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a b s t r a c t

Molecular dynamics simulation of atomic displacement cascades up to 20 keV has been performed in Fe–
10 at.%Cr binary alloy at a temperature of 600 K. The N-body interatomic potentials of Finnis–Sinclair
type were used. According to the obtained results the dependence of ‘‘surviving” defects amount is well
approximated by power function that coincides with other researchers’ results. Obtained cascade effi-
ciency for damage energy in the range from 10 to 20 keV is �0.2 NRT that is slightly higher than for pure
a-Fe. In post-cascade area Cr fraction in interstitials is in range 2–5% that is essentially lower than Cr con-
tent in the base alloy. The results on size and amount of vacancy and interstitial clusters generated in dis-
placement cascades are obtained. For energies of 2 keV and higher the defect cluster average size
increases and it is well approximated by a linear dependence on cascade energy both for interstitials
and vacancies.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Reduced activation ferritic/martesitic (RAFM) 7–10%Cr-WVTa
steels are primary candidate structural materials for the first wall
(FW) and breading blanket (BB) structures of the future fusion
power plants. Though RAFM steels gain some advantages over
commercial alloys, low temperature hardening under neutron irra-
diation accompanied by embrittlement, decrease of impact tough-
ness, and ductility still remain the principle obstacles for their
application. Since the beginning of 2008 Ulyanovsk State Univer-
sity and Joint Stock Company, State Scientific Center Research
Institute of Atomic Reactors (JSC SSC RIAR) jointly with Fors-
chungszentrum Karlsruhe have set up a significant research project
‘‘High Dose Irradiation Damage of RAFM Steels”. The designated
project aims at understanding of the neutron irradiation damage
in RAFM steels and its influence on their mechanical properties.

The present work concerns molecular dynamics (MD) simula-
tion of atomic displacement cascades in Fe–10 at.%Cr binary alloy.
The main goal is determination of some primary radiation damage
parameters taking into consideration point defects recombination
and clusterization in displacement cascades. The simulation is per-
formed at a temperature of 600 K that approximately corresponds
to irradiation temperature of RAFM steel specimens in BOR-60 (JSC

SSC RIAR, Dimitrovgrad, Russia) within ARBOR-1 and ARBOR-2
irradiation programmes [1,2].

MD method is the most appropriate tool of atomic displacement
cascade simulation being used by different research groups for
simulation of irradiation damage in various materials. Particularly,
pure a-Fe has been extensively studied by using of different poten-
tials of interatomic interaction. Cascade simulation in alloys is also
being widely performed, though the problem of proper potential
development for multicomponent systems still remains. Recently
a number of works dedicated to Fe–Cr alloys have been published
[3–6]. Malerba et al. [3] carried out a dynamic simulation of dis-
placement cascades of Fe–10%Cr alloy for the primary knock-on
atom (PKA) energies up to 15 keV. Later on Terentyev et al. [4] per-
formed calculations for PKA energies up to 50 keV. Wallenius et al.
[5] simulated cascades for Fe–5%Cr and Fe–20%Cr systems. The
authors in [3–5] make use of interatomic potentials resting on
embedded atom method (EAM). However, Fe potential used in
[3,4] reveals the h1 1 1i dumbbell structure for interstitial atoms
to be more stable than h1 1 0i one, that contradicts experimental
data and results of ab initio calculations. The potentials used in
[5] happens to yield formation energies of mixed Fe–Cr ‘‘dumbbell”
in a-Fe matrix twice as large as ab initio calculations.

Shim et al. [6] had performed MD simulations of displacement
cascades up to 20 keV in Fe and Fe–10 at.%Cr using two different
parameterizations of Finnis–Sinclair type interatomic potentials.
In particular, they had shown that the quantity of mixed Fe–Cr
dumbbells is sensitive to the choice of Fe–Cr cross-potential.
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2. Simulation method and interatomic potentials

For displacement cascade simulation we made use of MD meth-
od and FRENKLOW code [7] that was developed in Tver polytechnic
university and subsequently modified by our researchers. Dis-
placement cascade simulation starts from imparting an initial
velocity in a chosen crystallographic direction to one of crystallite
atoms (PKA) and continues till perturbation cools down. In doing
so, it is essential to consider different non-equivalent PKA momen-
tum directions.

For the performed simulation, a semi-empirical manybody po-
tential of interatomic interaction is applied. By using N-body po-
tential each atom’s energy is rather represented as some function
of its local surrounding than constitutes the sum of pair interac-
tions. Several construction schemes of such potential were devel-
oped for metals: embedded atom method [8], Finnis–Sinclair
scheme [9], and Rosato–Guellopé–Legrand scheme [10]. Though
physical interpretations are slightly different, all these methods
yield the same analytic equation for N particles system’s total
energy.

Etot ¼
XN

i¼1

FiðqiÞ þ
XN�1

i¼1

XN

j¼iþ1

uijðrijÞ; ð1Þ

qi ¼
XN

j¼1
ðj–iÞ

wjðrijÞ; ð2Þ

where Etot is crystal energy, qi in EAM formalism is the electron den-
sity at cite i generated by other atoms, Fi(qi) is energy of embedding
of atom i into electron liquid with density qi, wj(rij) is electron den-
sity of atom j as a function of distance to its center, rij is distance be-
tween i and j atoms and uij(rij) is pairwise interatomic potential
between i and j atoms.

