a one band model (1BM), and another existing FeCr-potential previously used for similar calculations were done, show-
ing differences in the vacancy clustered fraction and the Cr content in interstitials predicted by the potentials. The 2BM potential resulted
in roughly the same concentration of Cr in interstitial positions as in the matrix, and the 1BM, which incorrectly predicts a positive heat
of mixing, predicted even smaller concentrations. The calculated short range order parameter is around zero for the 2BM, and takes
positive values within the 1BM, as expected from the mixing enthalpies.
� 2007 Elsevier B.V. All rights reserved.

PACS: 61.72.Ji; 61.80.Hg; 28.52.Fa; 34.20.Cf
1. Introduction

Due to their high swelling resistance and thermal con-
ductivity, ferritic/martensitic steels are considered as possi-
ble components in nuclear applications such as fusion
reactors [1,2]. However, their behavior under the irradia-
tion conditions expected in such nuclear systems, is difficult
to test due to the absence of facilities capable of reproduc-
ing the combined influence of fast neutron flux, large flu-
ence, high temperature and stresses. Therefore the
behavior is not yet fully understood. Equally hard to
explain is the effect that Cr-concentration, the irradiation
dose and temperature have on the mechanical properties
and swelling of these steels [1,3,4]. Studies at the atomic
level, including molecular dynamics (MD) simulations of
displacement cascades, are thus required to achieve the nec-
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essary understanding of the mechanisms behind the macro-
scopic behavior of these materials during and after
irradiation.

Since experiments have shown that the Cr concentration
plays a crucial role on the radiation hardness of steels,
FeCr-alloys are the simplest alloys to be used as model
materials when studying the basic mechanisms governing
their behavior under irradiation. The reliability of atomis-
tic simulations is highly dependent on the potential describ-
ing the interactions between the atoms, whence there is a
constant push for more accurate potentials to be devel-
oped. Despite the huge interest in FeCr-alloys, just a few
studies of displacement cascades have been done in this sys-
tem, for instance Refs. [5–7]. Different potentials applicable
to FeCr have been developed [8–11]. Some of them [8,9]
have, however, shortcomings, including an incorrect
description of the stable interstitial configurations, of the
interaction energy between a chromium and an self intersti-
tial atom (SIA), and of the behavior of the mixing enthalpy
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curve according to ab initio data [12]. The enthalpy curve is
experimentally [13] and by ab initio calculations [14] seen to
exhibit a change of sign, going from negative to positive
values at a certain critical Cr concentration between 8
and 10%. Olsson et al. have developed a two band model
(2BM) potential [15] which correctly reproduces the Fe–
Cr mixing for all Cr concentrations. This potential was also
fitted to reproduce the Cr–SIA interaction as closely as
possible. A recent potential, developed by Caro et al.
[11], has got similar thermodynamic capabilities, but is
not optimized for the Cr–SIA interaction.

In this study we are testing the 2BM potential, by com-
paring results of collision cascades in Fe90Cr10 with results
obtained using the same model but without the second
band, i.e. a one band model (1BM), the potential by Cha-
karova et al. (here referred to as CWP) [6,10] and cascades
in pure Fe. We are also discussing the possible longer-term
development of the system and the cascade induced short
range order (SRO) parameter [16] of the alloy. A positive
value of the SRO parameter indicates that Cr atoms prefer
being close to each other whereas a negative value means
the opposite, thereby resulting in ordering in the alloy. If
the parameter equals zero, the Cr atoms are randomly dis-
tributed in the alloy. The SRO parameter correlates with
the mixing enthalpy, thus also showing negative values
below a critical Cr-concentration of about 10%. We inves-
tigate whether, starting from random alloys, the cascade is
capable of producing a change in the local SRO.

The chromium content of 10% is of particular interest
since it is close to that used in nuclear applications and
the critical concentration is around this value. Moreover,
the CWP, used for simulating cascades and for compari-
son, was fitted to properties of Fe90Cr10. For these reasons,
the concentration of chromium was set to this value in the
current work.

2. Method

The main focus of this work is given to the interatomic
potential developed by Olsson et al. [15] as described
above. The second band part of the potential can, however,
be left out. The resulting 1BM, which alone can not guar-
antee good fitting to the FeCr properties, turns out to have
a clearly positive heat of mixing, allowing for testing its
effect on the results.

