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a b s t r a c t

Displacement cascades in Fe–Cr alloys were studied using molecular dynamics computer simulations. We
considered random Fe–5Cr and Fe–15Cr alloys, as well as Fe–10Cr alloys with and without Cr-rich pre-
cipitates. In the simulations two versions of a two-band embedded atom method potential were used,
and the cascades were induced by recoils with energies up to 20 keV. We found that the average number
of surviving Frenkel pairs and the fraction of vacancies and self-interstitials in clusters was approximately
the same in pure Fe and random Fe–Cr alloys (regardless of Cr concentration). A noticeable effect of the
presence of Cr in the Fe matrix was only observed in the enrichment of self-interstitials by Cr in Fe–5Cr.
The calculated change in the short range order parameter showed that Fe–5Cr tends towards ordering
(negative short range order parameter) and Fe–15Cr towards segregation (positive short range order
parameter) of Cr atoms. In simulations with the Cr-rich precipitate, enhanced cascade splitting and seg-
regation of self-interstitial defects created inside the precipitates towards the precipitate–matrix inter-
face region was observed. The number of Frenkel pairs and their clustered fraction was not affected by
the presence of the precipitate.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

Ferritic/martensitic (FM) steels are candidate structural materi-
als for advanced near-future fission and future fusion reactors [1].
High-Cr FM steels for nuclear applications (including reduced acti-
vation and oxide-dispersed strengthened) typically contain from 7
to 14 at.% Cr, while the content of the other alloying elements gen-
erally does not exceed 1–2%. The choice of these steels is governed
by their superior resistance to neutron irradiation, in terms of low
damage accumulation and swelling, compared to e.g. austenitic
steels [2–5]. Nonetheless, in future nuclear systems it is expected
that core structural materials will be subjected to severe irradia-
tion and environmental conditions during the reactor life-time
[1]. A quantitative understanding of the mechanisms leading to
the change of properties of these steels after long-term exposure
to irradiation is therefore recognized to be of high importance for
a safe design and operation of innovative nuclear systems [6]. A
great deal of understanding can be achieved by studying simpler
model systems such as, in the case of high-Cr steels, Fe–Cr alloys.

The degradation of material properties under irradiation is a
multi-scale phenomenon, meaning that different physical pro-
cesses take place on different time and space levels. Nowadays, it
is widely accepted that a multi-scale modelling approach provides
a practical framework to tackle this problem. This approach begins
with the production of atomic-scale defects by individual displace-

ment cascades and ends with plasticity and fracture mechanics
treatment of whole components, wherein the response of the
material to changes in temperature and/or applied stress is of con-
cern [7]. In this framework, molecular dynamics (MD) techniques
are a unique tool for studying the primary damage state due to dis-
placement cascades induced by high energy particles (such as neu-
trons, ions, electrons, etc.). Over the last decade MD simulations
have been widely used to assess the primary damage state in pure
bcc Fe [8], some Fe-based systems [9–11], and also Fe–Cr alloys
[12–16]. Simulations of displacement cascades in Fe–Cr random al-
loys have been carried out mostly in Fe–10Cr alloys [12–15], with
the exception of the work by Wallenius et al. [16], where Fe–5Cr
and Fe–20Cr were studied as well. Although different interatomic
potentials were used in the above-cited works, the following com-
mon conclusions were drawn about the effect of Cr on the primary
damage state in Fe–Cr alloys:

(i) The presence of Cr hardly affects the number of formed Fren-
kel pairs and their distribution in clusters as compared to
pure Fe.

(ii) Self-interstitial atoms (SIAs) and their clusters were
observed to be enriched by Cr atoms, due to the presence
of sufficiently high binding energy between a Cr atom and
a SIA (in both h110i and h111i configurations).

