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Abstract

The nudged elastic band (NEB) method is used to evaluate activation energies for dislocation intersection cross-slip in face-centered
cubic (fcc) nickel and copper, to extend our prior work which used an approximate method. In this work we also extend the study by
including Hirth locks (HL) in addition to Lomer–Cottrell locks and glide locks (GL). Using atomistic (molecular statics) simulations
with embedded atom potentials we evaluated the activation barrier for a dislocation to transform from fully residing on the glide plane
to fully residing on the cross-slip plane when intersecting a 120� forest dislocation in both Ni and Cu. The initial separation between the
screw and the intersecting dislocation on the (1 1 1) glide plane is varied to find a minimum in the activation energy. The NEB method
gives energies that are �10% lower than those reported in our prior work. It is estimated that the activation energies for cross-slip from
the fully glide plane state to the partially cross-slipped state at the 120� intersection forming GL in Ni and Cu are �0.47 and �0.65 eV,
respectively, and from the fully cross-slip plane state to the partially cross-slipped state forming LC are �0.68 and �0.67 eV. The acti-
vation energies for cross-slip from the fully glide plane state to the partially cross-slipped state at the 120� intersection forming HL in Ni
and Cu are estimated to be �0.09 and �0.31 eV, respectively. These values are a factor of 3–20 lower than the activation energy for bulk
cross-slip in Ni and, a factor of 2–6 lower than the activation energy for cross-slip in Cu estimated by Friedel–Escaig analysis. These
results suggest that cross-slip should nucleate preferentially at selected screw dislocation intersections in fcc materials and the activation
energies for such mechanisms are also a function of stacking fault energy.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Cross-slip has been recognized as the single most
important process underlying complex spatio-temporal
developments in microstructure leading to dislocation
multiplication, strain hardening, pattern formation and
dynamic recovery [1,2]. Its kinetics determine several
engineering properties of interest, including hardening rate,
recovery, creep and fatigue. Physics-based modeling of

these engineering properties requires a mechanistic under-
standing of cross-slip and suitable methods of translation
of this understanding to higher level models. Towards such
a goal, the importance of accurate calculations of cross-slip
activation energy parameters was discussed in our recent
work. Briefly, one requires quantitative estimates of
cross-slip activation energies under internal stresses and
barriers. Our approach has been to use atomistic simula-
tions to gain insights into the cross-slip process and to cal-
culate parameters that could be used to inform mesoscale
simulations to accurately capture the atomic level physics
of that dislocation process. Atomistic simulations predict
relatively high energies for cross-slip in bulk via the
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Freidel–Escaig mechanism [3], wherein the locally cross-
slipped screw dislocation immediately redissociates on the
cross-slip plane. Thermal activation of the Freidel–Escaig
mechanism would require substantial stress at tempera-
tures where cross-slip is observed experimentally.

Previously, using atomistic (molecular statics) simula-
tions with embedded atom potentials, we evaluated the
activation barrier for a dislocation to transform from fully
residing on the glide plane to fully residing on the cross-slip
plane intersecting a 120� forest dislocation forming glide
locks (GL) and Lomer–Cottrell locks (LCL) in both Ni
and Cu [4,5]. These calculations used an approximate
Escaig stress technique in the calculation procedure and
while the errors were estimated to be small, they were not
investigated. In the Escaig stress technique the activation
energies were obtained by determining equilibrium config-
urations (energies) when variable pure tensile or compres-
sive stresses are applied along the [1 1 1] direction on the
partially cross-slipped state. In this work we use the better
established nudged elastic band (NEB) method to deter-
mine the activation energies. We also extend our prior
work to include Hirth locks (HL). In this work, the NEB
method is used to evaluate the activation barrier for
cross-slip at the 120� intersection forming three types of
locks, GL, LCL and HL. The initial separation on the
(1 1 1) glide plane between the screw and intersecting dislo-
cation is varied to find a minimum in this activation energy.
The screw dislocation under study had a ½½1 �1 0� Burgers
vector and the intersecting dislocation had either a
½½�1 0 1� or a ½½�1 �1 0� Burgers vector on the ð1 �1 1Þ plane
and a 120� line orientation of [0 1 1]. Section 2 describes
the simulation technique, the interatomic potentials used
in the simulations and briefly the method used to depict
and visualize the core structures. Finally, Section 3 presents
the results of the simulations, Section 4 a brief discussion of
the results and Section 5 gives a summary of the results.

