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Dislocation motion and interactions determine mechanical properties in body-centered cubic (bcc) metallic
materials. However, studying mechanisms for the screw dislocation interaction is fundamentally challenging
since many underlying processes involve mesotimescales and atomistic resolution, currently inaccessible by
either experimental techniques or continuum theoretical methods. In this paper, we develop a computational
capability based on self-evolving atomistic kinetic Monte Carlo (SEAKMC) to sample the critical events and
saddle point energies related to screw dislocations and their junctions. The method is first validated by calculating
the stress dependence of Peierls barriers and formation energies of kink pairs and cross-slip kink pairs on a
single screw dislocation in bee iron. Then the method is applied to a binary junction of a pair of intersecting
screw dislocations, the structure of which is crucial for low-temperature plastic deformation. We identify three
important mechanisms: coplanar cross-slipping, jog-pinning, and a previously unknown unzipping mechanism
during the evolution of the binary junction. The mechanisms are then further validated using classical molecular
dynamics simulations. The computational capability developed in this paper provides an effective tool to evaluate
screw dislocation related thermally activated events in complex stress conditions. The mechanisms discovered
in this paper provide critical insights into temperature dependence of the anomalous slip, a breakdown of the

Schmidt law, during the plastic deformation in bec iron and can be generalized to other bec metals.
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I. INTRODUCTION

During plastic deformation of body-centered cubic (bcc)
metallic materials below their recrystallization temperatures,
the multiplication of gliding dislocations and their interac-
tion with other dislocations [1] contribute significantly to
strain hardening. When two dislocations with %(1 11) Burgers
vectors intersect each other, a binary junction with a (100)
Burgers vector can form spontaneously [1]. These binary
junctions are expected to act as strong barriers to dislocation
motion and thus provide resistance to plastic deformation. The
formation of junctions could further result in forest hardening,
which plays a significant role in the overall strain hardening
processes [2,3].

Based on the continuum elasticity theory, numerous
discrete dislocation dynamics (DDD) studies have been con-
ducted to understand the effects of binary junctions on strain
hardening during plastic deformation [4—6]. However, the
general rules of DDD simulations of binary junctions require
prior knowledge of detailed dislocation reaction mechanisms,
which are generally not fully known. A commonly used
method to obtain the reaction mechanisms with atomistic
resolution is classical molecular dynamics (MD) simulations.
Though the number of atomistic studies concerning binary
junctions is small, they revealed distinct interaction mecha-
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nisms under different situations. For instance, Bulatov and
Cai [7] discovered a nodal effect of dislocation motion in
molybdenum using MD, wherein screw dislocations move at
lower stress in the mutual slip plane of screw dislocations
in the binary junction rather than that of the isolated screw
dislocation. Hafez Haghighat et al. [1] studied the hardening
effect on a gliding edge dislocation by the interaction with
intersecting screw dislocations in bcc iron. They quantified the
obstacle strength of an intersecting dislocation and made com-
parisons among the obstacle strengths of other dislocation- or
inclusion-type obstacles. In addition, Xia et al. [8] studied
the hardening due to the intersecting of a screw disloca-
tion with another screw dislocation gliding on the (112) slip
plane in niobium. They studied the junction evolution mech-
anisms and quantified the effect of strain rate (> ~107/s)
on the interaction mechanisms. Although the mechanisms
and quantifications in these studies can serve as mechanistic
input to the DDD simulations on binary junctions, a wide
range of junction behavior is still missing. For example, what
are the interaction mechanisms? What are the critical events
controlling these mechanisms? How does the presence of a
binary junction affect other well-known dislocation behav-
iors? Therefore, further simulations are required to answer the
above questions.

However, obtaining a comprehensive picture of the po-
tential mechanisms on the binary junction is far beyond the
capability of conventional atomistic simulations, e.g., classi-
cal MD. Classical MD is severely limited by its accessible
timescales since MD spends most of its computational cost on
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vibrational events [9]. Two challenges arise from this limita-
tion: (1) exceedingly high strain rates (> ~10°/s) compared
with experiments and (2) rare sampling of thermally acti-
vated processes with a significant energy barrier. For example,
screw dislocation motion, which controls plastic deformation
of bcc metals at low temperatures [10-12], occurs mainly via a
thermally activated mechanism involving kink-pair nucleation
and propagation [13] with an activation energy barrier ranging
from 0.6 eV (for niobium [14]) to 2.05 eV (for tungsten [15]),
as measured by experiment. Such events can be costly to
sample using conventional MD. As a result, the stress-strain
response calculated by classical MD may not be directly com-
pared with experimental results.

