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Molecular dynamics simulation is one of the most useful methods to model defect generation and sub-
sequent change in mechanical properties in material that will suffer irradiation in the future fusion reac-
tors. This work is aimed at showing the influence of the empirical interatomic potential for the Fe–Fe
interaction on the simulated shearing of a-Fe containing one edge dislocation interacting with one nano-
metric void sitting on its glide plane. The recent potentials derived by Ackland et al. [G.J. Ackland, D.J.
Bacon, A.F. Calder, T. Harry, Philosophical magazine a-physics of condensed matter structure defects
and mechanical properties 75 (1997) 713], Mendelev et al. [M.I. Mendelev, S. Han, D.J. Srolovitz, G.J. Ack-
land, D.Y. Sun, M. Asta, Philos. Mag. 83 (2003) 3977] and Dudarev–Derlet [S.L. Dudarev, P.M. Derlet, J.
Phys. Condens. Matter 17 (2005) 7097] are used to identify critical parameters. The stress–strain
responses are obtained under imposed strain rate and at temperatures ranging from 10 to 700 K at con-
stant volume. It appears that different potentials give different strengths and rates of decrease of obstacle
strength with increasing temperature. Results are analyzed in terms of dislocation core structure and
thermal expansion. Implications for the choice of the potential are given.

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

Low activation ferritic-martensitic steels are being extensively
studied since these alloys are considered to be candidate materials
for the blanket and first wall of fusion reactors [1–9]. Although the
ferrite-based steels are relatively resistant to swelling and main-
tain good fracture toughness at irradiation temperatures above
about 700 K, they are prone to loss of ductility at lower irradiation
temperatures [10]. This limits the mechanical performance and
lifetime of these alloys under fusion irradiation conditions. How-
ever, the complexity of the microstructure of these alloys hinders
a detailed analysis of the underlying microscopic mechanisms,
and studies are presently focused on model alloys, starting with
pure Fe and Fe–Cr alloys [11]. Hence, in this research, pure a-Fe
and molecular dynamics (MD) simulation are utilized to investi-
gate the irradiation-induced effects, in particular the void, on the
mechanical properties of this material.

Multiscale modeling appears as a major tool for the description
of plasticity of materials, which includes MD simulations. They are
used extensively nowadays in the study of the interaction of a dis-
location with an obstacle, for example, in the case of voids and Cu
precipitates in Fe (bcc) [12–17] and stacking fault tetrahedron in
Cu (fcc) [18–20]. Although different works dealt with strengthen-
ll rights reserved.
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ing of irradiation induced fcc and bcc materials by dislocation-
obstacle interaction, there is still a lack of understanding about
its temperature dependence, the effect of size and type of obstacle.
Moreover, the impact of the chosen empirical potential on these
phenomena is generally overlooked.

In this work we consider the strengthening of bcc Fe due to the
interaction of a perfect edge dislocation and a nanometric void
using different interatomic potentials, as a function of void size
and temperature. Three different empirical interatomic Fe–Fe
potentials, namely the ones by Ackland et al. [21], Mendelev
et al. [22] and Dudarev and Derlet [23], were used, which in the fol-
lowing are called ‘Ackland’, ‘Mendelev’ and ‘Dudarev–Derlet’,
respectively. The atomic structure of edge dislocation core for var-
ious interatomic potentials was evaluated. Simulations are con-
ducted at constant volume under imposed strain rate and the
stress–strain response is recorded. To investigate the effect of ther-
mal expansion at elevated temperatures the simulation box size
was adjusted to be stress free.
2. Simulation method

The simulation method, detailed in [24], is briefly described here.
The first step in MD simulation is to create a sample with an edge dis-
location and a cavity with specific size in a perfect bcc crystal. The
dislocation was described using anisotropic elasticity of the contin-
uum, which is implemented in code Disloc. The second step allows
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the dislocation to relax by conjugated gradient to form appropriate
dislocation core structure. In the last step MD simulation allows the
edge dislocation to glide toward the void under imposed strain rate,
which is achieved by Moldy code. The dislocation glides under shear
strain applied to upper part of sample crystal whereas the lower part
is fixed. Fig. 1 illustrates the MD sample consisting of a box including
one edge dislocation in [112] direction and a void centered on the
dislocation slip plane, (110). The box is built up of several regions.
In region denoted M atoms are mobile and follow Newton’s equa-
tion. Periodic boundary conditions are applied along x and y. The
upper region D is a layer of atoms, which control the deformation
of the sample and it is constrained to remain static. Each atom in D
is displaced in the y direction (arrow) by a fixed increment at each
time step corresponding to the imposed strain rate. Region T is a
thermal bath used to control the temperature of the sample by
rescaling the velocity of atoms every 100 steps. It was shown that
the temperature increase in the core of the gliding dislocation, is
not important for the specimen when only one passage of the dislo-
cation is considered [24]. Region S contains atoms that are static and
anchor the sample and thus avoids its drift in the direction of the ap-
plied stress or strain.