2. Simulation technique

The atomistic simulations described here employed the
three-dimensional (3-D) parallel molecular dynamics code
LAMMPS [6], developed at Sandia National Laboratory.
The simulation cell is a rectangular parallelepiped having
the x-axis oriented along ½1 �1 0�, the y-axis along ½1 1 �2�
and the z-axis along [1 1 1]. The dimensions of the simula-
tion cell are 31.0 nm along the x-axis and 15.5 nm along
both the y- and z-axes, corresponding to a simulation cell
of �670,000 atoms. Fixed boundary conditions were
applied along all three directions with a region of
�1.25 nm thickness at the surfaces held fixed. The screw
dislocation had a ½½�1 1 0� Burgers vector and the 120� dis-
location had a ½½�1 0 1� or a ½½�1 �1 0� Burgers vector and a
½0 �1 �1� line direction. Initially the screw and intersecting
dislocations were introduced into the cell using their
anisotropic elasticity displacement fields. By varying the
anisotropic displacement field for the screw dislocation
through changes to the origin for the displacement field

and relaxing using a conjugate gradient technique the fully
glide plane and fully cross-slip plane core structures were
obtained for the intersection. These two core structures
for the intersection were obtained for four different initial
separations of the screw and intersecting dislocations on
the (1 1 1) glide plane, 0–7.35a0 in steps of 2.45a0. The
relaxed fully glide plane and fully cross-slip plane core
structures were taken as the initial and final states for the
NEB calculations [7]. The NEB method was applied only
to the inner atoms of the cell, atoms within x = �7.5 to
+7.5 nm, y and z = �4.5 to +4.5 nm. A total of 16 repli-
cates (including the initial and final states) were used in
the NEB calculations, together with an inter-replica spring
constant of 0.04 eV Å�2 [8]. Energy minimization for these
calculations were performed using a damped dynamics
technique for up to 20,000–80,000 fs [7]. The NEB calcula-
tions were used to determine the energy profile as the screw
dislocation transformed from the fully glide plane state to
the fully cross-slipped state. In all cases the energy profile
showed a deep minimum approximately half-way between,
corresponding to the partially cross-slipped state [4,5], and
two activated maxima, one between the fully glide plane
state and the partially cross-slipped state and one between
the partially cross-slipped state and the fully cross-slipped
state [5]. The energy difference between these activated
states and the initial states (fully glide plane or fully
cross-slipped states) gives the activation energy for cross-
slip at the 120� intersections. The minimum in this activa-
tion energy for different initial separations of the screw
and intersecting dislocations was taken to be the cross-slip
activation energy at the 120� intersections for transforming
the dislocation from the fully glide plane (GL1) to the par-
tially cross-slipped state (PCS1), dEGL1-PCS1 (½½�1 0 1� Bur-
gers vector), or from the fully cross-slipped state (LC2) to
the partially cross-slipped state (PCS1), dELC2-PCS1 (½�1 0 1�
Burgers vector), or from the fully glide plane state (GL) to
the partially cross-slipped state (PCSH), dEGL-PCSH

(½½�1 �1 0� Burgers vector).

2.1. Potentials

The embedded atom potentials used for the simulations
are those developed for face-centered cubic (fcc) Ni by
Angelo et al. [9] based on the Voter and Chen format
(Angelo), a Ni potential developed based on the Voter
and Chen format which Rao et al. used within their Fri-
edel–Escaig (FE) mechanism cross-slip simulations “vnih”
[3], as well as a Ni potential developed by Mishin et al.
[10]. The embedded atom potential used for simulations
of Cu is that developed by Mishin et al. [11]. Table 1 gives
the lattice parameter, cohesive energy, elastic constants and
stacking fault energy for each of the potentials. The three
Ni potentials used in the simulations give almost identical
elastic constants, cohesive energies and lattice parameters
(close to experimental values), whereas the stacking fault
energy given by the potentials varies from 90 to
134 mJ m�2. The Shockley partial spacing width d for the

7136 S.I. Rao et al. / Acta Materialia 59 (2011) 7135–7144



Author's personal copy

screw dislocation varies from d/b = 4–5 for the vnih poten-
tial and Mishin potential to d/b = 6 for the Moody poten-
tial, where b is the magnitude of the Burger’s vector of the
screw dislocation. Since the experimentally determined
stacking fault energy of Ni is close to 120 mJ m�2 the
results of cross-slip activation energy for the vnih potential
and Mishin potential should be representative of Ni. The
embedded atom model (EAM) potential developed for
Cu by Mishin et al. [11] gives a lattice parameter, cohesive
energy, elastic constants and stacking fault energy which
are very near experimental values and, cross-slip activation
energy results from this potential should be representative
of Cu. The Mishin potential gives a d/b ratio of 6 for Cu.