It should be mentioned, however, that most of the previously
used potentials suffered from an incorrect description of SIA prop-
erties in Fe [17] and the mixing enthalpy of the Fe–Cr system
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[18,19], when compared with available data obtained from first
principle calculations. Since the latter was not reproduced, earlier
simulations could only be reliably performed for a Cr concentration
(CCr) of 10%, since this was the only concentration that was accept-
ably described. The work by Björkas et al. [13] is the only excep-
tion; there, recent two-band model Fe–Cr potentials [20] were
used. These potentials were especially fitted to reproduce the heat
of mixing of Fe–Cr alloys in the whole range of Cr concentrations
according to density functional theory (DFT) data. They also repro-
duce reliably SIA properties in Fe [17] and Fe–Cr [20,21]. The study
of alloys with other CCr (both less and more than 10%) is of impor-
tance since there exists a change in the short range-order (SRO)
parameter from negative to positive at about 10%, at 700 K [22].
Consequently, if CCr exceeds a critical concentration (�10% at
700 K) in binary Fe–Cr alloys, as well as in FM steels, the a-a0 phase
separation occurs after thermal ageing or under irradiation, result-
ing in the formation of finely dispersed, nanometer size, matrix-
coherent Cr-rich precipitates [23,24]. On the other hand, in alloys
with CCr < 10% a tendency towards ordering of Cr atoms is exper-
imentally detected [22,25]. Note that both of these processes take
place in the region of temperatures potentially important for tech-
nological applications (above 600 K). Moreover, phase transforma-
tion can be accelerated under irradiation [23,24] due to self
diffusion via radiation-induced defects and, possibly, also to direct
in-cascade atomic redistribution.

In this work, we study the primary damage state in Fe–Cr binary
alloys with different Cr content, addressing the following issues:

(i) Is it still true, that the presence of Cr does not affect the
number of formed Frenkel pairs and their clustering in alloys
different from Fe–10Cr, characterized by different thermo-
dynamic properties?

(ii) Is the in-cascade ballistic mixing sufficient to induce, within
the short time frame of the cascade, Cr atom redistribution
as dictated by the acting thermodynamic forces (i.e. the heat
of mixing of the corresponding alloy)?

(iii) Do cascades dissolve pre-existing Cr precipitates, contribute
to their growth, or in any way modify them? Do precipitates
affect the primary damage state due to the cascades initiated
near them?

To address issues (i) and (ii), displacement cascades were
simulated in Fe–5Cr and Fe–15Cr alloys, where Cr atoms were
distributed randomly. The evolution of cascades in Fe–12Cr
alloys containing Cr-rich precipitates was studied as well, to
address issue (iii). The simulations were carried out using two
versions of the two-band potential from Ref. [20], fitted to differ-
ent sets of the heat of mixing obtained from DFT. Thus, we also
examine the effect of the mixing enthalpy, to which the poten-
tials were fitted, on the primary damage state in Fe–5Cr and
Fe–15Cr alloys.

2. Method

2.1. Displacement cascades in Fe–5Cr and Fe–15Cr

As mentioned above, for the MD simulations of displacement
cascades in Fe–Cr alloys we used two two-band (2B) EAM (embed-
ded atom model) potentials [20], that were fitted to two different
mixing enthalpy data sets, obtained from different ab initio meth-
ods. These two classical potentials are here referred to with the
abbreviations of the corresponding ab initio methods used for the
mixing enthalpy calculation [18,19]. These are ‘EMTO’ and ‘PAW’,
that stand for the Exact Muffin–Tin Orbital [26] and Projector Aug-
mented Wave [27,28] methods, respectively. A more detailed
description of the development of these potentials can be found
in Ref. [20].

