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Atomistic simulations are used to study how thermal ageing or radiation-enhanced/induced microstruc-
tural changes affect the motion of an edge dislocation in Fe–Cr alloys. Monte Carlo (MC) techniques were
used to obtain distributions of Cr atoms in Fe–Cr alloys containing from 5% to 12%Cr, with an ab initio-
based interatomic potential correctly reproducing the thermodynamic properties of Fe–Cr alloys in the
Fe-rich region. The edge dislocation motion was then modelled using molecular dynamics, by applying
constant strain-rate and the corresponding flow-stress was monitored, in Fe and Fe–Cr defect-free matri-
ces with random and MC-obtained Cr distributions, as well as in matrices containing Cr precipitates of
different sizes and radiation defects (voids and dislocation loops). We show that the flow-stress in con-
centrated Fe–Cr alloys is much higher than in dilute ones. The presence of Cr precipitates significantly
contributes to hardening and their strength increases linearly with size. The critical stress to shear voids
and Cr precipitates is higher in Fe–Cr than in pure Fe.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The choice of 9%Cr ferritic/martensitic steels as structural mate-
rials for fusion applications is largely based on the observed mini-
mum radiation-induced embrittlement [1]. Embrittlement in steels
with CCr > 9% is explained in terms of a–a0 demixing, leading to for-
mation of Cr-rich coherent precipitates [2]. Why radiation-induced
embrittlement increases for steels with <9% Cr remains unclear,
but the well-known tendency of Cr to ordering (in this range of
concentrations [3]) may play a role in it, although this contention
needs to be demonstrated. Experimental evidence accumulated
over 30 years and relatively recent results from atomistic model-
ling reveal that: (i) adding Cr to Fe (up to 15%) influences the
microstructure evolution under irradiation, by suppressing void
formation and increasing dislocation loop density (e.g. [4]); (ii)
the strength of radiation-induced defects is increased by Cr (as
shown by comparative isochronal-recovery tensile tests [5]); (iii)
Cr has significant affinity for self-interstitial atoms (SIA), but hardly
interacts with vacancies, despite being a slightly oversized atom in
Fe [6]; (iv) Cr has unexpectedly strong affinity (0.4 eV) for delocal-
ized interstitial configurations (h111icrowdion), as first found in
molecular dynamics (MD) simulations and then confirmed by den-
sity functional theory (DFT) [6]. These facts suggest that dislocation
motion and dislocation-obstacle interaction need to be studied
separately in Fe and Fe–Cr alloys to reveal the effect of Cr. In this
work, by using MD techniques with a recent DFT-based inter-
atomic potential [7], we present preliminary results revealing the
ll rights reserved.
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effect of Cr on: (i) ½[111]f1 �10g edge dislocation (ED) motion in
Fe–Cr matrices, with specific Cr distribution, obtained from Monte
Carlo (MC) simulations; (ii) interaction of ED with voids, ½½1 �11�
dislocation loops and Cr precipitates.
2. Computational details

The simulations were performed with a many-body potential
for Fe–Cr that provides a satisfactory description of phase stability
and point-defect/solute interaction [6,7]. ED motion was studied in
Fe–xCr body-centered cubic (bcc) solid solutions with x = 0.5, 1, 5,
10 and 12%. Alloys with random (Fe–xCrRANDOM) and ordered (Fe–
xCrSRO) Cr distributions were studied, the latter corresponding to
thermodynamic equilibrium. In dilute alloys (61%Cr), consistency
with thermodynamics was ensured by simply preventing the pres-
ence of Cr–Cr 1st nearest neighbour (nn) pairs. In other alloys the
Cr distribution was obtained by exchange MC techniques, as in [8].
In Fe-12%Cr crystals, nearly spherical Cr-rich precipitates (x > 95%)
of different diameters (DP = 0.6 � 3.5 nm) formed in MC simula-
tions at 700 K [8] and were, subsequently used to study precipi-
tate-ED interaction. Conversely, Fe-5%Cr samples showed partial
Cr ordering (with a short-range-order parameter of �0.05) after
MC simulations at 700 K, correspondingly used to study the effect
of ordering on ED motion. In Fe-10%Cr, no significant Cr rearrange-
ment is expected, so only random Cr distributions were
considered.

