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Molecular dynamics (MD) and molecular statics (MS) simulations have been performed to simulate the
motion of a screw dislocation and its interaction with voids in irradiated body centered cubic (BCC) Mo.
Considering the unique non-planar core structures of the screw dislocation in BCC metals, the behavior of
screw dislocation motion as a function of temperature and applied shear stress is first discussed. A tran-
sition from smooth to rough motion of the screw dislocation is observed with increasing shear stress, as
well as a change of dislocation glide plane from {110} to {112} with increasing temperature. The inter-
action of a screw dislocation with nanometer-sized voids observed in both dynamic and static conditions
is then reported. The obstacle strength calculated from MS calculations shows a large increase in critical
resolved shear stress for void diameter larger than about 3 nm. However, the MD results indicate that the
screw dislocation interaction with void occurs via a simple shear mechanism.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The irradiation of structural materials in nuclear environments
can produce radiation induced defects and significant mechanical
property changes, including yield stress increases and ductility
decreases. Depending on material and irradiation conditions, the
defect population varies from small point defect clusters to dislo-
cation loops, voids, helium bubbles, and radiation-induced precip-
itates. Transmission electron microscopy (TEM) deformation
studies of irradiated materials showed that these defects act as
obstacles to dislocation motion, thus changing the local deforma-
tion behavior. However, detailed knowledge of the interaction
mechanisms between a dislocation and radiation induced obsta-
cles is difficult to obtain by post situ and even in situ TEM methods.

In BCC metals, TEM studies indicate that screw dislocations con-
trol the plasticity at low temperature. While atomistic simulation
methods can provide the sequence-of-events controlling the inter-
action between a dislocation and an obstacle, the screw dislocation
interaction with radiation obstacles in BCC metals has not been
extensively studied using MD methods, presumably because of
the more complex motion of screw dislocations in BCC metals by
kink pair formation, which shows a smooth to rough transition
[1]. Typical defects in BCC Mo are mostly dislocation loops and
small voids at lower irradiation temperature, whereas only voids
are observed at higher temperatures [2]. Previous analytical work
on void strength indicates that the void is a very strong obstacle
and the bypassing stress can approach the Orowan stress for
impenetrable obstacles [3]. Thus a clear understanding and reliable
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estimate of their strengthening effect is important for evaluating
performance of BCC Mo under irradiation conditions.

In this paper, we present atomistic simulations results that
investigate the interaction between screw dislocations and voids
in BCC Mo. Considering the unique non-planar core structure of
the screw dislocation, we first present the behavior of screw dislo-
cation motion in BCC Mo. Conjugate gradient MS simulation results
are presented that quantify the energetics of void shearing. As well,
dynamic detachment behavior is studied using MD simulations.

2. Simulation methods

The MD simulations have been performed using a modified ver-
sion of the MDCASK code [4], implemented with the Finnis–Sin-
clair N-body potential to describe the atomic interactions in BCC
Mo [5]. It should be noted that the screw dislocation core in BCC
Mo in Finnis–Sinclair potential is degenerate, but numerous recent
studies based on tight-biding or density functional theory (DFT)
calculations predicts a non-degenerated core [6–9], suggesting that
different behaviors might be expected depending on the disloca-
tion core type. However, both degenerate and non-degenerate core
structures become a degenerate core upon applied shear stresses,
hence the trend of results presented here should remain valid for
both core structures [10]. The simulation cell consists of a body
centered cubic lattice, bounded by ð1 �10Þ, (111), and ð�1 �12Þ faces
in X ¼ a0½1 �10�, Y = a0/2[111], and Z ¼ a0½�1 �12� directions, respec-
tively. The size of the BCC Mo simulation cell is 60 � 100 � 60 unit
cells, approximately 27 � 27 � 46 nm (X, Y and Z directions), and
contains about 2.2 million atoms. Periodic boundary conditions
are applied in the Y and Z directions. The X surface is initially free,
but is subject to a shear stress ranging from 0.7 to 4 GPa following
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equilibration. The simulation temperature is set to a corresponding
temperature at an equilibration stage and not controlled further. A
screw dislocation with b = a0/2[111] is introduced using the elastic
isotropic displacement field. The void is introduced into the simu-
lation cell by removing atoms of spherical region.

The conjugate gradient MS simulations with a screw dislocation
and a void of diameter from 1.5 to 5 nm have been performed to
calculate the critical resolved shear stress and obstacle strengths
as a function of a void size. The simulation cell size ranging in size
from 20 � 50 � 20 to 20 � 150 � 20 and 60 � 100 � 60 unit cells
have been used to determine the effects of cell size and void
spacing.