When constructing pairwise potential it is common to divide it
into three parts (see, for instance [11]): equilibrium, high-energy
and intermediate. The equilibrium part of pair potential is desig-
nated to explain interactions on interatomic distances close to or
greater than the distance between the nearest neighbours in an
equilibrium crystal. This part (uequilibrium(r)) may have different
analytic forms for both different atoms and different methods
and approaches used in potential construction.

The high-energy part describes interatomic interactions at short
distances (typically up to 1 Å). This potential part is repulsive (i.e.
decreasing with r) and it is usually described by the equation:

ushort-distðrÞ ¼
Z1Z2e2

4pe0r
U

r
a

� �
; ð3Þ

where Zi is atom number, e is electron charge, e0 is the dielectric
constant, a is defined here according to Biersack and Ziegler ap-
proach [40]

a ¼ 0:88534� a0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2=3

1 þ Z2=3
2

q ; ð4Þ

with a0 = 0.529 Å being Bohr radius and U(x) being screening func-
tion given by:

UðxÞ ¼ 0:1818e�3:2x þ 0:5099e�0:9423x þ 0:2802e�0:4029x

þ 0:02817e�0:2016x: ð5Þ

The intermediate part is designated to smoothly join equilibrium and
high-energy parts so that u(r) function and its first derivative should
be continuous. In the present work the intermediate part is repre-
sented as:

ujoinðrÞ ¼ eðB0þB1rþB2r2þB3r3Þ; r1 6 r 6 r2; ð6Þ

where [r1, r2] is a ‘‘join” section, Bi parameters are chosen so that
the equations

ujoinðr2Þ ¼ uequilibriumðr2Þ;

u0joinðr2Þ ¼ u0equilibriumðr2Þ;

ujoinðr1Þ ¼ ushort-distðr1Þ;

u0joinðr1Þ ¼ u0short-distðr1Þ

should be satisfied.
In the present work for Fe we used N-body potential of

Finnis–Sinclair type from Ackland et al. [12], which is derived from
potential 2 from [13] by embedding function modification. The
boundaries of the intermediate region for a pairwise potential part
is given by r1 = 1 Å, r2 = 2.05 Å. High-energy and joint parts corre-
spond to Eqs. (3)–(6). Cutting radius is 5.3 and 4.2 Å for u and w
functions, respectively.

It is noteworthy that, the used potential is constructed so that
the more stability should be provided for h1 1 0i ‘‘dumbbell” con-
figuration than for h1 1 1i one. The difference between correspond-
ing formation energies is �0.5 eV that agrees well with
experimental results on a-Fe [21].

We use Finnis–Sinclair potential [9] for Cr:

wCrCrðrÞ ¼
A2ððr � dÞ2 þ bðr � dÞ3=dÞ; r 6 d

0; r > d

(
; ð7Þ

FCrCrðqÞ ¼ �
ffiffiffiffi
q
p

; ð8Þ

uCrCr equilibriumðrÞ ¼
ðr � CÞ2ðC0 þ C1r þ C2r2Þ; r 6 C

0; r > C

(
: ð9Þ

The potential parameters are given in Table 1. It is noteworthy
that the potential yields a slightly positive Cauchy pressure (C12–
C44)/2 � 1.35 � 109 Pa which disagree with experiment [22] where
negative Cauchy pressure for Cr is obtained. However, as it is noted
in [5] with reference to paper [23], at temperatures above 450 K
chromium is paramagnetic and has a positive Cauchy pressure.
For using this potential in displacement cascade simulation when
the distance between atoms becomes small, it is reasonable to
modify wCrCrðrÞ function. The matter is that it increases at r < d(1–
2/(3b)) � 2.465 Å and, moreover, it is negative at r < (1 � 1/
b)d � 1.74 Å. Therefore, for r 6 r0 = 2.498 Å we assumed.

wCrCrðrÞ ¼ A2ððr � dÞ2 þ bðr � dÞ3=dÞ þ kðr0 � rÞ3; r 6 r0; ð10Þ

where k = 11.1 eV2/Å3. Original and modified curves of wCrCr(r) func-
tion are given in Fig. 1. High-energy and intermediate parts of uCrCr(r)
function were determined in accordance with Eqs. (3)–(6) with r1

and r2 values coinciding with those of Fe (i.e. 1 and 2.05 Å,
respectively).

To test chosen potentials for Fe and Cr we carried out calcula-
tions of atom displacement threshold energies and performed
comparison of the obtained values with the experimental data.
bcc Fe and Cr crystallites comprising nearly 10,000 atoms were
used to calculate displacement threshold energy (Ed). Calculations
were done with periodic boundary conditions. The initial crystal-
lite temperature was 0 K. When determining threshold energy
the search of stable configurations starts from low PKA energies,

Table 1
Potential parameters for Cr (all distances are expressed in Å and energies in eV).

A 1.453418 d 3.915720 C0 29.1429813 C2 4.7578297
b 1.8 C 2.90 C1 �23.3975027
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