To overcome the limitations of MD and capture the es-
sential kinetics of thermally activated processes of screw
dislocations, several approaches have been developed, such
as accelerated dynamics [16], on-the-fly kinetic Monte Carlo
(KMC) [17-19], and autonomous basin climb (ABC) [20,21].
For example, Stukowski et al. [17] used an atomistically in-
formed KMC algorithm to simulate the motion of a screw
dislocation in tungsten via the kink-pair mechanism, with the
kink-pair formation energy calculated by the nudged elas-
tic band (NEB) method [22,23]. In this case, NEB works
quite efficiently for the motion of a single dislocation because
the final state of the process is known a priori. However,
for complex systems such as dislocation binary junctions,
thermally activated events could take the system to previ-
ously unknown final states, making the NEB method not
applicable. KMC simulation in systems that may potentially
evolve into unknown states requires on-the-fly calculation of
activation energies and structures of these states, which calls
for open-ended saddle point search (SPS) algorithms to find
the relevant transition states given an initial configuration. An
example of an open-ended SPS algorithm is the ABC method,
which was used successfully by Fan er al. [21] and Bai and
Fan [24] to study the interaction between an edge dislocation
and a nanovoid at a strain rate of 10>s~!. Fan er al. [25]
have also used the ABC method to simulate screw dislocation
motion via the Peierls mechanism (which assumes a dislo-
cation moves forward as a straight line) at a low strain rate.
However, the existing applications of the ABC method have
not included the kink-pair mechanism or dislocation junc-
tions. One of the underlying challenges is to sample saddle
points considering a larger number of degrees of freedom. For
instance, the number of atoms in the simulation systems is on
the order of ~10° atoms. As the number of atoms increases,
the chances of successfully locating a saddle point becomes
too low to be acceptable, making the simulation inefficient
and unsuitable for sampling the screw dislocation junction.

To efficiently sample the rare events critical to the binary
junction evolution, we develop a computational capabil-
ity based on the self-evolving atomistic KMC (SEAKMC)
[18,26] to conduct open-ended SPS and energy landscape
sampling of screw dislocations and their junctions. A well-
studied single-element system, bcc Fe, is used as the testing
ground for the developed capability. First, we present the
benchmark results of single dislocation motion by both the
Peierls and kink-pair mechanisms against the NEB method.
We then explore the energy landscape of a binary junction
consisting of two intersecting screw dislocations, with an

external strain applied to provide a maximum resolved shear
stress on one (the gliding) dislocation such that it moves on the
[111]/(110) slip system. This dislocation interaction structure
is typical in binary junction-induced strain hardening. Using
SEAKMC, we obtained critical saddle point configurations
related to different mechanisms exhibited by these disloca-
tions. These mechanisms are further confirmed using classical
MD at different temperature/stress conditions. We believe
that these findings contribute to a mechanistic understanding
of how screw dislocations interact with each other during
low-temperature plastic deformation and can be related to ex-
perimental phenomena such as the temperature dependencies
of anomalous slip. In this paper, we also demonstrate the fea-
sibility of extending atomistic simulations to mesotimescale
on complex systems controlled by dislocation-mediated, ther-
mally activated processes.

II. METHODOLOGY

A. SEAKMC SPS

SEAKMC [18,26] is an integrated on-the-fly KMC al-
gorithm that combines SPS, KMC time evolution, and
relaxation. SEAKMC has many successful applications in
the evolution of point-defect clusters [26-28]. In the compu-
tational capability described in this paper, we use only the
saddle_point_search module of SEAKMC, modified to suit
the purpose of SPS for screw dislocation and their junctions.
During the SPS for Peierls barriers, a thin-slab sample is used.
The box size is set up with 12.36, 200, and 200 Ain x,y, and
z directions, respectively. The (111) direction of the sample is
set along the x direction of the box, while the (112) and (110)
directions of the sample are set along the y and z directions,
respectively. During the SPS for kink-pair formation energy
under stress, the box size is set up as 247.27 x 200x 200 A,
while the directions remain the same as in the Peierls barrier
case. In both cases, a periodic boundary condition is set for
the x direction, and free boundary conditions are set for the y
and z directions.