The cascade simulations were performed using the PARCAS
code [29]. The simulation cell size, number of events, simulation
time, and recoil energy can be found in Table 1. The initial simula-
tion box consisted of randomly distributed Fe–5Cr and Fe–15Cr,
respectively. Periodic boundary conditions [30] in all three dimen-
sions were used. No electronic stopping was applied [31], to be
consistent with most previous works for Fe–Cr [12,13]. Initially
the simulation cells were equilibrated at zero pressure for 10 ps
at 300 K using Berendsen pressure and temperature control [32].
The primary knock-on atom (PKA) was an Fe atom near the center
of the cell. The direction of the recoil was random. Temperature
scaling (with a constant of 100 fs) was applied in the cell’s border
regions (with a thickness of one lattice parameter). The simulation
was stopped if the kinetic energy of a border atom was larger than
10 eV and restarted with the recoil atom placed farther away from
the border. To fulfil this criterion at EPKA ¼ 20 keV, approximately
five runs out of 15 were repeated in a larger simulation cell con-
taining 1,458,000 atoms.

To analyze the defects a Wigner-Seitz cell, centered at each lat-
tice site, was used: an empty cell corresponded to a vacancy, while
two atoms in the same cell were a self-interstitial configuration.
We performed a cluster connectivity analysis, which means that
a group of defects are interpreted to belong to the same cluster if
they are within a given distance from at least one other defect of
the same type. This distance is called a (clustering) cut-off radius.
The choice of the cut-off radius is governed by the presence of
some significant binding energy between alike defects, which is
the 2nd nearest neighbor (nn) for vacancy defects, and the 3rd
nn for SIA defects. Special attention was paid to the fraction of clus-
tered SIAs and vacancies, as well as to the Cr content among SIAs
and clustered SIAs.

The ordering of the alloy was analyzed. We used the SRO
parameter definition by Cowley [33]. The average SRO parameter
within the 2nd nn shell was calculated for the number of atoms
Nh, that belong to the cascade during the heat spike phase; the
average SRO is therefore independent of the simulation cell size.

Table 1
The recoil energy, time of simulation, number of events, box size, and number of atoms used in randomly distributed Fe–5Cr and Fe–15Cr

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

Fe–5Cr Fe–15Cr

EMTO PAW EMTO PAW

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 20 100 20 100 42 148176

10 25 15 15 15 15 54 314928
20 25 15 15 15 15 67 601526

The EMTO and the PAW potentials are versions of the potential by Olsson et al. [20].
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An atom was labeled to belong to the heat spike if the average en-
ergy of it and its nearest neighbors was higher than 0.234 eV (the
melting point of the material in units of eV). The change in SRO was
calculated for the simulation cell before and after the cascade.

2.2. Cascades with and without Cr precipitates

The simulation of displacement cascades in Fe–10Cr matrices
with and without Cr-rich precipitates was performed using the
MD code DYMOKA [34], wherein the PAW potential is imple-
mented and used for this purpose. We have earlier cross-checked
that the PARCAS and DYMOKA codes give fully consistent results
[13]. The simulation cells were prepared as follows. A Cr-rich pre-
cipitate with a diameter of 5 nm and containing 95% Cr was placed
at the center of a simulation box. The size of this box was
50� 50� 50� a3

0 (a0 is the equilibrium lattice parameter for Fe–
10Cr at 300 K), and it initially contained 10% of randomly distrib-
uted Cr atoms. In this cell the precipitate was created by changing
randomly with a probability of 95% the atoms in a spherical vol-
ume to Cr. The total concentration of Cr in the matrix, including
Cr atoms in the precipitate, was �12% Cr. Prior to initiating the cas-
cade, the cell was equilibrated for 10 ps at 300 K. It was then used
as starting point for the cascade simulation and as reference for de-
fect detection. The cascade was initiated by imparting a kinetic en-
ergy, EPKA, to a certain PKA along a high-index direction, such as
h135i. The recoil was also directed towards the center of the pre-
cipitate. We used a variable MD time step, that can change in the
range from 0.001 to 5 fs. We simulated 20 keV cascades in the ma-
trix with and without the precipitate using different initial posi-
tions of the PKA for every cascade. After equilibrium to the
desired temperature, all simulations were performed in the NVE
microcanonical ensemble, applying periodic boundary conditions.
We simulated a total number of 10 cascades both with and without
precipitate.