2.2. Depiction of core structures

In order to illustrate the relaxed screw dislocation geom-
etries we take advantage of the increase in atomic energy
produced by the strain field of the partial dislocations. By
plotting the atoms having assigned energies within
LAAMPs of greater than �4.42 or �4.40 eV (Ni) or
�3.52 eV (Cu) (the energy of atoms in the stacking fault
region) the Shockley partial dislocation cores can be easily
imaged, even for these large simulation cells. In order to
illustrate the cross-slipped segment products of the screw
dislocation the positions are shown in a [1 1 1] as well as
a ½1 1 �2� projection (viewed directions). For the ½1 1 �2� pro-
jection segments spread on the initial (1 1 1) plane appear
as a single line and cross-slipped segments (i.e. on a
ð1 1 �1Þ plane) appear as a pair of partials separated by a
stacking fault.

3. Results

3.1. Lomer–Cottrell locks and glide locks

Figs. 1 and 2 give the fully glide plane (GL1) and fully
cross-slipped states (LC2) for the 120� intersection
obtained using the Cu Mishin potential for initial separa-
tion distances of 0 and 4.90a0. Figs. 1 and 2 show both
the [1 1 1] and ½1 1 �2� projections of the two core structures
obtained for the intersection. Similar results were obtained
for all three Ni potentials.

Figs. 3 and 4 give a plot of energy versus reaction coor-
dinate obtained using the NEB method with the Cu Mishin
potential for initial separation distances of 0 and 4.90a0. A
reaction coordinate of 0 corresponds to the fully glide
plane state and a reaction coordinate of 1 corresponds to
the fully cross-slipped state. In both cases the energy profile
shows a deep minimum at a reaction coordinate of �0.4–
0.5, which corresponds to the partially cross-slipped state
[5]. The energy profile also shows two maxima, one at a
reaction coordinate of �0.1–0.2 and the other at a reaction
coordinate of �0.7–0.8. The energy difference between the
activated maxima at a reaction coordinate of �0.1–0.2 and
the fully glide plane state gives the activation energy for
cross-slip from the fully glide plane state to the partially
cross-slipped state dEGL1-PCS1, and the energy difference
between the activated maximum at a reaction coordinate
of �0.7–0.8 and the fully cross-slipped state gives the acti-
vation energy for cross-slip from the fully cross-slipped
state to the partially cross-slipped state, dELC2-PCS1, at
the 120� intersection. The energies shown in Figs. 4 and 5
were measured for all the atoms in the cell (excluding the
boundary atoms). The activation energy dEGL1-PCS1 shows
a minimum at an initial separation distance of 4.90a0
between the screw and 120� intersecting dislocations,
whereas dELC2-PCS1 shows a minimum at 0 separation dis-
tance. This behavior is most probably related to the details
of the Escaig stress distribution from the 120� intersecting
dislocation at the intersection. The activation energies
dEGL1-PCS1 and dELC2-PCS1 are measured to be 0.65 and
0.67 eV, respectively, with the Cu Mishin potential. Figs.
5 and 6 give plots of energy versus reaction coordinate
obtained using the NEB method with the Ni Mishin poten-
tial for initial separation distances of 0 and 2.45a0. Qualita-
tively, the Ni results are very similar to the Cu results,
although the quantitative values of the activation energies
and the energy minima change. The activation energies
dEGL1-PCS1 and dELC2-PCS1 are measured to be 0.47 and
0.68 eV, respectively, with the Ni Mishin potential.

Fig. 7 shows a plot of the activated states obtained using
the NEB method with the Cu Mishin potential. The acti-
vated state for dEGL1-PCS1 was obtained at an initial sepa-
ration distance between the screw and intersecting
dislocation of 4.90a0, whereas the activated state corre-
sponding to dELC2-PCS1 was obtained at 0 separation dis-
tance. For the activated state for transforming the screw
dislocation from the fully glide plane state to the partially
cross-slipped state a small portion of the screw dislocation
at the intersection is on the ð1 1 �1Þ cross-slip plane, whereas
the rest of the screw dislocation is on the (1 1 1) glide plane.
For the activated state for transforming the screw disloca-
tion from the fully cross-slipped state to the partially cross-
slipped state a small portion of the screw dislocation at the
intersection is on the (1 1 1) glide plane, whereas the rest of
the screw dislocation is on the ð1 1 �1Þ cross-slip plane. The
activation volume for cross-slip at the intersection with
respect to the applied Escaig stresses can be estimated from
the area of the activated region and is estimated to be

Table 1
Lattice constant a0, cohesive energy Ec, elastic constants C11, C12 and C44,
stacking fault energy c, and Shockley partial splitting of the screw
dislocation d/b given by the three Ni potentials (Angelo, vnih and Mishin)
and the Cu Mishin potential.