3. Results and discussion

3.1. Screw dislocation motion

The screw dislocation core structure in BCC Mo is degenerate (N
and P type [11]), with core spreading into three {110} planes along
h112i directions as anticipated with a Finnis–Sinclair potential
[10]. At T = 100 K and an applied shear stress of 1 GPa, screw dislo-
cation motion occurs through the double kink nucleation and prop-
agation mechanism, which agrees with the previous simulation
results in BCC Fe at low temperature and low stress [1,12]. The mo-
tion is relatively smooth but does involve cross-slip, thus the dislo-
cation trajectories appear wavy and non-crystallographic. Close
examination of dislocation displacement (DD) map suggests that
such cross-slip is favored after the dislocation core flip between
N and P type. At a higher applied stress of 1.5 GPa, the dislocation
again moves by a double kink nucleation and propagation mecha-
nism, although the higher applied stress results in a larger rate of
double kink nucleation. This leads to interactions amongst kinks,
which are formed on different glide planes, that necessitate the
formation of Frenkel pairs to resolve the topological constraint,
as previously observed in BCC Fe [1,12]. The vacancies are immedi-
ately emitted from the dislocation as individual point defects,
whereas the self-interstitial atoms are dragged along the disloca-
tion core and form clusters of h111i-oriented self-interstitials
(crowdions). The self-interstitial clusters are later emitted from
the moving screw dislocation with a distribution of cluster sizes
in the form of h111i crowdion interstitial clusters and dislocation
Fig. 1. Dislocation multiplication via loop generation. The MD snapshots of a dynami
coalescence, and dislocation multiplication. The simulation temperature is 100 K and th
loops. Thus, the motion of the screw dislocation at high applied
shear stresses results in the formation of a self-debris field marking
the path of dislocation motion. When the applied shear stress is
further increased to 4 GPa, the dislocation loops generated by the
rough motion rapidly expand on {110} planes and coalesce with
other dislocation loops or itself through a periodic boundary as
shown in Fig. 1. As a result, dislocation multiplication occurs in
the simulation cell.

As well, a strong temperature dependence of screw dislocation
motion is observed. As summarized in Fig. 2, the MD simulation re-
sults show that the screw dislocation glides in the h112i direction
on {110} planes at T < 250 K, but switches to glide in the h110i
direction on {112} planes at T > 250 K. At above T = 250 K, the
screw dislocation moves on {112} planes in the twinning direc-
tion. When the applied stress is low, smooth motion is observed.
When the applied stress is increased, rough motion is observed.
When the applied stress is further increased, the dislocation gener-
ates twin layers on {112} planes. The twin layer formation is also
observed in BCC Fe [1,12]. However, Marian et al. report no tem-
perature dependency of the screw dislocation glide plane in BCC
Fe [1], while Chassidon et al. reports only BCC Fe with non-degen-
erate core glides on {110} plane at low temperature [12]. It should
be noted that the core type of BCC Mo in this study is degenerate
and thus different from the previous simulation results in BCC Fe.

3.2. Molecular statics (MS) study of screw dislocation interaction with
void

The conjugate gradient MS simulations have been performed to
obtain the equilibrium configurations, energetics and forces associ-
ated with the dislocation–void interactions at T = 0 K. These
quantities provide the critical resolved shear stress and obstacle
strengths required in constitutive models and provide a means of
validating the interaction results obtained from high strain rate
MD simulations.

The excess potential energy as a function of dislocation position
relative to the void has been obtained from the conjugate gradient
MS calculations as shown in Fig. 3(a). For void diameters between
1.5 and 5.0 nm, and void spacing of 50, 100 and 150 b, the critical
resolved shear stress (sCRSS) of a regular array of voids of different
sizes is calculated using the following equation:
c sequence in which self-pinning leads to a dislocation loop generation, growth,
e applied shear stress is 4 GPa.



Fig. 2. Deformation map of BCC Mo as a function of temperature and applied shear
stress. At T < 250 K, the dislocation glides on {110} plane while it glides on {112}
plane at T > 250 K. A smooth to rough transition occurs with increasing the applied
shear stress increases. Upon further increase of the stress, dislocation multiplication
is observed at T < 250 K, while the twinning on {112} planes is observed at
T > 250 K.
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Fig. 3. Static simulation results: (a) Excess potential energy as a function of screw
dislocation position relative to a 3 nm void centered at the center of the h112i axis.
The asymmetry in the curve at the periodic boundary conditions (distance = ±80 Å)
results from introducing a sheared surface step of one Burgers vector on the void
following dislocation passage. (b) Critical resolved shear stress (sCRSS) for a screw
dislocation interacting with a regular array of voids, as calculated by Eq. (1) from
the conjugate gradient MS calculation results for void diameters between 1.5 and
5.0 nm and inter-particle spacings between 50 and 150 b. A significant increase in
the sCRSS occurs for void sizes larger than about 3 nm in diameter.
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Fig. 4. The critical resolved shear stress (sCRSS) as a function of the void diameter
(D). The calculated sCRSS from the MS results increases abruptly at D = 3 nm. The
calculated Orowan stress is lower than the MS results at D > 3 nm, suggesting a
possible change in the interaction and detachment mechanism at D � 3 nm.
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sCRSS ¼
Fmax

