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Molecular dynamics simulations of the displacement cascades in Fe–10%Cr systems are used to simulate the

primary knocked-on atom events of the irradiation damage at temperatures 300, 600, and 750 K with primary knocked-

on atom energies between 1 and 15 keV. The results indicate that the vacancies produced by the cascade are all in the

central region of the displacement cascade. During the cascade, all recoil Fe and Cr atoms combine with each other

to form Fe–Cr or Fe–Fe interstitial dumbbells as well as interstitial clusters. The number and the size of interstitial

clusters increase with the energy of the primary knocked-on atom and the temperature. A few large clusters consist of

a large number of Fe interstitials with a few Cr atoms, the rest are Fe–Cr clusters with small and medium sizes. The

interstitial dumbbells of Fe–Fe and Fe–Cr are in the 〈111〉 and 〈110〉 series directions, respectively.
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1. Introduction

High-Cr ferritic/martensitic (F/M) steels are pri-
mary candidate structural materials for future nuclear
power plants, due to their good void swelling resis-
tance and superior mechanical properties.[1] In fu-
ture nuclear systems, it is expected that core struc-
tural materials will be subjected to severe irradiation
and environmental conditions during the reactor’s life-
time.[2] Irradiation, in general, leads to the degrada-
tion of the mechanical properties of materials, via the
creation of radiation defects and secondary phase par-
ticles. Both of them hindering the motion and the
creation of dislocations in metals and alloys. A quan-
titative 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 in-
novative nuclear systems.[3]

High-Cr FM steels for nuclear applications,
including reduced activation and oxide-dispersed
strengthened (ODS) ones, typically contain 7 at.%–
14 at.% Cr, while the content of the other alloying
elements generally does not exceed 1%–2%. The main
alloying element is Cr, and Fe–Cr binary alloys can

be used as model materials to study the behaviour of
these steels. The degradation of material properties
under irradiation is a multi-scale phenomenon, mean-
ing that different physical processes take place at dif-
ferent time and space levels. Nowadays, it is widely
accepted that a multi-scale modelling approach pro-
vides a practical framework to tackle this problem.
This approach begins with the production of atomic-
scale defects by individual displacement cascades and
ends with plasticity and fracture mechanics treatment
of whole components, wherein the response of the ma-
terial to changes in temperature and/or applied stress
is of concern.[4] In this framework, the molecular dy-
namics (MD) technique is a unique tool used to study
the primary damage state due to displacement cas-
cades induced by high energy particles, such as neu-
trons, ions, and electrons. Over the last decade, MD
simulations have been widely used to assess the pri-
mary damage state in pure bcc Fe,[5] some Fe-based
systems,[6−8] and also Fe–Cr alloys.[9−13] Simulations
of displacement cascades in Fe–Cr random alloys have
been carried out mostly in Fe–10%Cr alloys,[9−12] and
these simulations could be reliably performed only for
a Cr concentration (CCr) of 10%, since this was the
only concentration that was acceptably described. On
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the other hand, in alloys with CCr < 10%, a ten-
dency towards the ordering of Cr atoms is experi-
mentally detected.[14,15] Note that both of these pro-
cesses take place in the region of temperatures poten-
tially important for technological applications (above
600 K). Moreover, phase transformation can be accel-
erated under irradiation[16,17] 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 temperature dependence
in a region of temperatures above 600 K, addressing
the issue of the in-cascade ballistic mixing being suf-
ficient to induce, within the short time frame of the
cascade, the redistribution of the Cr atoms as dictated
by the acting thermodynamic forces, i.e., the heat of
mixing of the corresponding alloy.

In the present MD calculation to 20 ps, the pri-
mary damage process and the state of displacement
cascades using MD techniques experience ballistic col-
lision in 10−6–0.2 ps, displacement spike formation
(local explosion, shock wave, melting to low density
droplet) in 0.2–0.3 ps, relaxing (driving out self in-
terstitial atoms (SIAs), atomic mixing and transfer
to a super-cooling droplet) in 0.3–3 ps, solidifying
and cooling to circumstance temperature in 3–10 ps
(forming deleted zone, disorder (or amorphous) re-
gion, vacancies-plate collapse, etc.),[18,19] and the fol-
lowing diffusion process in 10–20 ps. Therefore, it is
able to address the above-mentioned issues, especially
to address the primary damage state at high temper-
ature, which is different from that at low temperature
(including the short-term diffusion process at circum-
stance temperature after completing the whole process
of displacement spike).