To efficiently perform SPS involving many atoms, we
conduct dimer [29] searches together with a localization tech-
nique, the active volume (AV) [27]. To determine the Peierls
barrier for short dislocation samples, a cylinder shape is cho-
sen for the AV with an axis aligned along the dislocation
Burgers vector, while for long dislocations and dislocation
junctions, a capsule shape covering the area of interest is
chosen as an AV, with the long axis aligned along the line
direction of the gliding dislocation. The convergence of saddle
point energy over varying AV sizes is tested for each saddle
point found. The convergence criterion for the convergence is
set to 0.001 eV. The MCM-2011 potential [13] is employed
in all SPSs in this paper. This potential predicts well the
correct structure of the screw dislocation core and saddle point
energy, meanwhile presenting the single-humped shape of the
energy landscape for screw dislocation migration.

During the SPS, the dimer separation is set to be 0.001 A.
The maximum and minimum rotation forces in the dimer
search are 0.1 and 0.001 eV /A, respectively. The maximum
step size during the dimer translation using the conjugate-
gradient method is 0.003 A. The energy convergence criterion
of the dimer searches is 107 eV.
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FIG. 1. Schematics of the saddle point search (SPS)/molecular dynamics (MD) setup on the screw dislocation junction. (a) Simulation
setup of SPS and MD. (b) Theoretic behaviors of screw dislocation interaction in infinite-sized and finite-sized grains. (i) For a pure screw
dislocation gliding through another screw dislocation with a different Burgers vector, both dislocations leave a jog parallel to their own
Burgers vector. Unless the jog diffuses away or is annihilated at sinks, further gliding of the dislocation will be pinned by the jog, which could
substantially increase the stress. (ii) Screw dislocation junction at finite-sized grain, with the left arm located one atomic plane higher than the
right arm. This is made possible by the annihilation of cross-slip kinks at free surfaces. (c) Spontaneous formation of the screw dislocation
junction. (i) Two separate dislocations at a distance before the formation of the junction. (ii) Extra cross-slip kinks formed as a result of the
dislocation interaction and are annihilated at free surfaces, which induces (iii) the formation of a stable junction. The blue shades indicate the

position of the active volume used in SPS.

B. Construction of a screw dislocation junction

A screw dislocation binary junction is created by apply-
ing external strain to drive one straight screw dislocation
athermally gliding toward another straight intersecting screw
dislocation with a different Burgers vector. When the two
dislocations get close, the junction could form spontaneously
and ties the two dislocations with the dislocation reaction:
2[111] + 3[111] = [001] [27]. The resultant binary junction
is shown in Fig. 1(a).

Theoretically, in an infinitely large grain, screw disloca-
tions are unbreakable obstacles to each other. As shown in
Fig. 1(b)(i), screw dislocations leave jogs on each other after
the interaction, and further dislocation motion requires the
jogs to be swept away. However, in the finite-sized grain,
kinks or cross-slip kinks can be swept away into grain bound-
aries or free surfaces with a very small energy barrier, as
a screw dislocation tends to keep straight to maintain a
low-energy state. Thus, in binary junction cases, we use
free-boundary conditions in the simulations that contain the
junction, which can be an efficient way to represent a finite-
sized system.

Figure 1(c) shows the detailed process of stable screw dis-
location junction formation in the finite-sized grain. From the

beginning, as shown in Fig. 1(c)(i), two separate dislocations
are located at a distance, with one dislocation (B) intersecting
the slip plane of the gliding dislocation (A). External strain is
applied to drive the gliding dislocation on the [111]/(110) slip
system toward the intersecting dislocation. Note that, since in
bce metals the (111) screw dislocations with different Burg-
ers vectors are not perfectly vertical, as they approach each
other, the gliding dislocation not only migrates via kink-pair
formation but may also cross-slip because of attraction force
between the dislocations. Cross-slip kink pairs form in both
the intersecting and gliding dislocation twice [Fig. 1(c)(ii)].
On the gliding dislocation, the fate of the two cross-slip kinks
in the cross-slip kink pair are different: one diffuses toward the
intersecting point, combines with another cross-slip kink pair
on the intersecting dislocation, and forms the junction. Mean-
while, the other cross-slip kink is swept away along the glid-
ing dislocation into the free surface and disappears. This leads
to the stable junction (with the minimum formation energy
among all binary junction configurations) in Fig. 1(c)(ii).
Also, in Fig. 1(a), we show the more detailed structure of the
obtained junction. The two straight dislocations transform into
a junction structure, which consists of four arms. The left arm
is located above the right arm by one (110) plane.
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C. MD and molecular statics simulations of binary junctions