The evolution of the cascade was followed by studying selected
representative snapshots. Intermediate and final atomic configura-
tions were analyzed to detect and count defects, using the Wigner-
Seitz cell method (see Section 2.1). Such analysis allowed the
self-interstitial orientation (i.e. h110i or h111i) and its chemical
composition to be identified. The defect distribution and evolution
were monitored using appropriate visualization tools, and defect
clusters were detected using an automated procedure.

3. Results

3.1. Displacement cascades in Fe–5Cr and Fe–15Cr

3.1.1. Survived defects
The average number of surviving Frenkel pairs in cascades sim-

ulated in Fe–5Cr and Fe–15Cr alloys is shown in Fig. 1. It can be
seen, that the number of survived defects increases with PKA en-
ergy and, at the same time, the slope of the curve is essentially
the same as for the data obtained for pure Fe, using the Ackland–
Mendelev–Srolovitz (AMS) potential [35] denoted as AMS Fe in
Fig. 1. Thus, the presence of 5 and 15% of randomly distributed
Cr atoms does not affect the total number of survived Frenkel pairs,
that is found to be the same as in pure Fe and in Fe–10Cr [12,13].
The fraction of vacancies and self-interstitials in clusters is pre-
sented in Figs. 2 and 3. The fraction of clustered vacancies is
approximately constant, within scatter, over the whole range of
PKA energy, independently of the Cr content in the alloy. The val-
ues of vacancy clustered fraction in the alloys and in pure Fe
(added for comparison) lay between 0.3 and 0.5. The fraction of
SIAs in clusters is lower than that of vacancies for PKA energies
smaller than 20 keV. It grows with PKA energy, reaching 0.5 for
EPKA ¼ 20 keV, where it is equal to the clustered fraction of vacan-

cies (see Fig. 3). Again, one can see that the effect of Cr is insignif-
icant. The variations between the different potentials are also
small.

The number of Cr atoms associated with survived self-intersti-
tial defects was analyzed together with the previously published
data for Fe–10Cr alloys [13]. The ratio between the Cr content in
SIA defects and the average Cr concentration in the matrix is pre-
sented in Fig. 4. The data set obtained with the PAW potential
shows that there is a significant enrichment of SIA defects by Cr:
the Cr content in SIAs exceeds 2.5 times the matrix composition
in Fe–5Cr and 1.5 times in Fe–10Cr alloys. The enrichment of SIAs
by Cr is especially pronounced in cascades of low PKA energy. The
results obtained with the EMTO potential show that SIAs are en-
riched by Cr only in the Fe–5Cr alloy, where the Cr content associ-
ated to the SIA defects approximately exceeds two times the
matrix content in the whole range of PKA energy. Small enrich-
ment was also observed in the Fe–10Cr alloy in cascades with
EPKA above 5 keV. In the Fe–15Cr alloy, the formed SIA defects were
found to be depleted by Cr atoms, although only slightly. In addi-
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Fig. 1. The average number of surviving Frenkel pairs as a function of recoil damage
energy obtained by cascade simulations in Fe–Cr, and in pure Fe using the AMS
potential [13,35]. The relationship for Frenkel pairs FP ¼ AðEPKAÞm by Bacon et al.
[40] is included. The error bars give the 1r standard error of the average.
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tion, the Cr content in one-dimensionally mobile SIA clusters (i.e.
containing more than 5 SIAs [36]) was analyzed separately and
the results are presented in Fig. 5. Due to the high affinity of Cr
to the h111i SIAs (which form the 1D-migrating clusters [37,38])
these clusters may be expected to be enriched by Cr in Fe–5Cr al-
loys. This, however, cannot be stated from the results presented in
Fig. 5, especially taking into account the large statistical errors (due
to the limited number of clusters formed in cascades). Thus, the
main contribution to the enrichment of SIAs by Cr in Fe–Cr alloys
is to be attributed to the single SIAs and small 3D-migrating SIA
clusters. Possible reasons for this are discussed in Section 4.