The pair interaction and the many-body functionals for
Fe in the 2BM potential were developed by Ackland et al.
[17] and the potential for Cr by Olsson et al. [15,18,19]. The
density function in the Cr potential has the same shape as
the one used for Fe. The coefficients of the alloy potential
were fitted to the lattice parameter of Fe90Cr10, a positive
heat of mixing for equimolar composition, the binding
energy of the mixed h110i-dumbbell in bulk Fe, the substi-
tution energy of a Cr atom in bulk Fe, and the mixing
enthalpy curve.

Since two somewhat different sets of data for the substi-
tution energies and mixing enthalpy exist, obtained by two
different ab initio methods, namely the exact muffin-tin
orbital (EMTO) method [20], and a method that used the
projector augmented wave (PAW) formalism [21,22], two
potentials, here denoted as the EMTO and PAW poten-
tials, were actually fitted. The details of the two data sets
are found in Ref. [23].

The cascade simulations were performed with the MD
code PARCAS [24]. In the Fe90Cr10 simulations using the
2BM potential and in pure Fe, the recoil energies ranged
from 0.5 keV up to 50 keV. The upper energy limit in the
corresponding 1BM-simulations was 20 keV and only
5 keV-recoils were used within the CWP. However, the
results obtained with the CWP have been combined with
those already published in Ref. [6]. These were obtained
with completely independent MD and analysis methods.
The simulations at 5 keV were used to demonstrate the
equivalence and compatibility between the published
results [6] and those produced in this work. The size of
the simulation cell, number of runs, and the number of
atoms in the cells for each recoil energy and potential used
in this work are found in Table 1.

Periodic boundary conditions [25] were used at the sim-
ulation cell borders in all three dimensions and no elec-
tronic stopping was used for consistency with the
simulations done in [6]. The simulation cells were initially
thermally equilibrated at 300 K for 10 ps. Berendsen pres-
sure control [26] was used to keep the cell at zero pressure
during this initial simulation.

The thermally equilibrated simulation cell was then used
for the recoil calculations. The recoil energy and a random
direction was given to an Fe atom near the center of the
cell. In these simulations, Berendsen temperature control
[26] with a time constant of 100 fs was used to scale the
temperature at the cell boundary, the thickness of which
was taken to be two lattice constants. The movement of
the atoms was monitored in such a way that, if the energy
of any atom in the border region exceeded 10 eV, the sim-
ulation was stopped, and then re-started with an initial
recoil position placed further away from the border but
keeping the recoil direction the same. This monitoring
was, however, not done in the 50 keV-cascades since this
would have required an enormous cell, which in turn would
have resulted in time consuming simulations. A visual
inspection showed that the 50 keV cascades were not over-
lapping even if passing over the periodic boundaries.

A Wigner–Seitz (WS) cell [27], centered on each lattice
site, was used to identify vacancies and interstitial atoms.
An empty cell corresponded to a vacancy and two or more
atoms in the same cell were defined as an interstitial.

A cluster analysis was also performed. For vacancies,
the cut-off radius for cluster connectivity was chosen to
be the second nearest neighbor distance. The radius for
interstitial clusters was the third nearest neighbor distance.
These particular cut-offs equal those used in the analysis in
Ref. [6] in order to make comparisons easier.

The chromium content among interstitials was analyzed
in two different ways. The fraction of Cr atoms among all



Table 1
The recoil energies, time of simulation, number of events, box size, and number of atoms used in the recoil cascade simulations in this work

Energy (keV) Simulation time (ps) Number of events Fe90Cr10 Fe Box size (a0) Number of atoms

EMTO PAW 1BM EMTO

0.5 20 20 20 20 20 20 16000
1 20 20 20 20 20 25 31250
2 20 20 20 20 20 31 59582
5 20 100 100 15 100 42 148176

10 25 15 15 15 15 54 314928
20 25 15 15 15 25 67 601526
50 30 10 10 – 4 90 1458000
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interstitial atoms as well as the fraction of interstitials that
contain at least one Cr atom was calculated. The same was
done for interstitial clusters: the fraction of Cr atoms
among clustered interstitial atoms was obtained and also
the fraction of clusters that contained Cr atoms.