bðL� DÞ �
DEmax

Dx
� 1
bðL� DÞ ; ð1Þ

where Fmax is the maximum force exerted by the void against dislo-
cation shear, as numerically evaluated from the potential energy vs.
distance calculations, b is the dislocation Burgers vector amount, L
is the inter-particle (void) spacing along the dislocation line and D
is the void diameter [13]. Notably, a significant increase in the pre-
dicted critical resolved shear stress occurs for void sizes larger than
about 3 nm in diameter as shown in Fig. 3(b). Interestingly, MD sim-
ulations in Cu by Hatano and Matsui show similar behavior for dis-
location–nanovoid pinning, showing an abrupt increase of the
critical stress of the leading partial when the void diameter is larger
than 2 nm [14].

To understand the large increase in critical resolved shear stress
for void diameters above about 3 nm, the values obtained from Eq.
(1) have been compared to the Orowan stresses for the void and
screw dislocation interaction, and are shown in Fig. 4. The cross-
over between shear and Orowan mechanism occurs at around
the void diameter (D) about 3 nm. Thus, it is tempting to conclude
that this indicates a change in detachment mechanism from shear
to an Orowan like mechanism. Osetsky et al have previously re-
ported an Orowan like behavior in an edge dislocation detaching
from a void in BCC Fe at D P 1 nm [15]. Therefore, to observe the
dynamic interaction behavior between a screw dislocation and a
void, MD simulations were performed (following section).

3.3. MD study of screw dislocation interaction with void

To determine the dynamic critical resolved shear stress as a
function of the void size and the detachment mechanism of a screw
dislocation from a void, MD simulations are performed. At low
temperature (T = 100 K), the dislocation glides on {110} plane with
frequent cross-slip. Thus, in general, the {110} plane that disloca-
tion enters the void is not identical to the plane that detachment
occurs. The dislocation bends towards to the void when it nears
the void due to the attractive interaction, and it start to annihilate
upon contact with the void. During the detachment, the annihi-
lated dislocation segments re-nucleate on the exit surface of the
void, while the other dislocation segments continue to glide. The
detachment angle appears to be larger than 90 degrees in all cases,
suggesting that the void is not a very strong obstacle against a
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screw dislocation motion. The similar interaction behavior be-
tween a void and a screw dislocation is observed even at higher
temperature (T = 1000 K), where the dislocation glides on {112}
plane. In summary, the screw dislocation interaction and detach-
ment with void occurs via a shear mechanism and the void is
sheared by one Burgers vector as a result of each passage of the dis-
location in MD simulations.

Thus, the preliminary MD simulation results have not demon-
strated a change in the dislocation–void interaction mechanism
from shear to Orowan looping for voids larger than 3 nm diameter,
contrary to the predictions of the MS results. The large increase in
critical resolved shear stress for void diameters above about 3 nm
are not fully understood at this time, and will be further investi-
gated by atomistic simulations.

4. Conclusions

Using large-scale MD simulations, we have found that the glid-
ing plane of a screw dislocation in BCC Mo changes from {110} to
{112} at T � 250 K as the temperature increases. As well, a smooth
to rough transition is observed with increasing applied shear
stress, independent of the temperature. When the applied shear
stress is further increased, dislocation multiplication is observed
in the lower temperature, {110} glide regime, while nano-twin for-
mation is observed in the higher temperature, {112} glide regime.
The MD results indicate that the screw dislocation interaction with
voids of diameter from 1.5 to 5 nm occurred via a simple shear
mechanism independent of void size. However, the obstacle
strength calculated from MS calculations shows a large increase
in critical resolved shear stress for void diameter larger than about
3 nm, indicating a possible change in the interaction mechanism.
Currently, detailed dynamic studies on the interaction mechanism
between a screw dislocation and void as a function of the void size
are in progress. Other ongoing research activities include MD and
MS simulations of screw dislocation interaction with vacancy and
self-interstitial type dislocation loops, as a function of loop Burgers
vector and interaction geometry.
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