In present work the simulation time step is set to 1 fs and total
simulation time is around 500 ps. A 5 ps annealing prior to strain-
ing is performed to equilibrate temperature. The resulting disloca-
tion speed is 60 m s�1, following the selected imposed strain rate of
3 � 10�8 fs�1, and the simulation box contains about half a million
Fe atoms. The simulations are performed at six temperatures (10,
100, 200, 300, 400, 500 and 700 K) and five different void diame-
ters (1, 2, 3, 4 and 5 nm). Box size is fixed to 25 nm and 20 nm in
y and z directions, respectively, but the size in x dimension varied
with void size (13, 14, 15, 16 and 17 nm) to keep interspacing of
the voids in the direction of the dislocation line constant due to
periodic boundary condition.
Fig. 1. Schematic view of simulation box containing an edge dislocation and a
cavity. Imposed shearing, dislocation movement and different regions of the box are
shown in this image. Periodic boundary condition are set in x and y directions.

Fig. 2. Interaction of an edge dislocation and 4 nm void in bcc iron simulated by MD
attraction in the vicinity of void and (c) dislocation bowing and shearing of the void.
The selected Fe–Fe potentials are the ones of Ackland et al. [21],
Mendelev et al. [22] and Dudarev and Derlet [23], which are all
using the embedded atom method [25], which implies a pair po-
tential part and an ‘embedding’ part that depends on electronic
density. Relative to Ackland potential, Mendelev provides better
point defect properties, such as the correct relative formation ener-
gies between the <110> and the <111> self-interstitials, a critical
topic in a-Fe and radiation damage. The Dudarev–Derlet potential
provides the same improvement, relative to Ackland, and the inclu-
sion of magnetic effects, such as the ferromagnetic transition upon
lattice straining. Mendelev potential has the longest range, of 5th
nearest neighbor, while the other two, Ackland and Dudarev, have
range of 2nd and 3rd nearest neighbor. The nominal lattice param-
eter is 2.8665, 2.8553 and 2.8665 Å for the Ackland, Mendelev and
Dudarev–Derlet potential, respectively. It should be noted that
these empirical potentials are usually fitted at zero temperature,
to an arbitrary selection of properties, which for those potentials
include point defect properties and elastic constants. Simulation
performed at finite temperatures should thus be taken with cau-
tion, in addition to the fact that MD simulations are approximate
at temperatures below Debye temperature because of the inequal-
ity between the kinetic and potential energies. Our MD simulations
are performed within these approximations.

3. Results and discussion

3.1. Temperature and size effect

Three stages of interaction of an edge dislocation with a 4 nm
void at 200 K using Dudarev–Derlet Fe potential are illustrated in
Fig. 2, which shows (Fig. 2(a)) the glide of dislocation towards
the defect, prior to interaction, (Fig. 2(b)) attraction of the edge dis-
location to defect in the vicinity of void and (Fig. 2(c)) release of
dislocation after bowing out from void. Fig. 2(c) shows that the dis-
location in bowing pulls two dislocation segments, pinned at the
void, that have a near-screw character. Note that in these images
only atoms having potential energy higher than chosen threshold
energy are displayed. In Fig. 2(c) the shearing of the void by the
edge dislocation is nearly complete. To have a clearer view of the
shearing phenomenon cross cuts of the sheared void with different
sizes are displayed (Fig. 3). These images show the way a cavity is
sheared by passage of an edge dislocation, as it has been shown for
void [13] and He bubble [24] using Ackland Fe interatomic poten-
tial. The shearing introduces a step in the void at the entry location
where the dislocation first touches the void and at the exit location
where the dislocation escapes from the void. Interestingly, the exit
step occurs at a different height relative to the entry step. This
event is evidenced by the horizontal line drawn in Fig. 3(d) show-
ing the lower height of the exit step. This has been shown by Oset-
sky et al. [13] and explained as the result of the formation of a jog
on the edge dislocation.