Angelo (Ni) vnih (Ni) Mishin (Ni) Mishin (Cu)

a0 (Å) 3.52 3.52568 3.52 3.615
Ec (eV) �4.45 �4.4346 �4.45 �3.54
C11 (�1011 N m�2) 2.464 2.422 2.413 1.699
C12 (�1011 N m�2) 1.473 1.472 1.508 1.226
C44 (�1011 N m�2) 1.248 1.185 1.273 0.762
c (mJ m�2) 89 119 134 44
d/b 6 4–5 4–5 6
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10–20b3 in both cases. These results are very similar to pre-
viously obtained results for the structure of the activated
states using the Escaig stress technique [5]. Fig. 8 shows a
plot of the activated states obtained using the NEB method
with the Ni Mishin potential. The activated state for
dEGL1-PCS1 was obtained at an initial separation distance
between the screw and intersecting dislocation of 2.45a0,
whereas the activated state corresponding to dELC2-PCS1

was obtained at 0 separation distance. The activated struc-
tures are very similar to the ones obtained with the Cu Mis-
hin potential.

Tables 2 and 3 give the activation energies for cross-slip
at the 120� intersection, dEGL1-PCS1 and dELC2-PCS1,
obtained using the three different Ni potentials and the
Cu Mishin potential as a function of the initial separation
between the screw and intersecting dislocations (0–4.90a0).
For an initial separation of 7.35a0 both dEGL1-PCS1 and
dELC2-PCS1 increased relative to the values at a separation
of 4.90a0 and, as a result, is not shown here. Tables 2
and 3 show that in all cases dELC2-PCS1 shows a minimum
at 0 separation distance, whereas dEGL1-PCS1 shows a min-
imum at a separation distance of 4.90a0 for Cu and 2.45a0
for Ni. The activation energy values for the Angelo, vnih
and Cu Mishin potentials for a 0 separation distance are
in fairly good agreement with previous calculations using
the Escaig stress technique [5]. The Angelo potential gives

anomalously low values for dELC2-PCS1. Considering the
respective Mishin potentials to be representative of Ni
and Cu and taking the minimum in activation energy as
a function of the initial separation distance for both
dEGL1-PCS1 and dELC2-PCS1, the activation energies for
cross-slip at this intersection are determined to be 0.47
and 0.68 eV for Ni and 0.65 and 0.67 eV for Cu. These val-
ues are a factor of 3–4 lower than the FE mechanism cross-
slip activation energy for Ni (the Ni Mishin potential gives
a value of 1.95 eV for the cross-slip activation energy using
the FE mechanism) and a factor of 3 lower than the bulk
cross-slip activation energy for Cu (the Cu Mishin poten-
tial gives a value of 1.7–1.8 eV for the cross-slip activation
energy using the FE mechanism). The cross-slip activation
energy values for Cu at the 120� intersection are in excel-
lent agreement with the experimentally measured cross-slip
activation energy of 0.61 eV for Cu [12]. These results sug-
gest that cross-slip should preferentially nucleate at selected
screw dislocation intersections in fcc materials.

3.2. Hirth locks

Fig. 9 gives the fully glide plane (GL) and fully cross-
slipped states (CR) for the 120� intersection forming a
HL obtained using the Cu Mishin potential for an initial
separation distances of 0. Fig. 9 shows both the [1 1 1]

Fig. 1. The fully glide plane structure (GL1) obtained using the CuMishin potential shown in (a) the 1 1 1 and (b) the 1 1 �2 projections. The fully cross-slip
plane structure (LC2) obtained using the Cu Mishin potential shown in (c) the 1 1 1 and (d) the 1 1 �2 projections. Both structures were obtained for an
initial separation distance between the screw and intersecting dislocation of 0 on the (1 1 1) glide plane.
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and ½1 1 �2� projections of the two core structures obtained
for the intersection. Similar results were obtained for all
other separation distances. Similar results were obtained
with the Ni Mishin potential except for a separation dis-
tance of 0. For a separation distance of 0 the fully glide
plane structure never materialized. To check that the fully

glide plane structure is unstable at this intersection with the
Ni Mishin potential the screw dislocation was initially
introduced into the simulation cell as two Shockley partials
separated by a distance of 4b on the (1 1 1) glide plane.
Fig. 10a shows a plot of such initial conditions for the sim-
ulation in both the [1 1 1] and ½1 1 �2� projections. When