In the MD simulation of the binary junction, we establish
abox with 150 x 150 x 225 A, along [112], [111], and [110]
directions, respectively. The simulation box contains nearly
3 million atoms. Stress is applied to the simulation system
by setting several top and bottom atomic layers rigid and
adding a constant force on the upper rigid layers. The stress is
applied to the simulation system before any time-integration
algorithm is performed. The constant temperatures are kept
by applying the canonical (NVT) ensemble on the temper-
ature control layers next to the rigid layers [the locations
of these layers are shown in Fig. 1(a)]. We applied differ-
ent temperatures ranging from 50 to 300 K and a constant
400 MPa shear stress to validate the two of our proposed
mechanisms [namely, coplanar cross-slip (CPCS) and unzip-
ping]. Between the upper and lower layers is the dislocation
interaction region, in which we applied the NVE ensemble. A
third mechanism (namely, jog-pinning in later paragraphs) is
validated via the athermal molecular statics (MS) simulation.
In the MS simulation, a strain is applied by displacing the
upper rigid layer along the [111] direction by small steps
of 0.002 A, followed by the structural minimization using
the conjugated gradient method in the dislocation interaction
region. The applied shear strain in the MS simulation is up
to 2%, which corresponds to a stress level of ~2 GPa. The
MD/MS simulation was carried out with the LAMMPS code
[30], and visualization and postprocessing were performed
using OVITO [31] software.

III. RESULTS

A. Benchmarking saddle points of single dislocation motion

To examine the fidelity of SPS results on dislocations
by SEAKMC, we conduct SPS of single dislocation motion
under stress for two well-established mechanisms: (1) the
Peierls mechanism, in which a short dislocation overcomes
the intrinsic lattice resistance while remaining straight and (2)
kink-pair formation on a long dislocation.

1. Peierls mechanism

The saddle points identified for a short (with a length of
5b, where b is the Burgers vector) periodic dislocation are
shown in Fig. 2. Particularly, six saddle points [marked SP1-6
in Fig. 2(a)] are identified near the nondegenerate compact
dislocation core. Figure 2(a) shows the dislocation movement
via SP6. The differential displacement (DD) vectors and Nye
tensor field of the initial, saddle, and final configurations
are illustrated. The changes of the DD vectors predicted by
SEAKMC agree well with previous literature on screw dislo-
cation migration in bcc metals [32,33].

The effects of the resolved shear stress on the activation
energies for the six different saddle points (Peierls barriers)
are shown in Fig. 2(b). The strain is applied by tilting the
system along the (110) plane toward (111) (x direction),
resulting in a nonzero o, for the system. The (111)/(110)
slip system has the maximum resolved shear stress, and the
dislocation core is driven toward SP6. Therefore, the reaction
paths going through SP6 and SP3 (the direct opposite to SP6)
are marked as slip events, while the other reaction paths are
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FIG. 2. Saddle point configurations and their activation energies
of a short periodic screw dislocation. (a) Initial state, saddle point,
and the final state configurations, wherein the dislocation takes SP6
and moves rightward. SP1-6 represent six possible different nearby
saddle points, each leading to a different final state. The arrows show
the differential displacement (DD) fields of the dislocation, and the
colored shade indicates the distribution of local screw components
of the Nye tensor [32,34]. (b) The effects of resolved shear stress on
the energy barriers for different saddle points. The external applied
resolved stress ranges from 0 to 1000 MPa, which drives the dislo-
cation toward SP6. (c) DD map and differences in DD (DDD) maps
between the six saddle points and the initial configuration.

marked as cross-slip events. As expected, the energy of SP6
decreases (and the energy of SP3 increases) with increasing
strain. Among the two forward cross-slip events (for which
the energy barriers decrease with strain), the energy of SP5
decreases faster with strain than SP1. Among the two back-
ward cross-slip events (for which the energy barriers increase
with strain), the energy of SP4 increases more dramatically
with strain than SP2. The difference between SP5 and SP1
(as well as between SP2 and SP4) is caused by the twin-
ning/antitwinning asymmetry [17,33,35-37] of the bcc crystal
(which lacks the 180 ° rotation symmetry around the [111]
axis). As determined by the potential used in the simulation
[13], all saddle points exhibit a core structure between the
split-core configurations and the hard-core configurations, and
the displacement field of the saddle point with reference to the
initial screw dislocation also exhibits threefold symmetry, as
shown in Fig. 2(c).