2. Cascade generation model and

analysis method

The cascade generation model and analysis
method were used as MD with the MOLDY
program.[20] Periodic boundary conditions were im-
posed on a constant pressure ensemble of atoms with
simulation cells containing 0.5 million atoms for the
highest energy 15 keV simulations. A Fe–Cr simu-
lation cell with 10% Cr in random body-centre cu-
bic (bcc) lattice positions was created. The inter-
atomic potential used was the PAW version (based
on projector augmented wave (PAW) density func-
tional theory results) of the Fe–Cr potential by Ols-

son et al.,[21] which was developed to be used together
with the Olsson Cr–Cr potential[21] and the Ackland–
Mendelev 2004 Fe–Fe potential.[22] The coefficients of
the alloy potential were fitted to the lattice parame-
ter, 0.28553 nm, of Fe90%–Cr10%, a positive heat of
mixing for equimolar composition, the binding energy
of the mixed 〈110〉-dumbbell in bulk Fe, the substitu-
tion energy of a Cr atom in bulk Fe, and the mixing
enthalpy curve.

At the beginning of the simulation, the parti-
cle system was equilibrated for 2 ps at a tempera-
ture representative of operating conditions, such as
300, 600, and 750 K (the well-known 475 ◦C (748 K)
embrittlement of high-Cr Fe–Cr alloys due to nano-
segregation of chromium). When the lattice was at
thermal equilibrium, one atom, the primary knocked-
on atom (PKA), was given a momentum correspond-
ing to an energy of 1 keV or so. The time step in
the simulation was manually adapted to the PKA ve-
locity, and it could be as low as 10−17 s. Once the
cascade energy had been mostly dissipated in elastic
collisions, a much longer time step was allowed, i.e.,
10−16–10−15 s. More details on the procedure can be
found in Ref. [23].

The cascades were then started by choosing an Fe
atom near the centre of the cell as the PKA and giving
it a recoil energy, such as 1 keV or so. The direction
of the recoil was random. Temperature scaling (with
a constant of 100 fs) was adopted in the cell border re-
gion (with a thickness of one lattice parameter). The
simulation was stopped if the kinetic energy of a bor-
der atom was larger than 10 eV, and restarted with the
recoil atom placed farther away from the border but
keeping the recoil direction the same. The simulation
time was 20 ps. The volume was kept constant, and
the temperature was scaled at the borders to remove
heat from the system.

To analyse the defects a Wigner–Seitz cell, cen-
tred at each lattice site, was used. An empty cell
corresponded to a vacancy, while two atoms in the
same cell have a self-interstitial configuration. We per-
formed 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 pres-
ence of some significant binding energy between alike
defects, which is the second nearest neighbour for va-
cancy defects, and the third nearest neighbour for SIA
defects. Special attention was paid to the fraction of
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clustered SIAs and vacancies, as well as to the Cr con-
tent among SIAs and clustered SIAs.

In order to find the statistical average for the
number of surviving Frenkel pairs and defect clus-

ters produced by the cascade with MD simulation,
the number of cascades, simulation time and box size
(number of atoms) for various temperatures and PKA
energy EMD are summarized in Table 1.

Table 1. Summary of number of cascades, simulation time and box size versus temperature and EMD.

EMD/keV
No. of cascades in Fe–10%Cr Other parameters

300 K 600 K 750 K Time/ps Box size

1 10 10 10 20 500094

5 10 10 10 20 500094

10 10 10 10 20 500094

15 10 10 10 20 500094

3. Results and discussion

3.1.Defect number

The average number of surviving Frenkel pairs
(NFP) for various temperatures at the end of cascade
in Fe–10%Cr resulting from the MD simulations is
plotted as a function of EMD, as shown in Fig. 1(a).
The points have been interpolated using the empiri-
cal power law, NFP = AEm