Fig. 4 shows the stress–strain curve of edge dislocation interac-
tion with a 1 and 3 nm void at various temperatures obtained with
method at 200 K; (a) dislocation glide under imposed strain rate, (b) dislocation



Fig. 3. Surface structure of voids after shearing of them by an edge dislocation passage for various sizes of (a) 1 nm, (b) 2 nm, (c) 3 nm, (d) 4 nm and (e) 5 nm. This images
show step formation of one burgers vector in glide direction and difference in height of the step in entrance and exit of voids as it is appeared in image (d).

Fig. 4. The stress–strain curve of edge dislocation interaction with (a) 1 nm and (b)
3 nm void at various temperatures obtained by Dudarev–Derlet interatomic
potential for Fe–Fe interaction.

Fig. 5. Release stress vs. void diameter indicates that increasing of the void size at
various temperatures has a strengthening effect on material.

Fig. 6. Release stress, scaled by Gb/L vs. harmonic mean of obstacle spacing and
void diameter at various temperatures using the Dudarev–Derlet potential. In this
figure a dashed line plots the Eq. (1).
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Dudarev–Derlet potential. The release stress is decreasing with
increasing of temperature. This behavior is comparable to the
one obtained with the Ackland potential [26]. Fig. 5 shows release
stresses as a function of void size and temperature. For all sizes, an
increase of temperature results in softening. While the increase in
void size has a strengthening influence on material, the strength-
ening rate tends to decrease with increasing void size.

Results are compared to the strengthening calculated in the
frame of the elasticity of the continuum. The following relation,
due to Bacon and Scattergood [27,28], based on the dislocation self
interaction stress, is used,

sc ¼
Gb

2pL
ln
ðD�1 þ L�1Þ�1

b
þ B

" #
; ð1Þ

where G is the iron shear modulus for the <111>{110} system,
which is 75.6 GPa according to our MD calculations using
Dudarev–Derlet potential, b is Burgers vector, L is the distance be-
tween void centers, D is the void diameter and B is a constant,
which is 1.52 for a void [17]. Fig. 6 shows the values deduced from
Eq. (1) together with the release stress obtained in the MD simula-
tions of the present work. The plots show that at low temperatures,
discrepancy of simulated results from theoretical evaluation are
reasonable whereas at elevated temperatures this discrepancy be-
comes more pronounced, where the scaled critical stress decreases
for different void sizes. At high temperatures, due to higher mobility
of the near-screw segments, the dislocation release stress is lower



Fig. 7. The stress–strain curve of edge dislocation interaction with 2 nm void at (a)
10 K and (b) 700 K simulated using three different interatomic potentials for Fe–Fe
interaction.

Fig. 8. Release stress of an edge dislocation from a 2 nm void vs. temperature using
three different interatomic potentials for Fe–Fe interaction.
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than at lower temperatures making it apart from the calculated crit-
ical stress using Eq. (1). One of the reasons that the results at vari-
ous temperatures do not fit to the above equation might relate to
the curvature and release angle of the dislocation from void, which
depends on temperature and voids interspacing. While the elastic
calculation does not take into account temperature dependence, it
is interesting to consider the dislocation morphology temperature
dependence, as observed in the MD simulations, and its possible
impact on the release stress. Indeed, the small voids interspacing
at elevated temperatures impedes the dislocation reaching a config-
Fig. 9. High potential energy atoms in the core of an edge dislocation in a-Fe using (a) A
threshold energies for display are used: (I) 50 meV and (II) 30 meV higher than the equi
line is perpendicular to the paper.
uration where the pulled dislocation segments or arms are tangent
to the void’s surface, a necessary condition for the application of the
Eq. (1). Note that it implies that the dislocation is released before
the two arms reach a pure screw character (Fig. 2(c)).