3. Results and discussion

3.1. Comparison between models

In order to compare the method for scaling the temper-
ature at the borders with that of no temperature control
(an approach frequently employed in other works
[6,28,29]), simulations using the 2BM potential fitted to
EMTO-data without the scaling were also done. Fifteen
cascades were simulated. The results showed that, within
the statistical uncertainties, the two methods gives practi-
cally identical results. For instance, the number of Frenkel
pairs, produced by 5 keV cascades, when no temperature
control was applied was 15.9 ± 1.1, (with T-control:
15.4 ± 0.4), the fraction of clustered interstitials 39 ± 6%
(33 ± 5%) and the fraction of chromium in interstitial
atoms 12 ± 2% (11.6 ± 0.7%). The uncertainties corre-
spond to the standard deviation of the average.

A comparison between the results of the analysis per-
formed on final atom positions after 5 keV cascades simu-
lations in Fe90Cr10 with the different potentials, including
Table 2
Comparison between defects produced by 5 keV cascades in Fe and Fe90Cr10

Potential CWP CWP
Version
Number of events 10 15
MD Code DYMOKA
Frenkel pairs 13 ± 3 14.9 ±
Vacancy clustered fraction (%) 27 ± 4 25 ±
Interstitial clustered fraction (%) 38 ± 10 40 ±
Frac. of Cr among interstitial atoms (%) 41 ± 10 41 ±
Frac. of interstitials with Cr (%) 73 ±
Frac. of Cr among clustered int. atoms (%) 20 ± 5 30 ±
Frac. of clustered int. which contain Cr (%) 55 ±

CWP refers to the potential by Chakarova et al. [10], 2BM is the two band m
removed. EMTO and PAW are versions of the 2BM fitted to two different da
results for the CWP obtained with two different MD codes,
can be seen in Table 2. Results for simulations in pure Fe
are also shown.

All the results for the CWP provided by Terentyev et al.
[6] using the DYMOKA code [29] and the simulations done
in this work, are similar. The number of Frenkel pairs
(FPs) produced in Fe90Cr10 is, within the statistical uncer-
tainties, also equal for all the FeCr potentials, and slightly
higher than in Fe. Note that performing simulations in
pure Fe means here using only the Ackland–Mendelev
(AMS) potential [17], since this is the Fe-part of the 2BM
potential. Simulations of cascades with the AMS potential
have been carried out in a previous work [30] and the
results of that study are in close agreement with these.

In particular, the 2BM and 1BM potentials estimate a
larger fraction of vacancies in clusters when compared to
the CWP, a phenomenon that can be ascribed to the differ-
ences in the Fe–Fe interaction description between the
CWP and AMS potentials. This has already been observed
and discussed in Ref. [30]. A comparison of the Cr content
in the interstitials also reveals some differences between the
potentials, since the CWP gives a larger estimate of the
fraction of Cr atoms in both clustered and total amount
of interstitial atoms than the other potentials. The 2BM
results in a fraction of Cr in interstitials which is almost
the same as in the matrix, whereas the 1BM shows even
lower concentrations. This behavior is due to the 1BM hav-
with different potentials

Fe90Cr10 Fe

2BM 2BM 1BM AMS
EMTO PAW EMTO
100 100 15 100

PARCAS
0.9 15.4 ± 0.4 15.3 ± 0.6 13.7 ± 1.0 14.4 ± 0.4
5 42 ± 4 43 ± 2 39 ± 6 40 ± 3
7 33 ± 5 34 ± 2 35 ± 2 32 ± 2
4 11.6 ± 0.7 12.8 ± 0.9 2.7 ± 0.9
6 23 ± 2 27 ± 2 11 ± 3
8 9.2 ± 1.3 10.1 ± 1.3 2.5 ± 1.5
15 17 ± 3 20 ± 3 5 ± 3

odel of Olsson et al. [15] and 1BM is the 2BM with the second band part
ta sets and AMS refers to the Fe-part of the 2BM [17].