MD, as proposed by Bacon
et al.[24] Prefactor A and exponent m obtained in the
least-square fit are in agreement with those in previ-
ous work on Fe.[25] The exponent increases with tem-
perature increasing from 0.7514 at 300 K to 0.8892
at 750 K. This means that the defect production is
more sensitive to PKA energy at 750 K in Fe–10%Cr.
Traditionally, the number of Frenkel pairs produced
per cascade is estimated using the NRT formula,[26]

NNRT = 0.8ED/2Ed, where Ed is the average displace-
ment energy for all crystallographic directions and ED

is the fraction of recoil energy that goes into displace-
ment damage, after subtracting the fraction dissipated
for electron excitation. Since in the present MD sim-
ulations, the interaction between ions and electrons
is not included, it is assumed that ED = EMD. The
defect production efficiency is defined as the ratio of
the surviving MD Frenkel pairs to the number of NRT
displacements (NFP/NNRT). For the sake of compar-
ison, we took Ed = 40 eV to estimate the number of
defects with the NRT formula. The defect produc-
tion efficiency shown in Fig. 1(b) decreases with the
recoil energy to a more or less asymptotic value of
about 0.22 for 10 keV at 300 K and 0.20 for 5 keV
at 750 K. The asymptotic value of defect production
efficiency is not sensitive to temperature above 300 K,
but the start point (PKA energy) of asymptotic curve
decreases with the operation temperature increasing.

These results are similar to those in the pure iron[25]

and the asymptotic value of defect production effi-
ciency is reasonable, which is similar and close to the
experimental value about the fraction of the number
of survive defects in irradiated metals at the normal
temperature (about 0.15).[18]

Fig. 1. (colour online) Number of surviving Frenkel

pairs (a) and defect production efficiency compared with

those from NRT (b) at the end of the cascade versus

recoil energy, in Fe–10%Cr with various temperatures.

In panel (a), the power law proposed by Bacon et al.,

NFP = AEm
MD, has been used for interpolation.
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The present potential predicts a positive binding
energy of the mixed 〈110〉-dumbbell in bulk Fe. This
feature leads to the formation of a number of mixed
dumbbells, the fraction of Fe–Cr interstitials in the to-
tal number of interstitials is remarkably higher than
the fraction of Cr in the matrix at the end of the cas-
cade, as shown in Fig. 2. Above 5 keV of the recoil
energy, more than 20% of the final dumbbells contain
Cr atoms compared with the 10%Cr concentration of
the alloy. Below 5 keV of the recoil energy, the forma-
tion of mixed dumbbells increases with the operation
temperature. Initially, as expected, more Fe atoms
than Cr atoms are displaced and counted as inter-
stitials. However, during the cooling stage, most of
these Fe–Fe dumbbells, possibly assisted by the still
high temperature, glide till they become trapped at
the closest Cr atoms, thereby determining the num-
ber of mixed and self-interstitial dumbbells at a higher
temperature to be more than that at normal temper-
ature. When the recoil energy is higher than 5 keV,
the displacement spike is large enough and the in-
cascade ballistic mixing is sufficient to induce, within
the short time frame of the cascade, the Cr atom re-
distribution as dictated by the acting thermodynamic
forces, i.e., the heat of mixing of the corresponding
alloy, which is of advantage for the formation of Fe–
Cr interstitials. In summary, Cr atoms do not appear
to significantly affect the collisional stage of the cas-
cade, as may be expected, considering the negligible
difference in mass between Fe and Cr atoms. The
presence of Cr determines a redistribution of dumb-
bell species during the post-collisional stage, where the
dumbbells is of advantage for containing Cr atoms, in
a percentage far higher than the Cr concentration in
the alloy, i.e., the fraction of Fe–Cr dumbbells in the
total interstitial dumbbells is higher than 10%, pro-
duced by the cascade. The direction of Fe–Cr dumb-
bell is along 〈110〉, the same as the direction of Fe–Fe
dumbbell along 〈110〉, which is in agreement with ab
initio calculation.[16] The thermal stability of these
dumbbells is likely to be responsible for the results in
Fig. 2. The fractions of Fe–Cr and Cr–Cr dumbbells in
Fe–10%Cr cascades versus recoil energy with various
operation temperatures (average evolution of 10 cas-
cades) are shown in Fig. 2, indicating that the 〈110〉
Fe–Cr and Cr–Cr dumbbells are more stable than the
corresponding defect in pure iron. Consequently, Cr
would tend to end up in defect structures forming dur-
ing the cooling down of recoil cascades.