3.1.2. Short range ordering
The change of the SRO parameter was calculated in matrices

subjected to cascades initiated by a PKA with an energy of 5 keV
and simulated using the PAW potential. For the sake of statistical
accuracy of the results, 100 cascades were simulated in Fe–5Cr
and Fe–15Cr alloys. The change of the SRO parameter for the atoms
in the cascade is shown in Table 2 for Fe–5Cr and Fe–15Cr alloys
together with the value for Fe–10Cr, obtained using the PAW po-

tential in Ref. [13]. Although the total change of the SRO parameter
is fairly small, its absolute value is larger than the estimated stan-
dard errors, except in Fe–10Cr, thereby revealing that no net SRO
change is induced by a cascade in this alloy. The initially random
Fe–5Cr alloy tends towards ordering (negative SRO parameter),
while segregation of Cr atoms occurs in the initially random Fe–
15Cr (positive SRO parameter). Note that the contribution to the
SRO parameter change in the Fe–5Cr alloy is mainly due to the
redistribution of 1st nn pairs (see data in Table 2). In this alloy
1st nn Cr–Cr pairs break up to form additional 1st nn Fe–Cr pairs.
In the Fe–15Cr alloy Cr clusters (consisting of both 1st and 2nd nn
atoms) tend to form and/or grow. Thus, a redistribution of atoms
leading to a change of the value of the SRO parameter is proven
to occur even within the very short time frame (a few ps) of the
ballistic and relaxation phases of the cascade, without contribution
from thermally activated diffusion of cascade-induced defects.
From the current simulations it is, however, not possible to deter-
mine the total extent of ordering and clustering during prolonged
irradiation. This is because diffusive processes may on long time-
scales counteract or enhance the change in short-range order pro-
duced in individual collision cascades.

3.2. Effect of Cr-rich precipitates on the primary damage state in
Fe–10Cr

3.2.1. Effect on the cascade morphology
A typical cascade consists of at least two main phases: the bal-

listic phase (when atoms collide and the number of defects grows
in time) and the relaxation phase (when recombination of opposite
types of defects and the formation of clusters made by alike defects
occurs, in dense materials also known as the heat spike phase) [39].
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Fig. 5. Ratio of the Cr content in clustered SIAs over the Cr content in the Fe–Cr
matrix. Only clusters containing at least 5 defects were considered. The error bars
give the 1r standard error of the average. For 2 keV they are large, since very few
large clusters were formed at this energy.

Table 2
Change in SRO parameter in 5 keV cascades using the PAW potential

Fe–5Cr Fe–10Cr Fe–15Cr

DSRO �0:0023� 0:0006 �0:0006� 0:0013 0:0041� 0:0007
1st shell DSRO �0:0027� 0:0008 0:0013� 0:0009 0:0053� 0:0009
Nhs 4630� 20 4650� 30 4680� 20

The average of DSRO was only calculated for the number of atoms belonging to the
cascade’s heat spike Nhs. The 1r standard error of the average is given.
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Fig. 6 shows four snapshots of four 20 keV cascades in an Fe–10Cr
matrix, containing a 5 nm Cr-rich precipitate (shown as a grey
sphere) placed in the center of the box, and self-interstitial defects
(shown as small red balls). The snapshots were extracted from sim-
ulations at the moment when the largest number of Frenkel pairs is
produced, i.e. at the moment when the ballistic phase is finished
and the recombination phase starts (peak time). It can be seen
from the figure, that each cascade is split into two or more subcas-
cades and only few self-interstitials are present in the precipitate
region. Similar visual inspection of other simulated cascades has
revealed that almost every cascade was split near the precipitate,
while only 50% of the cascades initiated in the Fe–10Cr matrix
(without the precipitate) formed subcascades, suggesting that the
presence of the Cr-rich precipitate provokes cascade splitting. At
the end of the relaxation stage (i.e. after more than 20 ps), when
the amount of survived defects becomes constant, the pre-existing
precipitates were not dissolved and the size and shape of the pre-
cipitates remained unchanged, as it was also revealed by atomic
visualization tools.