3.2. Interatomic potential effect

This part of research is aimed at considering the impact of the
Fe–Fe interatomic potential on strengthening effects of voids.
Fig. 7 shows the stress–strain response with the edge dislocation
and a 2 nm void at (Fig. 7(a)) 10 K and (Fig. 7(b)) 700 K as a func-
tion of the interatomic potential. Fig. 7(a) shows that Dudarev–
Derlet potential leads to the highest release stress and strain. The
release stress is almost 40% larger than the one obtained with Ack-
land. The second strongest interaction, in terms of release stress, is
due to Mendelev potential, and Ackland potential leads to the
weakest interaction. The increase of temperature (Fig. 7(b)) alters
the ordering of potential dependent strengthening, as the Ackland
potential leads to a stronger interaction than the one of Mendelev
potential at high temperatures. Dudarev–Derlet still manifests the
strongest interaction. In Fig. 8 the release stresses from the 2 nm
void as a function of temperature and using different potentials
are shown. It appears that at all temperatures from 10 K to 700 K
Dudarev–Derlet potential shows the highest release stress, which
is maximum at 10 K and is approximately 230 MPa higher than
Ackland potential at this temperature. The other two potentials
ranking switches their position at 100 K. Mendelev leads to a high-
er strengthening than Ackland below 100 K while at elevated tem-
ckland, (b) Mendelev, and (c) Dudarev–Derlet interatomic potentials. Two different
librium potential energy (�4.308, �4.115 and �4.308 eV, respectively). Dislocation
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peratures, beyond 200 K, Ackland leads to a stronger interaction
than Mendelev.

The interaction of a dislocation with a defect relates to its core
structure. Here we illustrate the core structure of edge dislocation
constructed by three different Fe interatomic potentials. Fig. 9
shows in the edge dislocation line direction, <112>, the core struc-
ture of an edge dislocation obtained using various Fe interatomic
potentials. The crystal with the dislocation has been relaxed by
the method of conjugate gradients in Moldy, at 0 K, using the var-
ious potentials, namely (Figs. 9(a)) Ackland, (Figs. 9(b)) Mendelev
and (Figs. 9(c)) Dudarev–Derlet. The dislocation core is in the cen-
tre of the images and atoms having higher potential energy than
chosen threshold energy are illustrated. The threshold energy has
a value of 50 meV, Figs. 9(I), and 30 meV, Figs. 9(II), higher than
the equilibrium potential energy of an atom for each of interatomic
potentials. The displayed atoms are the ones from the 6 atomic
planes found along <112> in a single unit cell of Fe, as depicted
in Fig 10. Fig. 10 shows a schematic sketch of {110} plane of
bcc-Fe lattice having <112> direction and {112} planes depicted.
Inspection of these illustrations reveals that the core structure ob-
tained from Ackland potential gives the most compact core normal
to the glide plane relative to others and it is spread only in the glide
direction, whereas Mendelev and Dudarev–Derlet spread the core
normal to the glide plane. It could explain why Ackland potential
gives the lowest release stresses in edge dislocation-void interac-
tion at low temperatures. Dudarev–Derlet gives the most spread
core, which expands above the glide plane together with some
bilateral asymmetry relative to the dislocation extra plane,
Fig. 9(IIc). It could explain the fact that Dudarev–Derlet potential
induces the highest release stress. However, more detailed investi-
gations, in particular on the screw dislocation segments core struc-
ture, are required.

3.3. Effect of thermal expansion

Our MD simulations are usually performed using constant vol-
ume and the lattice parameter of a-Fe corresponding to the se-
lected potential. Here we consider the effect of thermal
expansion on the stress–strain response. The lattice parameter that
corresponds to the required simulation temperature was deduced
using an iterative method. A perfect 10 � 10 � 10 unit cells simu-
Fig. 10. Schematic lattice structure of {110} plane of bcc Fe showing dislocation
direction in <112> directions and six atomic planes in each lattice repetition in
dislocation direction.
lation box is selected. An anneal is performed by MD under peri-
odic boundary conditions by imposing a temperature gradient
and a volume that is varied by altering the lattice parameter. The
temperature corresponding to the selected lattice parameter is at-
tained when the pressure in the box reaches zero. Fig. 11 shows the
thermal expansion deduced from this method using the (Fig. 11(a))
Ackland, (Fig. 11(b)) Mendelev and (Fig. 11(c)) Dudarev–Derlet
potentials. These graphs indicate a normal behavior of the thermal
expansion of a-Fe for Ackland and Mendelev potentials, with a
monotonous increase with increasing temperature, but an
Fig. 11. Thermal expansion of bcc Fe at various temperatures below 1000 K
achieved by three different Fe–Fe interatomic potentials; (a) Ackland, (b) Mendelev
and (c) Dudarev–Derlet.
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abnormal contraction of a-Fe for Dudarev–Derlet with a minimum
around 600 K. Values of the obtained thermal expansion coeffi-
cients, a, deduced from DL/L0 = aT, and the experimental values
[29] are presented in Table 1. Ackland potential results are closer
to experimental values than the other two potentials in the tem-
perature range from 300 to 400 K.