Fig. 2. The fully glide plane structure (GL1) obtained using the CuMishin potential shown in (a) the 1 1 1 and (b) the 1 1 �2 projections. The fully cross-slip
plane structure (LC2) obtained using the Cu Mishin potential shown in (c) the 1 1 1 and (d) the 1 1 �2 projections. Both structures were obtained for an
initial separation distance between the screw and intersecting dislocation of 4.90a0 on the (1 1 1) glide plane.

Fig. 3. Energy versus reaction coordinate obtained using the NEB method
with the Cu Mishin potential at a 120� screw dislocation intersection. The
initial separation distance between the screw and intersecting dislocation
on the (1 1 1) glide plane was 0. A reaction coordinate of 0 corresponds to
the fully glide plane state (GL1) and a reaction coordinate of 1
corresponds to the fully cross-slipped state (LC2).

Fig. 4. Energy versus reaction coordinate obtained using the NEB method
with the Cu Mishin potential at a 120� screw dislocation intersection. The
initial separation distance between the screw and intersecting dislocation
on the (1 1 1) glide plane was 4.90a0. A reaction coordinate of 0
corresponds to the fully glide plane state (GL1) and a reaction coordinate
of 1 corresponds to the fully cross-slipped state (LC2).

S.I. Rao et al. / Acta Materialia 59 (2011) 7135–7144 7139
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relaxed the screw dislocation attains the configuration
shown in Fig. 10b, where a small portion of the screw dis-
location at the intersection spontaneously spreads on the
cross-slip plane. This result suggests that the fully glide
plane structure is unstable at this intersection for a 0 sepa-
ration distance. The relaxed structure shown in Fig. 10b
was taken as the initial state for the ensuing NEB calcula-
tions for this intersection corresponding to an initial sepa-
ration distance of 0.

Fig. 11 gives a plot of energy versus reaction coordinate
obtained using the NEB method with the Cu Mishin poten-
tial for an initial separation distance of 0. As before, the
energy profile shows a deep minimum at a reaction coordi-
nate of �0.4–0.5, which corresponds to the partially cross-
slipped state [4]. The energy profile also shows two max-
ima, one at a reaction coordinate of �0.3–0.4 and the other
at a reaction coordinate of �0.4–0.7. The energy difference

between the activated maximum at a reaction coordinate of
�0.3–0.4 and the fully glide-plane state gives the activation
energy for cross-slip from the fully glide plane state to the
partially cross-slipped state dEGL-PCSH and the energy dif-
ference between the activated maximum at a reaction coor-
dinate of �0.4–0.7 and the fully cross-slipped state gives
the activation energy for cross-slip from the fully cross-
slipped state to the partially cross-slipped state dECR-PCSH

at the 120� intersection forming a HL. The activation
energy dE

GL-PCSH
shows a minimum at an initial separation

distance of 0 between the screw and 120� intersecting dislo-
cations, whereas dECR-PCSH is consistently large and will
not be considered. The activation energy dEGL-PCSH is mea-
sured to be 0.31 and 0.44 eV with the Cu Mishin potential
at initial separation distances of 0 and 2.45a0. The cross-
slip activation energy values for Cu at the 120� intersection
forming a HL are somewhat lower than the experimentally
measured cross-slip activation energy of 0.61 eV for Cu
[12]. Fig. 12 gives a plot of energy versus reaction coordi-
nate obtained using the NEB method with the Ni Mishin
potential for an initial separation distance of 0. Qualita-
tively, the Ni results are very similar to the Cu results,

Fig. 5. Energy versus reaction coordinate obtained using the NEB method
with the Ni Mishin potential at a 120� screw dislocation intersection. The
initial separation distance between the screw and intersecting dislocation
on the (1 1 1) glide plane was 0. A reaction coordinate of 0 corresponds to
the fully glide plane state (GL1) and a reaction coordinate of 1
corresponds to the fully cross-slipped state (LC2).