Fig. 2. (colour online) Fractions of the number of Fe–Cr

dumbbells interstitials to the number of interstitials versus

PKA energy for various temperatures.

3.2.Cluster formation

Previous studies on displacement cascades in Fe
show that very little in-cascade vacancy clustering oc-
curs in this material, while sizeable interstitial clus-
ters are found.[11,23−25,27] Our results agree with these
findings. The numbers of interstitial clusters versus
PKA energy ED for various temperatures and the size
distribution of clusters for ED as 15 keV at 750 K are
shown in Figs. 3(a) and 3(b), which sums the num-
ber and the size of interstitial clusters of 10 events
for one case, corresponding to 10 cascades with a ran-
dom emitted direction in one region with time interval
20 ps. The results presented are for a distance between
neighbours, 0.49455 nm (the third nearest neighbour).
In this calculation, we consider a cluster that contains
more than 3 interstitials. The calculation results indi-
cate that the number and the size of interstitial clus-
ters increase with the energy of PKA and is not sen-
sitive to temperature in the range 300–750 K at the
PKA energy above 5 keV. Most clusters are less than
8 interstitials in size, but there are always a few larger
clusters with some Cr interstitials. The clusters seem
to be stabilized by the Fe–Cr mixed interstitial. The
Cr fraction distribution in small clusters is shown in
Fig. 3(c), showing that the peak of Cr fraction is at
0.25, higher than that in the matrix.

Interstitial clusters can be formed in cascades ac-
cording to at least three mechanisms. They may be
formed when a high-density part, produced during
the ballistic phase and lingering on into the nearly
melted zone created by the displacement spike, is iso-
lated by a re-crystallisation front.[28] They may also
partly form at the end of the displacement spike, as
a consequence of collective atomic motion in a con-
dition of enhanced defect diffusion, due to the high
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local temperature.[29] Finally, further formation and
growth of interstitial clusters may occur by later lo-
cal defect re-organization, driven by strain-field in-
teraction between neighbouring interstitials and small
clusters.[29] While the presence of interstitial-trapping
solute atoms can hardly affect the first of these mech-
anisms, but is expected to greatly influence other two.
However, the Fe 〈111〉 crowdions and recoils meeting
the Cr atom will be “broken” to form the mixed dumb-
bell, the mixed dumbbell migration will not only en-
hance the effective stability of mixed dumbbells, but
also facilitate the formation of clusters containing a
significant number of Cr atoms by the aggregation of
single interstitials under the high local temperature of
the displacement spike region. Thus there are many
small clusters that become stable at the end of a cas-
cade step, which contains Cr as shown in Fig. 3(c).

Fig. 3. (colour online) The numbers of interstitial clus-

ters versus PKA energy for 300, 600, and 750 K (a); their

size distribution of a cluster in ED 15 keV at 750 K (b);

the number of interstitial clusters versus the fraction of

NCr/Ninterstitial in a cluster (containing 4 interstitials) for

15 keV at temperature 600 K (c).

At the same time, the large clusters formed in cas-
cades will still be of 〈111〉 type Fe crowdions, which

can efficiently gather and form clusters, and will still
fast glide one-dimensionally toward regions of high Cr
concentration, where they will become trapped. Thus,
“more interstitials” in clusters means globally “less
free” single interstitials suited for being “captured”
by Cr atoms and, therefore, less Cr atoms in an inter-
stitial position. Interstitial clusters are formed in cas-
cades in Fe partly at an early stage as a consequence
of re-crystallization, partly at the end of the displace-
ment spike as a consequence of collective atomic mo-
tion, and partly later, via local defect re-organization,
driven by elastic interactions among interstitial de-
fects.