Table 3
Characteristic interstitial energies in eV for Cr atoms(s) in an iron lattice
with the 2BM potentials fitted to EMTO-data

2BM EMTO 1BM EMTO

EFe–Cr
h1 1 0i � EFe–Fe

h1 1 0i � ECr
sub +0.13 �0.11

EFe–Cr
h1 1 1i � EFe–Fe

h1 1 1i � ECr
sub +0.38 +0.065

ECr–Cr
h1 1 0i � EFe–Fe

h1 1 0i � 2ECr
sub �0.46 +0.24

ECr–Cr
h1 1 1i � EFe–Fe

h1 1 1i � 2ECr
sub �0.24 �0.014

And corresponding 1BM (qualitatively similar results were found with the
PAW-fitted 2BM). A positive value indicates a bound defect
configuration.
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ing a negative interaction energy for a mixed Fe–Cr h110i-
dumbbell when compared to a pure Fe–Fe one (see Table
3).

3.2. Results for different energies

The results of the cascade simulations in the whole
energy range can be seen in Figs. 1–7. The figures show
data obtained using both versions of the 2BM model and
the artificial 1BM potentials fitted to EMTO-data as well
as, for direct comparison, results obtained with the CWP
and the DYMOKA code [6] (Figs. 1 and 3–6). The Figs.
1–5 also include results from the Fe-simulations.

Fig. 1 shows the number of FPs as a function of recoil
energy. A power-law behavior, aEb

rec, with essentially coin-
cident constants in all cases, can be observed. The evolu-
tion with time of the FPs in the 10 keV cascades can be
seen in Fig. 2, which shows the peak time being around
750 fs. The number of defects becomes stable after roughly
10 ps and the absence of the second band does not have
any effect on the total defect production.

The fraction of vacancies and interstitials in clusters is
illustrated in Figs. 3 and 4, respectively. The vacancy clus-
ter fraction ranges from about 40–55% for the 2BM and
are within uncertainties the same for the 1BM. The results
for Fe are in the same range. With the CWP, on the other
hand, a smaller fraction is obtained, as a consequence of
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Fig. 1. Number of Frenkel pairs (FPs) at the end of recoil collision
cascades in Fe90Cr10 with different potentials, and in pure Fe.
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the different features of the corresponding Fe–Fe potentials
[6,30]. The interstitial cluster fraction is growing linearly
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with recoil energy, being above 50% after 50 keV-cascades.
Again, the 2BM and 1BM behave similarly to each other,
to pure Fe, and in this case also to the CWP.
Fig. 5 shows the amount of interstitial clusters contain-
ing more than five defects. The CWP resulted in a larger
amount of these kinds of clusters than the EMTO, PAW
and the AMS potentials, which show an identical behavior.

The effect of the second band is easily deduced from
Fig. 6. This figure illustrates the chromium content in inter-
stitial atoms and in clustered interstitial atoms. The overall
trend is that the chromium content is much smaller within
the 1BM, as expected from the defect formation energies
(see Table 3). In this case the CWP outcome is largely dif-
ferent and the association of SIAs to Cr is found to be spec-
tacular in this potential. The reasons for these differences
will be discussed in Section 3.3. Noticeable is also the fact
that the Cr fractions within the PAW-version are clearly
above the matrix concentrations at low energies.

The negative binding energy of the Fe–Cr h110i-dumb-
bell configuration in the 1BM, explains the low concentra-
tion of Cr in interstitials predicted by this potential.

The SRO parameter was calculated inside the second
nearest neighbor shell. Although being close to zero, the
SRO-value of the relaxed simulation cell was subtracted
from the final value after the cascades in order to be sensi-
tive to even small variations. The calculations resulted in
the values shown in Fig. 7. The SRO variations for the
2BM potential are approximately zero after the different
displacement cascades. The 1BM, on the other hand, pre-
dicts positive values, indicating that local chromium clus-
tering is taking place and proving that the time frame of
the cascade development is in principle sufficient to trigger
phase transformations. Phase transitions in alloys occur-
ring during cascade time scales have earlier been reported
in FCC metal alloys [31,32], but since cascades in BCC
metals are less dense, it is not a priori clear that similar
effects could occur in them. Thus, although the 2BM results
show that changes in the SRO are not likely in true
Fe90Cr10 (which has essentially zero heat of mixing), the
1BM result suggests that it might well occur in FeCr alloys
with other Cr concentrations. For instance, it would be
interesting to study Fe95Cr5 or Fe80Cr20, with clearly
non-zero heats of mixing, to find out whether changes in
the SRO can occur in them already on cascade time scales.