ED motion under load at constant strain-rate ðc ¼ 105 ps�1Þwas
simulated in Fe–Cr crystals, varying Cr content and distribution (as
above-described), using a model from [9], to obtain stress–strain
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Table 1
Parameters used in MD simulations of ED motion: A – motion in defect-free crystals; B – interaction with precipitates having DP = 0.6 and 1.1 nm; C – interaction with precipitates
having DP = 1.7 � 3.5 nm; D – interaction with voids and ½½1 �11� SIA loops in Fe-10%Cr and pure Fe matrices. (L is the box length in a specified direction).

Parameters/MD simulation A B C D

Lh111i, nm 35 35 35 35
Lh112i, nm 28 21 28 21
Lh110i, nm 8 8 16 12
Number of atoms � 103 530 400 1060 550
MD timestep 1 fs for T = 300 K, 2 fs for T = 10 K
Strain-rate 10�5 ps�1

258 D. Terentyev et al. / Journal of Nuclear Materials 386–388 (2009) 257–260
relationships ðs� cÞ The interaction of the ED (b = ½[111]) with
voids, ½½1 �11� circular SIA loops and Cr-rich precipitates was stud-
ied in Fe and Fe-10%CrRANDOM. The centre of the precipitate or void
lay on the dislocation slip-plane (DSP), while the SIA loop with
b = ½½1 �11� (inclined to the DSP) was placed 3 nm below it. In pure
Fe, the interaction of the ED with voids and ½h111i loops was al-
ready studied in [10–12], including temperature and defect-size ef-
fects. Here we have preliminarily performed only simulations in
the alloy at 300 K with a void and a loop containing the same num-
ber of defects (169), of diameters DV = 1.6 nm and DL = 3.3 nm,
respectively. The diameter of the precipitate, DP, was varied to
obtain information about critical stress (sC) and interaction mech-
anisms versus size. The MD simulation parameters are summarised
in Table 1.

3. Results, discussion and conclusions

Motion of ED in defect-free crystals: The s–c relationships for Fe
and Fe–Cr crystallites loaded at 10 K are plotted in Fig. 1. In Fe, the
s–c curve has a saw-like shape, with frequent but regular low
peaks. The critical stress for the ED, sC (maximum encountered
over �100b), is 25 MPa. In dilute alloys (0.5% and 1%Cr) the peaks
are slightly amplified and less regular, due to the weak attractive
interaction between ED and Cr (�0.1 eV). In Fe-5,10%CrRANDOM,
the ED glides under significantly higher stress (upper part of
Fig. 1). Visualising the ED motion, we observed that in Fe, Fe-0.5
and Fe-1%CrRANDOM, and in Fe-5%CrSRO, it moved essentially as a
straight line. However, in Fe-5,10%CrRANDOM it took a waving shape
(amplitude �3 � 6b) and was seen to glide via displacements of
individual segments (20 � 60b long), eventually separated by
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Fig. 1. Stress–strain curves obtained in MD simulations at 10 K of ED motion in Fe a
strong pinning obstacles, later identified as small Cr-rich clusters
of mainly Cr–Cr 1st nn pairs. The latter exhibit strong repulsive
interaction with the core of the ED (0.2 eV). Their presence there-
fore justifies the remarkable difference in s–c curves for Fe-5%Cr
alloys, explaining why the ED glides under significantly lower sC

in Fe-5%CrSRO than in the random alloy.
Motion of ED in presence of Cr precipitates: The s–c relation-

ships for the ED shearing Cr precipitates in Fe-12%Cr alloys at
10 K is shown in Fig. 2(a). The curve obtained in the precipitate-
free matrix, is shown, too. As DP increases, sC increases as well.
However, for small precipitates (DP 6 1.2 nm) sC is comparable to
the matrix friction stress. The following interaction mechanism
was revealed by visualisation: (i) initially, the ED was repelled by
the precipitate; (ii) under increasing s, it bowed around the precip-
itate and (iii) finally cut it, so sC was reached just before the ED en-
tered the precipitate. The estimated break-away angles were >0 for
all precipitate sizes and ED-line lengths (21 and 30 nm) considered
here. sC vs DP estimated in Fe and Fe-12%Cr is plotted in Fig. 2(b),
which shows linear growth of sC (if DP > 1.5 nm). Note that DsC in
Fe and Fe-12%Cr is constant and about equal to sC in the precipi-
tate-free Fe–Cr matrix, suggesting that sC increases in the alloys
due to the higher friction stress.