2. Kink-pair mechanism

A long screw dislocation tends to glide by a thermally
activated kink-pair nucleation and propagation mechanism
(kink-pair mechanism in short), as observed previously from
atomistic simulations and TEM experiments [10,11,13,17].
Here, we conduct SPS for a dislocation with a 100 b length
to obtain the saddle point of the kink-pair mechanism. SPS
is carried out using a predefined capsule-shaped AV (see
Methodology section), with its long axis along the dislocation
line, i.e., the [111] direction. The AV includes ~20 000 atoms.
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FIG. 3. (a) Schematics for the kink-pair mechanism. Only atoms around the dislocation core are shown. Atoms around the dislocation
segment that do not move are colored green. Atoms around the dislocation segment that has moved forward by one lattice spacing are colored
blue. Atoms connecting these segments (i.e., around the kinks) are colored orange. The shades beneath the saddle point configuration show the
atomistic displacements relative to the initial configuration. The dislocation configuration at the saddle point is shown in the expanded figure
below. (b) Atomistic configurations of six saddle points, corresponding to the kink-pair formation from the initial configuration toward six
different (112) directions. (c) The energies of the six saddle points as a function of applied stress.

The strain condition is the same as that in the Peierls mecha-
nism simulations. Six different saddle points were found and
are categorized as kink pairs (SP3,6) and cross-slip kink pairs
(SP1,2,4,5) according to the direction of dislocation migration
[17]. The atomistic configurations of the saddle points are
shown in Fig. 3(b).

This is an open-ended search of saddle points for a long
screw dislocation that successfully identifies the kink-pair
and cross-slip kink-pair mechanism without prior knowledge
(e.g., the construction of an initial path in the NEB method).
The yellow-blue shade in Fig. 3(a) shows the atomistic dis-
placement along the Burgers vector direction at the saddle
point with respect to the initial dislocation. The maximum
atomistic displacement at the saddle point is ~0.68 A, which
is ~i of the Burgers vector. A very low-energy barrier for
kink migration (<~0.01 eV) is also found by SPS. Therefore,
once the kink pair forms by thermal fluctuation, the kinks
are expected to rapidly glide away from each other, moving
the entire dislocation to the next lattice position. The effects
of applied shear stress on the six saddle points are shown in
Fig. 3(c). The SPS result under zero-stress conditions gives
kink-pair formation energy of 0.58 eV, which agrees well with
the NEB calculated result [13]. Furthermore, the formation
enthalpy of kink pairs along SP6 decreases the fastest with the
applied shear stress. It results in a Peierls stress of ~1.0 GPa,
which is consistent with the prediction by the line-tension
model [38].

B. Multimechanisms of screw dislocation binary
junction under stress

Figure 4(a) shows a schematic of the binary junction,
formed by two screw dislocations with b; = %[1 11] and b, =
%[T 11]. The junction structure is created by applying a shear

stress o, to drive the gliding dislocation (with the Burgers
vector by) toward the [112] direction to the intersecting dislo-
cation (with the Burgers vector b,). After the two dislocations
meet, a short junction segment with a Burgers vector [010]
is formed. Due to the interaction geometry of the two dislo-
cations in the binary junction, the left arm of the dislocation
is one atomic plane above the right arm (as discussed in the
Methodology section).

Based on SPS results, we find the saddle points on the
left and right arms determine the possible evolution of the
junction. According to obtained saddle points, we propose
three possible scenarios: CPCS, jog-pinning, and an unzip-
ping mechanism, as shown in Figs. 4(b)-4(d), respectively.
CPCS occurs when both arms choose to cross-slip downward
by one atomic plane, maintaining an equivalent geometry with
the initial configuration. Comparatively, jog-pinning occurs
when both arms continue to move forward and neither arm
changes its slip plane. Since they are not located on the same
slip plane, a jog, which is geometrically necessary, will be left
at its original position and pins the gliding dislocation. In later
paragraphs of this section, we introduce in detail the discov-
ered saddle points of binary junctions and their relationship
with the above scenarios.