Fig. 6. Energy versus reaction coordinate obtained using the NEB method
with the Ni Mishin potential at a 120� screw dislocation intersection. The
initial separation distance between the screw and intersecting dislocation
on the (1 1 1) glide plane was 2.45a0. A reaction coordinate of 0
corresponds to the fully glide plane state (GL1) and a reaction coordinate
of 1 corresponds to the fully cross-slipped state (LC2).

Fig. 7. A plot of the structure of the activated states for (a) transforming
the dislocation from the fully glide plane state (GL1) to the partially cross-
slipped state (PCS1) and (b) transforming the dislocation from the fully
cross-slipped state (LC2) to the partially cross-slipped state (PCS1)
obtained using the Cu Mishin potential. Both structures are shown in the
½1 1 �2� projection. (a) Result obtained for an initial separation distance
between the screw and intersecting dislocations of 4.90a0 on the (1 1 1)
glide plane; (b) result obtained for 0 separation distance.

7140 S.I. Rao et al. / Acta Materialia 59 (2011) 7135–7144



Author's personal copy

although the quantitative values of the activation energy
and the energy minima change. The activation energy
dEGL-PCSH is measured to be 0.09 and 0.16 eV with the
Ni Mishin potential for initial separation distances of 0
and 2.45a0.

Fig. 13 shows a plot of the activated state (dEGL-PCSH)
obtained using the NEB method with the Cu Mishin poten-
tial for the 120� intersection forming the HL. The activated
state was obtained for 0 initial separation distance between
the screw and intersecting dislocation. For the activated
state a significant portion of the screw dislocation at the
intersection is on the ð1 1 �1Þ cross-slip plane, whereas the
rest of the screw dislocation is on the (1 1 1) glide plane.
The activation volume for cross-slip at the intersection with
respect to applied Escaig stresses can be estimated from the
area of the activated region and is determined to be �60b3.
Fig. 14 shows a plot of the activated state obtained using
the NEB method with the Ni Mishin potential. As before,
the activated state was obtained at an initial separation dis-
tance between the screw and intersecting dislocation of 0.
The activated structure is very similar to the one obtained
with the Cu Mishin potential, although it shows less
spreading on the cross-slip plane and the activation volume
for cross-slip with respect to applied Escaig stresses is esti-
mated to be 20–30b3 with the Ni Mishin potential.

4. Discussion

In this work the NEB method was used to calculate the
activation energy for cross-slip of screw dislocations at
intersecting forest dislocations. Three different locking
mechanisms were considered for the barrier mechanism,
namely LCL, GL and HL. Two different fcc metals, Ni
and Cu, with different stacking fault energies were consid-
ered. Several interesting observations can be made from the
results. First, the activation energy for nucleation of cross-
slip in an fcc metal can be sufficiently small to enable pro-
fuse cross-slip through thermal activation under multi-slip
conditions. Second, the activation energy for GL and HL
based cross-slip nucleation depends on the stacking fault
energy, just as for the FE cross-slip mechanism. Third,
the HL barrier offers the lowest barrier for cross-slip, which
is only one-sixth of the FE mechanism value for copper
and one-twentieth of the value for FE mechanism cross-slip
in nickel.

The results clearly show that cross-slip nucleation at
screw dislocations intersecting forest dislocations exhibits
an activation energy that is a factor of 3–20 lower than that
for the FE mechanism. It is worth noting that the probabil-
ity of dislocation intersections is relatively large compared
with other mechanisms of obstacle induced cross-slip, like
cross-slip at screw dipoles, jogs and surfaces [13–15]. Fur-
ther, cross-slip at screw dipoles, jogs and surfaces is ather-
mal only under specific conditions [13–15]. The current
results rationalize the experimentally observed profuse nat-
ure of cross-slip in fcc crystals in a more satisfactory man-
ner than the current models of thermally activated cross-

Fig. 8. A plot of the structure of the activated states for (a) transforming
the dislocation from the fully glide plane state (GL1) to the partially cross-
slipped state (PCS1) and (b) transforming the dislocation from the fully
cross-slipped state (LC2) to the partially cross-slipped state (PCS1)
obtained using the Ni Mishin potential. Both structures are shown in the
½1 1 �2� projection. (a) Result obtained for an initial separation distance
between the screw and intersecting dislocations of 2.45a0 on the (1 1 1)
glide plane; (b) result obtained for 0 separation distance.