Motion of ED in presence of a void or a loop: The interaction of
the ED (b = 1/2[111]) with a ½½1 �11� SIA loops may result in com-
plete or partial loop absorption, depending on DL and temperature,
as in pure Fe [11,12]. Reactions with 169-SIA loops in Fe were al-
ready reported [12], using the same potential as here. At 300 K,
complete loop absorption by the ED was observed, in three steps
[12]: (i) formation of a common ½0 �10� segment; (ii) emission of a
screw dipole; (iii) propagation of the ½0 �10� pinning segment across
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Fig. 3. Stress–strain curves obtained in five MD simulations performed at 10 K in Fe-10%Cr, and one in pure Fe, modelling the interaction of the ED with (a) ½½1 �1 1� SIA loop
and (b) void, each containing 169 defects.
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Fig. 2. (a) Stress–strain curves obtained in MD simulations at 10 K modelling motion of ED in Fe-12%Cr alloys containing Cr-rich precipitates of different sizes. (b) Estimated
sC (in lb/L units, l = 70 GPa) for the ED to cut a Cr-rich precipitate in Fe and Fe-12%Cr alloy vs. precipitate size
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the loop combined with a screw dipole cross-slip (and its annihila-
tion) at sC, leading to the incorporation of the loop in the ED as a
set of superjogs. Importantly, at step (ii) the ED arms keep moving
further, being connected to the pinning ½0 �10� segment via the
screw dipole, whose length increases constantly until step (iii) oc-
curs. The controlling factor is the mobility of the ½0 �10� segment
(which is sessile in the DSP). Conversely, when the ED interacts
with a void in Fe, the dislocation line bows smoothly (keeping
arch-line shape) with increasing s. The release occurs with the for-
mation of a step in the void surface, accompanied by climb of the
ED and absorption of a few vacancies from the void [10].

Reactions of the ED with voids and ½½1 �11� SIA loops (containing
169 defects each) in Fe-10%CrRANDOM alloys were modelled, too
(varying Cr arrangement near defects using five different random
seeds). The corresponding s–c curves are shown in Fig. 3. The reac-
tion mechanisms in Fe–Cr are the same as in Fe. For the ½½1 �11� loop
(Fig. 3(a)), sC appears not to vary with Cr (sC = 360 MPa), whereas
the average sC (over five runs) for the void (Fig. 3(b)) increases by
130 MPa in the presence of Cr as compared to pure Fe, where
sC = 240 MPa. The dislocation line shape, visualised at sC, was seen
to have significantly larger curvature in Fe–Cr than in Fe, with a
consequently higher line-tension. We believe that this effect should
be attributed to the additional matrix resistance to the glide of the
ED. DsC = 130 MPa between Fe–Cr and Fe for voids is close to
DsC = 100 MPa for Cr precipitates, while sC for the 169-½½1 �11�
SIA loop is the same in Fe and Fe–Cr, which is probably due to insen-
sitivity of short ½0 �10� segment mobility to the presence of Cr.
More thorough studies of Cr effects on the behaviour of disloca-
tions in Fe–Cr alloys (i.e. temperature, defect size, interaction
geometry etc.) are ongoing. For the moment, the following
preliminary conclusions can be drawn:

1. Concentrated random Fe–Cr alloys provide stronger resistance
to the ½[111] f1 �11g ED motion than dilute alloys, because
the resistance of Cr–Cr pairs (repelling the ED) is much stronger
than that of isolated Cr atoms (weakly attracting the ED); in the
absence of close Cr–Cr pairs, ordered alloys provide weaker
resistance than random ones.

2. Cr precipitates were observed to be sheared by the ED, rather
than by-passed. For precipitates, sC grows linearly with size
and it is higher in Fe–Cr than in pure Fe, making a difference
approximately equal to the friction stress of the same Fe–Cr
matrix without precipitate.

3. Reactions of the ED with voids and ½½1 �11� SIA loops proceed
via the same mechanisms as in Fe. However, sC to cut the void
is higher in Fe–Cr than in Fe.
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