By monitoring the spatial distribution of the defects in matrices
containing precipitates versus elapsed time, we observed that most
of the self-interstitial defects initially formed in the precipitates es-
caped to the precipitate–matrix interface during the relaxation
phase. This SIA segregation to the interface is related to the sub-
stantial difference in the formation energy of SIAs in the precipitate
and in the matrix. Indeed, the average formation energy of a h110i
dumbbell in Fe–10Cr matrix was calculated to be 3.3 eV, whereas
in the Cr-rich precipitate (95% Cr) it is 5.5 eV, using the PAW poten-
tial (see Ref. [21]). Accordingly, almost no isolated SIAs or SIA clus-
ters were observed in the precipitates at the end of the cascades.

The time–evolution of the average number of Frenkel pairs
(averaging was performed over the number of simulated cascades)
initiated by 20 keV cascades in Fe–10Cr with and without the pre-
cipitate is presented in Fig. 7. A slightly higher number of defects at
the end of ballistic stage lingered in the crystal containing the pre-
cipitate, which is most likely a result of cascade splitting. Besides
this tiny difference, the evolutions of the number of defects are al-
most identical.

3.2.2. Survived defects
After the end of the relaxation stage, the survived defects were

characterized in terms of their number, clustered fractions, and
chemical nature of self-interstitials. The comparative summary
presented in Table 3 shows that the total number of survived Fren-
kel pairs is slightly higher in the matrix containing the precipitate.
The difference, however, is statistically insignificant taking into ac-
count the associated standard errors (see Table 3). The identifica-
tion of the atom species of the SIAs showed that the amount of
Fe–Fe self-interstitials is the same and that no formation of Cr–Cr
self-interstitials occurred in either case. This is due to the strongly
repulsive binding energy (�0.3 eV [21]) between SIA in h110i
dumbbell configurations and a pair of Cr atoms (positioned at 1st
nn positions), as shown in Table 4.

The number of Fe–Cr SIAs was found to be almost twice as high
as in the matrix, when the precipitate is present. The reason for this
is certainly the segregation of SIAs formed inside the precipitate re-
gion, which migrated towards the precipitate–matrix interface and
remained there. The fraction of survived vacancies and SIAs in clus-
ters is practically the same in both cases (see Table 3).

To summarize, the obtained results show that the presence of
Cr-rich precipitates does not affect the evolution of the cascade

Fig. 6. The appearance at peak time of four typical 20 keV cascades in a Fe–10Cr alloy with a Cr-rich precipitate. Small red balls indicate positions of self-interstitials, while
the grey sphere in the center of the box shows the position (and size) of the precipitate.
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Fig. 7. The average number of Frenkel defects versus simulation time of two
individual cascades initiated by 20 keV PKAs in Fe–10Cr without (squares) and with
(circles) the precipitate.

Table 3
Characterization of defects formed in 20 keV cascades initiated in Fe–10Cr with and without the 5 nm Cr-rich precipitates

Number of Frenkel
pairs

Number of Fe–Fe
SIAs

Number of Cr–Cr
SIAs

Number of Fe–Cr
SIAs

Fraction of Cr in all
SIAs

Clustered fraction of
SIAs

Clustered fraction of
vacancies

With precipitate 49� 3 32� 2 0� 0 17� 3 0:17� 0:01 0:52� 0:03 0:48� 0:03
Without 44� 3 33� 3 0� 0 11� 1 0:11� 0:01 0:50� 0:03 0:50� 0:03

All values are averaged over the number of simulated cascades and the 1r standard errors are given next to the mean values. SIA stands for self interstitial atom.
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on the ballistic and relaxation stages when it comes to the number
of Frenkel defects and their clustered fractions. In turn, the cascade
neither dissolved, nor modified in any substantial way the pre-
existing precipitate. The main effect of Cr precipitates appears to
be the enhancement of the subcascade formation and the segrega-
tion of self-interstitial defects initially created inside the precipi-
tates towards the precipitate–matrix interface region.