Table 2
Activation energy for cross-slip from the fully glide plane state (GL1) to
the partially cross-slipped state (PCS1) dEGL1-PCS1 at the 120� intersection
calculated using three different Ni potentials and the Cu Mishin potential
as a function of the initial separation distance between the screw and
intersecting dislocations on the (1 1 1) glide plane.

0 (eV) 2.45a0 (eV) 4.90a0 (eV)

Angelo (Ni) 1.33 1.17
vnih (Ni) 0.84 0.74
Mishin (Ni) 0.58 0.47 0.58
Mishin (Cu) 1.03 0.73 0.65

Table 3
Activation energy for cross-slip from the fully cross-slipped state (LC2) to
the partially cross-slipped state (PCS1) dELC2-PCS1 at the 120� intersection
calculated using three different Ni potentials and the Cu Mishin potential
as a function of the initial separation distance between the screw and
intersecting dislocations on the (1 1 1) glide plane.

0 (eV) 2.45a0 (eV) 4.90a0 (eV)

Angelo (Ni) 0.12 0.44
vnih (Ni) 0.64 1.24
Mishin (Ni) 0.68 1.28
Mishin (Cu) 0.67 0.80 1.43

S.I. Rao et al. / Acta Materialia 59 (2011) 7135–7144 7141



Author's personal copy

slip that require high stresses to provide a self-consistent
explanation.

The new cross-slip nucleation mechanism has a variety
of implications for crystal plasticity in fcc materials, as
mentioned in our prior work, which is reiterated here.
For example, within the present mechanism the frequency
of cross-slip should scale with the forest dislocation den-
sity, i.e. a multiplication rate proportional to qf. The
growth of such nuclei should depend upon the relative
magnitude of local stresses on the glide plane and the
cross-slip plane at the partially cross-slipped screw–disloca-
tion intersection region. Such behavior of the partially
cross-slipped core under different modes of applied stress
could be studied using atomistic simulations as well as dis-
location dynamics simulations. Similar activation analysis
using atomistic simulations must be performed for other
intersections (varying the line direction of the intersecting
dislocation) on the ð1 �1 1Þ plane that form GL, LCL or
HL to determine the dependence of the activation energy
for cross-slip on the line direction of the intersecting forest
dislocation. The intersection mechanism of cross-slip
nucleation should also be implemented in 3-D dislocation
dynamics simulations as an alternative to the FE model
for fcc materials.

According to Washburn [16], a double intersection
cross-slip mechanism, where the segment that has been

pulled into the cross-slip plane soon encounters another
attractive intersection that brings it back onto another pri-
mary glide plane, provides a reasonable mechanism for dis-
location multiplication and the growth of slip bands at low
temperatures. Naturally such a mechanistic process must
be demonstrated via modern simulation methods. Also,
classical theories of strain hardening assume that disloca-
tion storage in stage II of single crystal fcc materials is a
result of junction formation [17] or two-dimensional (2-
D) concave loop formation [18] as the gliding dislocation
traverses through an array of forest dislocation obstacles
on its glide plane. However, one of the major problems
in classical strain hardening models is to explain how the
generation of a 3-D network of stored dislocations occurs
as a consequence of 2-D glide [18]. We note that the inter-
section cross-slip nucleation mechanism for dislocation
storage may provide a convenient mechanism of generating
a 3-D network of stored dislocations from 2-D glide.

5. Summary

NEB method calculations were conducted to identify the
saddle point configuration and thus the activation energy
for cross-slip of a screw dislocation in the presence of a
120� forest dislocation forming GL, LCL and HL. The
initial separation between the screw and intersecting

Fig. 9. The fully glide plane structure (GL) obtained at a 120� intersection forming a HL obtained using the CuMishin potential shown in (a) the 1 1 1 and
(b) the 1 1 �2 projections. The fully cross-slip plane structure (CR) obtained using the Cu Mishin potential shown in (c) the 1 1 1 and (d) the 1 1 �2
projections. Both structures were obtained for an initial separation distance between the screw and intersecting dislocation of 0 on the (1 1 1) glide plane.
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dislocation on the (1 1 1) glide plane was varied to find a
minimum in this activation energy. The present results
are in reasonable accord with previously determined values
for the cross-slip activation energy at a 120� intersection
using an Escaig stress technique, under selected conditions.