Fig. 12 shows the release stress and strain for the interaction of
an edge dislocation with a 2 nm void obtained with the nominal
lattice parameter or ‘original a0’ and the one, so-called ‘adjusted
a0’, adjusted to the thermal expansion coefficient corresponding
to the potentials, Ackland (Fig. 12(a)) and Dudarev–Derlet
(Fig. 12(b)). Fig. 12(a) shows that up to 300 K there is almost no ef-
fect of the adjustment of lattice parameter on the strengthening of
material, while at higher temperatures, such as 700 K, the adjust-
ment in lattice parameter leads to a higher release stress and strain
than the ones derived with the nominal lattice parameter. The ob-
served underestimate in the results of 700 K is actually a conse-
quence of the thermal strain in the simulation lattice created by
the nominal lattice parameter, which is too short at high tempera-
Table 1
Thermal expansion coefficient obtained from three different Fe–Fe interatomic
potentials and experimental results in the range of 300–400 K

Reference a (�10�6 K�1)

Ackland [21] 8.7
Mendelev [22] 8
Dudarev–Derlet [23] �4.6
Experiments 12–13 [29]

Fig. 12. Release stress of an edge dislocation from a 2 nm void at three different
temperatures and using constant and adjusted box size, to eliminate the thermal
stresses, for two different Fe–Fe interatomic potentials; (a) Ackland and (b)
Dudarev–Derlet.
ture. At 700 K the lattice is compressed and thus eases the disloca-
tion glide, because of the reduction of depth of the Peierls’ valleys,
and the release stress and strain of dislocation from the defect are
decreased. For Dudarev–Derlet potential we observed almost no
underestimation in release stress and strain, which might be due
to its negative thermal expansion or due to smaller absolute value
of the thermal expansion, when compare to Ackland potential (see
Figs. 11(a) and (c)). On the basis of these investigation one may
conclude that using the nominal or a constant lattice parameter
in numerical simulations may be reasonable up to moderate tem-
peratures but going to higher temperatures requires setting the
lattice parameter to the adequate value.
4. Conclusion

In this work we tried by MD simulations to show the influence
of the defect size, temperature and empirical interatomic potential
on the simulation of the shearing of a-Fe crystal containing an edge
dislocation and a void. The recent potentials derived by Ackland
et al. [21], Mendelev et al. [22] and Dudarev–Derlet [23] are used
to identify critical parameters. The main conclusions of this study,
performed within the approximations of MD simulations, are the
following:

1. Using all potential it was revealed that with increasing temper-
ature the interaction of an edge dislocation with a nanometric
void softens. Results obtained by Dudarev–Derlet potential
showed the temperature effect does not depend on the void
size.

2. The increase in void size strengthens the material but the
strengthening rate tends to decrease with increasing size,
which is in agreement with the hardening deduced from elas-
ticity theory.

3. The use of three different and recent interatomic potentials for
Fe–Fe interaction results in significant differences in the edge
dislocation-void interaction. The release stress difference tops
at 230 MPa at 10 K using Dudarev–Derlet relative to Ackland,
which gives a release stress of 783 MPa. The simulations
revealed that Dudarev–Derlet potential predict the strongest
dislocation-void interaction relative to the other two potentials
whereas Mendelev and Ackland potentials give mixed behavior
depending on temperature.

4. The thermal expansion of a-Fe using three different potentials
was scrutinized. Results with Ackland and Mendelev potentials
showed a normal thermal expansion behavior with a lower
thermal expansion coefficient than experimental values but
Dudarev–Derlet predicts a contractive thermal expansion with
a minimum around 600 K.

5. When using the lattice parameter appropriate to the requested
temperature it appears that at elevated temperatures the
results of simulations might deviate from the ones performed
with the nominal lattice parameter because of the subsequent
thermal stresses in the simulation box, which could ease the
dislocation passage through the defect due to the compaction
of the lattice.
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