We expect that the formation of Fe–Cr mixed in-
terstitial clusters, which are shown here to be stabi-
lized by Cr, will have a large influence on the sub-
sequent evolution of radiation damage. Because sin-
gle interstitials in Fe–Cr migrate three-dimensionally,
maintaining a 〈110〉 dumbbell configuration, with a
migration energy of about 0.3 eV. These slowly mi-
grating single 〈110〉 dumbbells lead their diffusion
into Fe–Cr mixed interstitial clusters, thereby grow-
ing, and becoming trapped at Cr atoms and evolving
into larger Fe–Cr mixed interstitial clusters. It is due
to the fact that three-dimensionally migrating inter-
stitials have, in the long term, more chances of finding
a trap than one-dimensionally migrating ones and, in
addition, the mixed dumbbells can migrate in a way
different from solute-centred crowdions, i.e., once the
mixed dumbbell is formed it will not be broken by the
process of interstitial migration. This possibility of
mixed dumbbell migration will not only enhance the
effective stability of mixed dumbbells, but also facili-
tate the formation of clusters containing a significant
number of Cr atoms by the aggregation of single in-
terstitials.

These Fe–Cr mixed interstitial clusters may be
obstacles to dislocation motion, leading to the hard-
ening associated with a ductile-brittle transition tem-
perature (DBTT) shift. The observed large number
of small sized Fe–Cr mixed interstitial clusters may
help explain the experimental observations. A high
density of defects with a mean size range in 1.5–
6.9 nm was observed, but no cavities, even at the
highest studied dose.[30] At operating temperatures
higher than 350 ◦C, the Fe–Cr mixed interstitial clus-
ters will evolve into nanometric dislocation loops with
a Burgers’ vector b = a0〈111〉/2 in the {111} plane.
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At well-known 475 ◦C (748 K) the embrittlement of
high-Cr Fe–Cr alloy is due to the nano-segregation of
chromium. We predict that the 〈110〉 Fe–Cr and Cr–
Cr dumbbells are more stable than the corresponding
defects in pure iron. Consequently, Cr would tend to
end up in defect structures forming during the cooling
down of recoil cascades.

3.3.Configuration of clusters

The configurations of a 10 keV cascade at 600 K
in 10 and 20 ps are shown in Figs. 4(a), 4(b), 4(c)
and 4(d). There is no significant difference between
them. As we predict, before 10 ps, the cascade expe-
riences ballistic collision (10−6–0.2 ps), a displacement
spike process (0.2–3 ps) and solidifying and cooling to
circumstance temperature in 3–10 ps. The surviving

defects are stable, as shown in Figs. 4(a) and 4(b),
then follow the diffusion process in 10–20 ps. The
period in 10–20 ps is too short, the surviving defects
migrate only slightly and the agglomeration is lim-
ited, except the high speed migration of special de-
fects, such as 〈111〉 crowdions. Therefore, the config-
uration of the cascade at 20 ps can be described as the
primary damage characterization, and the features of
the cascade, such as vacancy spatial distribution, va-
cancy clusters size and spatial distribution, dumbbell
interstitial spatial distribution, interstitial cluster size
and spatial distribution, the composition in intersti-
tial cluster, and the interstitial cluster shape (such as
nanometer interstitial loops), are taken as a record
database for analysis and entering the next code, such
as the object kinetic Monte Carlo (OKMC) method[31]

for microstructure evolution calculation.

Fig. 4. Configurations of 10 keV cascade in 10 ps (a) zoom-out, (b) zoom-in and 20 ps (c) zoom-out, (d) zoom-in, at

600 K, including spatial distributions of vacancies (green dots) and dumbbell interstitials (yellow dots for Fe, pink dots for

Cr), size and spatial distributions of vacancy clusters and interstitial clusters, the composition in interstitial cluster and

interstitial cluster shape (such as nanometer interstitial loops), and its spatial clusters.

4. Conclusion

1) The defect production efficiency decreases with
recoil energy increasing. The asymptotic value is not
sensitive to temperature, but slightly decreases with
the operation temperature increasing. It is similar and
close to the experimental results for the fraction of the
number of surviving defects in irradiated metals at a
normal temperature.

2) The interstitials all belong to the 〈110〉-
dumbbell, the fraction of Fe–Cr mixed interstitials in
the interstitials is remarkably higher than that of Cr in

the matrix. It indicates that the 〈110〉 Fe–Cr and Cr–

Cr dumbbells are more stable than the corresponding

defect in pure iron.

3) The number and the size of interstitial clusters

increase with the energy of the PKA and they are not

sensitive to the temperature in a range of 300–750 K.

4) The configurations of 10 keV cascade in 10 and

20 ps indicate that there is no significant difference be-

tween them.
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