4. Discussion

The results presented in Section 3.1 show that the chromium
content hardly affects the primary damage state in Fe–5Cr, Fe–
10Cr, and Fe–15Cr alloys in terms of the number of survived de-
fects and their distribution in clusters, as compared to the previ-
ously obtained results in pure Fe [5,12,13]. The results obtained
with the two potentials, fitted to a different heat of mixing, are
found to be essentially the same with respect to the above men-
tioned parameters. The number of Frenkel pairs produced per cas-
cade in Fe and the studied Fe–Cr alloys follows the power law
dependence for metals proposed by Bacon et al. [40], as illustrated
in Fig. 1. The fraction of vacancies in clusters is higher than that of
SIAs at low energy and becomes approximately the same at 20 keV
(see Figs. 2 and 3), while the SIA clustered fraction grows with PKA
energy. Both of these observations are in line with the published
data for cascade simulated in pure Fe [12,13] using the same Fe–
Fe potential [35].

The enrichment of survived SIA defects by Cr is the main effect
detected, but its extent was found to vary depending on the ap-
plied Fe–Cr potential (i.e. employing different mixing enthalpies)
and PKA energy. Both potentials show significant enrichment of
SIAs by Cr formed in cascades simulated in an Fe–5Cr alloy. Fur-
thermore, the enrichment is found to occur in other Fe–Cr alloys
as well, when using the PAW potential, whereas the results of cas-
cades simulated with the EMTO potential show very little enrich-
ment in Fe–10Cr (only in high energy cascades with EPKA > 5keV)
and even depletion in the Fe–15Cr alloy. As in Section 3.1.1, no sig-
nificant enrichment of 1D-migrating SIA clusters was observed in
Fe–5Cr and Fe–15Cr with either potential (see Fig. 5). Thus, we
conclude that mainly single SIAs and small SIA clusters are en-
riched by Cr. Previous studies suggest that the origin of the enrich-
ment is the significant binding energy between single SIAs, or
small SIA clusters, and Cr atoms [21]. The binding energies of
h110i and h111i self-interstitials with a single Cr atom and Cr–Cr
pairs calculated in pure Fe with both applied potentials are given in
Table 4. The data presented in the table suggests that the formation
of mixed Fe–Cr self-interstitials is energetically favourable, but not

that of Cr–Cr self-interstitials. The binding energies given in Table
4 are, strictly speaking, only relevant in pure Fe or in dilute alloys,
where the interference of other Cr atoms can be excluded. In con-
centrated Fe–Cr alloys, the actual Cr-SIA binding energy depends a
lot on the local distribution of the Cr atoms near an SIA and can be
both negative or positive [21]. From this point of view, an Fe–5Cr
alloy still could be taken as a dilute alloy, since the mean distance
between Cr atoms exceeds 2a0, so the effect of surrounding Cr
atoms on the Fe–Cr mixed dumbbell binding energy remains small.
In a study of the properties of self-interstitials in Fe–Cr alloys
(applying the PAW potential) it was shown that the most frequent
self-interstitial configuration in an Fe–5Cr random alloy remains
the mixed h110i dumbbell [21]. In an Fe–15Cr (random) alloy,
on the other hand, the formation of Fe–Cr and Cr–Cr interstitials
is less favourable and in general the Fe–Fe h110i dumbbell sur-
rounded by Cr atoms has the lowest energy [21]. Thus, with
increasing Cr content a kind of saturation of SIA–Cr interaction oc-
curs, so that above a certain concentration the formation of the
h110i Fe–Fe dumbbells becomes again more favourable than the
formation of Fe–Cr dumbbells, which may explain why the enrich-
ment level decreases with increasing Cr content in the studied al-
loys. Another feature of the enrichment of SIAs by Cr is the
dependence on the PKA energy. As seen from Fig. 4, the higher
the PKA energy, the lower the enrichment. This may be related
to the increase of the fraction of the SIA clusters, which grows with
PKA energy. The Cr content in large SIA clusters is the same as in
the matrix (Fig. 5). With increasing PKA energy, the fraction of sin-
gle SIAs becomes smaller, leading to a decrease in the enrichment
level.