The simulations in this work show that the nucleation of
cross-slip at dislocation–dislocation interactions is signifi-
cantly more probable than that for the FE process, having
an activation barrier that is a factor of 3–20 lower. Further,
this work shows that atomistic simulations can be used to

Fig. 10. Initial conditions for the simulation of a fully glide plane structure at a 120� intersection forming a HL with the Ni Mishin potential in (a) the 1 1 1
and (b) the 1 1 �2 projections. The screw dislocation is split into Shockley partials with a separation distance of 4b on the (1 1 1) glide plane. (c and d) The
relaxed minimum energy structures corresponding to the initial conditions shown in (a and b) in (c) the 1 1 1 and (d) the 1 1 �2 projections. Part of the screw
dislocation at the intersection spontaneously spreads on the cross-slip plane.

Fig. 11. Energy versus reaction coordinate obtained using the NEB
method with the Cu Mishin potential at a 120� screw dislocation
intersection forming a HL. The initial separation distance between the
screw and intersecting dislocation on the (1 1 1) glide plane was 0. A
reaction coordinate of 0 corresponds to the fully glide plane state (GL)
and a reaction coordinate of 1 corresponds to the fully cross-slipped state
(CR).

Fig. 12. Energy versus reaction coordinate obtained using the NEB
method with the Ni Mishin potential at a 120� screw dislocation
intersection forming a HL. The initial separation distance between the
screw and intersecting dislocation on the (1 1 1) glide plane was 0. A
reaction coordinate of 0 corresponds to the state shown in Fig. 10c and d
(GL) and a reaction coordinate of 1 corresponds to the fully cross-slipped
state (CR).
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identify types of interactions that result in cross-slip and
these results may, in turn, be used in higher level mesoscale
simulations.

Summarizing the results.

1. The activation barrier for cross-slip from the fully glide
plane state (GL1) to the partially cross-slipped state
(PCS1) dEGL1-PCS1 at a 120� intersection forming a
GL is determined to be a factor of 4 lower than that
for the conventional FE-based mechanism in Ni. In
Cu it is determined to be a factor of 2.5 lower than that
for the conventional FE-based mechanism.

2. The activation barrier for cross-slip from the fully cross-
slip plane state (LC2) to the partially cross-slipped state
(PCS1) dELC2-PCS1 at a 120� intersection forming a LCL
is determined to be approximately a factor of 3 lower

than for the FE process in Ni. In Cu it is determined
to be approximately a factor of 2.5 lower than FE mech-
anism cross-slip. These dELC2-PCS1 values are identified,
by symmetry, as the activation barrier for cross-slip
from the fully glide plane state to the partially cross-
slipped state at a 120� screw dislocation intersection,
where the intersecting dislocation has a ½h0 1 1i Burgers
vector, h1 0 �1i line direction and resides on the ð1 �1 1Þ
plane.

3. The activation barrier for cross-slip from the fully glide
plane state (GL) to the partially cross-slipped state
(PCSH) dEGL-PCSH at a 120� intersection forming a
HL is determined to be a factor of 20 lower than that
for the conventional FE-based mechanism in Ni. In
Cu it is determined to be a factor of 6 lower than that
for the conventional FE mechanism. These dEGL-PCSH

values are identified, by symmetry, as the activation bar-
rier for cross-slip from the fully cross-slipped state to the
partially cross-slipped state at a 120� screw dislocation
intersection, where the intersecting dislocation has a
½h�1 �1 0i Burgers vector, h1 0 �1i line direction and
resides on the ð1 �1 1Þ plane.

4. Cross-slip activation energy values near forest disloca-
tion intersections forming GL, LCL and HL in fcc Cu
are determined to be 0.65, 0.67 and 0.31 eV. These val-
ues are somewhat lower than the experimentally deter-
mined value for cross-slip activation energy in Cu
(0.61 eV) [12]. This suggests that cross-slip preferentially
occurs at selected screw dislocation intersections in fcc
materials.
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Fig. 13. A plot of the structure of the activated state for transforming the
dislocation from the fully glide plane state (GL) to the partially cross-
slipped state obtained using the Cu Mishin potential at a 120� intersection
forming a HL. The structure is shown in the ½1 1 �2� projection. The
activated structure was obtained for an initial separation distance of 0
between the screw and intersecting dislocation on the (1 1 1) glide plane.

Fig. 14. A plot of the structure of the activated state transforming the
dislocation from the state shown in Fig. 10c and d (GL) to the partially
cross-slipped state obtained using the Ni Mishin potential at a 120�
intersection forming a HL. The structure is shown in the ½1 1 �2� projection.
The activated structure was obtained for an initial separation distance of 0
between the screw and intersecting dislocation on the (1 1 1) glide plane.
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