3.3. Implications on longer-term evolution

The simulations performed with the 2BM potentials
show that chromium interstitials are not enriched directly
in the cascades. In contrast, the results obtained with the
CWP show a spectacular Cr enrichment of SIAs, especially
isolated. The reason for this discrepancy is that the single
SIA in the CWP has the h11 1i-crowdion structure and
can easily glide in 1D to the closest Cr atom within the cas-
cade time limits. Thus, most SIAs will end up becoming
mixed dumbbells. The same behavior is exhibited by clus-
ters of all sizes within this potential. On the contrary, the
AMS potential predicts higher migration energies and 3D
migration paths. The binding energies found in Table 3
imply, indeed, that Fe–Fe interstitials in the vicinity of
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Cr atoms will become Cr-enriched in the 2BM potentials
when the system evolves further. The concentration of Cr
in interstitials is thus expected to grow.

All in all, one can assume that the different potentials’
description of Cr associated with clusters will become more
similar on a longer timescale.
4. Conclusions

Analyses of displacement cascades in Fe90Cr10 and Fe,
with recoil energies ranging between 0.5 and 50 keV, have
been carried out paying special attention to the behavior
of the produced defects when using a recent two band
model (2BM) potential constructed for FeCr-alloys. Com-
parisons between results of simulations using two slightly
different versions of the 2BM, an artificial one band model
(1BM) of the same, another available FeCr potential
(CWP) and with simulations in pure Fe were done.

The defect analysis revealed no significant differences
between the two 2BM versions. According to these poten-
tials, the chromium content in interstitial defects is essen-
tially the same as in the initial matrix, something which
differs from the predictions of CWP, where this content is
considerable. The differences are attributed to the different
description of single interstitial and interstitial cluster
mobility predicted by the corresponding Fe potentials.
The CWP also resulted in a lower vacancy clustered frac-
tion than the 2BM.

The chromium concentration in defects is, however,
likely to grow with time in the 2BM due to the attractive
energies of the mixed dumbbell predicted by the potential.

Even lower chromium concentrations in defects were
found when using the 1BM, which was obtained by remov-
ing the second band term. Simulations with this model also
showed that the cascade time frame is sufficient to trigger
phase transformations, Cr clusters in the present case.

Comparisons with pure Fe simulations showed that the
2BM applied to Fe90Cr10 gives similar results with respect
to the total damage production and defect clustering as
in Fe.
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[22] P. Blöchl, Phys. Rev. B 50 (1994) 17953.
[23] P. Olsson, I. Abrikosov, L. Vitos, J. Wallenius, J. Nucl. Mater. 321

(2003) 84.
[24] PARCAS computer code. The main principles of the molecular

dynamics algorithms are presented in [33,34]. The adaptive time step
and electronic stopping algorithms are the same as in [35].

[25] M.P. Allen, D.J. Tildesley, Computer Simulation of Liquids, Oxford
University Press, Oxford, England, 1989.

[26] H.J.C. Berendsen, J.P.M. Postma, W.F. van Gunsteren, A. DiNola,
J.R. Haak, J. Chem. Phys. 81 (8) (1984) 3684.

[27] See e.g. N.W. Ashcroft, N.D. Mermin, Solid State Physics, Saunders,
Philadelphia, 1976, Chapter 4.

[28] A.J.E. Foreman, W.J. Phythian, C.A. English, Rad. Eff. Def. Sol. 129
(1–2) (1994) 25.

[29] C.S. Becquart, C. Domain, A. Legris, J.-C.V. Duysen, J. Nucl. Mater.
280 (2000) 73.

[30] D. Terentyev, C. Lagerstedt, P. Olsson, K. Nordlund, J. Wallenius, L.
Malerba, J. Nucl. Mater. 351 (2006) 65.

[31] M. Spaczér, A. Almazouzi, R. Schäublin, M. Victoria, Rad. Eff.
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