The change in the SRO parameter, that was found to be statisti-
cally meaningful (see Section 3.1.2), is another effect of Cr compo-
sition. We showed that the ballistic mixing leads to a redistribution
of atoms inducing the change of the SRO parameter, becoming neg-
ative in Fe–5Cr and positive in Fe–15Cr alloys (as dictated by the
acting thermodynamic driving forces). This result is by no means
obvious, since the cascade time-scale is very short compared to
typical thermodynamic time-scales. There are previous reports of
thermodynamic effects affecting cascade outcome; however, the
heats of mixing in those cases were much larger than in the pres-
ent one [41]. The absolute change of the SRO parameter (as well as
the absolute value of the mixing enthalpy) is larger in an Fe–15Cr
alloy. In Fe–5Cr alloys the process responsible for the induced SRO
is the break up of Cr–Cr nn pairs, whereas in the case of an Fe–15Cr
alloy analysis of the SRO parameter is not enough to conclude
whether there is growth of pre-existing Cr clusters, new clusters
are formed, or whether both processes occur at the same time.

Table 4
Binding energy of SIAs with single and Cr–Cr pairs estimated using PAW and EMTO potentials obtained by static atomistic simulations

Configuration PAW EMTO Configuration PAW EMTO

0.14 0.15 0.40 0.37

�0.29 �0.43 �0.04 �0.21

The energies are given in eV (a positive value means attractive interaction). The methodology used to estimate the binding energy can be found in Ref. [20].
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Concerning the effect of possible defect segregation in Fe–Cr al-
loys with Cr-rich precipitates, as stated in Section 3.2.1, the forma-
tion energy of both vacancy and self-interstitial defects is higher in
the precipitate than in the matrix. Because of this, fast mobile self-
interstitial defects were observed to escape from the precipitate.
We expect that vacancy defects initially created inside the precip-
itate should also move to the matrix, however, this cannot be ob-
served within the time frame of an MD run. Thus, accumulation
of both types of defects is expected to occur near the precipitate
matrix interface, wherein they should recombine. It is therefore
tempting to speculate that on the long term time-scale precipitates
may act as sinks for mobile defects and their presence should lead
to the reduction of the damage produced.

5. Conclusions

We have studied displacement cascades using MD simulations
in random Fe–Cr alloys with CCr ¼ 5;10; and15%, with and without
Cr-rich precipitates, to investigate possible effects of the Cr con-
centration on the primary damage state. The following conclusions
can be drawn based on the results obtained:

(i) The variation of the Cr concentration has no effect on the
amount of survived Frenkel pairs, nor on the distribution
of defects in clusters, as compared to results obtained in
pure Fe. The only noticeable effect of the Cr content on the
cascade-induced defects is seen in the enrichment of Cr in
survived SIAs, depending on the Cr content, the PKA energy
and also the potential applied.

(ii) The analysis of the SRO parameter in matrices subjected to
5 keV cascades reveals Cr ordering in Fe–5Cr (negative
SRO) and Cr clustering in Fe–15Cr (positive SRO) alloys, as
dictated by the acting thermodynamic driving forces.

(iii) The comparative study of cascades in Fe–10Cr matrices, with
and without Cr-rich precipitates, shows that the number of
surviving defects and clustered fractions are not changed
by the presence of the precipitates. In turn, pre-existing
5 nm precipitates are not dissolved or modified in any signif-
icant way by 20 keV cascades. However, SIAs and SIA clus-
ters initially formed inside the precipitates are observed to
migrate from the precipitates towards the precipitate–
matrix interface, while cascades are observed to split more
easily as a consequence of the presence of the precipitates.
It can therefore be concluded that the main effect of the pre-
cipitate on the primary damage is the increase of self-inter-
stitial defects attached to the precipitate–matrix interface,
as the higher number of subcascades induces only a negligi-
bly higher number of produced defects.
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