Particularly based on the junction structure shown in
Fig. 5(a), our SPS finds three saddle points on the left arm
and two on the right arm. The atomic structures of these
saddle points and their corresponding final states are shown
in Fig. 5(b). The events leading to dislocation motion in the
[112] direction are considered kink-pair formations and la-
beled as K™ and K€" depending on whether they occur on
the left or right arm, respectively. Otherwise, events that lead
to dislocation motion in other directions are considered cross-
slip kinks and are labeled as Cft, CP™ | and C&;ﬁ, according

low> ~low °
to the dislocation moving direction and their positions, as
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FIG. 4. Schematics on the formation of screw dislocation binary junction and possible scenarios of evolution under stress. (a) Dislocation
configurations of binary junctions and those before the formation of the junction. (b) Coplanar cross-slip (CPCS) when both arms cross-slip
downward. (c) Jog pinning occurs when neither the left nor right arm cross-slips. (d) The unzipping scenario occurs when only the left arm
cross-slips downward by one plane. Then after the gliding dislocation unzips the junction, a jog is left on the intersecting dislocation that

connects the yellow and red segments.

shown in Fig. 5(b). The event that corresponds to Coe™ has
not been found on the right arm, indicating it is probably
energetically unfavorable, or it is unlikely to occur near binary
junctions.

The stress dependencies of the formation energies of the
above five saddle points are shown in Fig. 5(c). Due to
the formation of the binary junction, the activation energies
of the right-arm events are significantly lower than those on
the left arm. Thus, the right-arm events are supposed to occur
earlier at the same stress/temperature condition than those on
the left arm. The kink pairs or the cross-slip kink pairs on the
right arm also have lower activation energies than those on
an isolated screw dislocation. Thus, the formation of binary
junctions promotes the formation of kink pairs and cross-slip
kink pairs on the right arm. The K"€" event has higher energy
than the C['" event at lower stresses but decreases faster with
stress, leading to a crossover of the two events at a stress level
of ~525 MPa. Thus, at low temperatures, the C]r(l)“’q;:1 " event plays
a predominant role at low stresses. Nonetheless, the activation
energies for K™ and C['" events are relatively close, which
indicates that rate of occurrence of K" and C/=" can be
close at high temperatures.

We choose two end configurations from the right-arm
events [Figs. 5(b)(i) and 5(b)(ii)] to find their subsequent
saddle point after the first event has taken place. Since the
left-arm events in Fig. 5 have significantly higher barriers than
that of the right arms, we assume the right-arm events occur
ahead of the left-arm events. Therefore, we do not use the final
states of the left-arm event in Fig. 5 as initial configurations
of the following SPS.

First, starting from the resultant configuration of C]r(i)‘if' 3

as shown in Fig. 5(b)(i), SPSs only find one event: C;"
shown in Fig. 5(d) with a negligible energy barrier, leading
to a structure that maintains the same symmetry as the ini-
tial configuration shown in Fig. 5(a). This is how the CPCS
mechanism takes place.

Second, the SPS results starting from the resultant config-
uration of K"#" as shown in Fig. 5(b)(ii), are presented in
Fig. 6. Following the K"#" event in Fig. 6(a), SPSs on the right
arm find no relevant saddle points, but SPSs on the left arm
identified three different saddle point configurations, labeled

as K", Cl* " and Cﬁ,i’)ﬁ, leading to three separate end states.

As shown in Fig. 6(b), with C&;ﬁ, the left arm is two atomistic

planes above the right arm, with Cllg’g, the left arm moves down
to the same atomic plane as the right arm. By K™, the left
arm moves forward, remaining above the right arm by one
slip plane.

The barriers of all these events decrease as external stress

increases. According to Fig. 6(c), Cl'g‘ has a higher activation

energy and decreases much slower with stress than K™ and
Cleft. Activation energies of K% and C are similar, and
so are their dependencies on stresses. These events lead to
different junction behaviors: K™% marks the beginning of the
jog-pinning mechanism, and C[ aligns both arms on the
same slip plane, thereby enabling the junction to unzip. Thus,
different combinations of the left and right arm events, lead to
different behaviors of the binary junction under stress.

We again summarize how the critical kink and cross-
lip kink events determine which mechanism to take for the

junction, in Table I: (1) (CIEM™ Clfty: CPCS mechanism,

low ° ~low
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FIG. 5. (a) The structure of a dislocation junction, which is also
the initial configuration for saddle point searches (SPSs). The gliding
dislocation [b = %(l 11), slip plane (110)], zipped with an intersect-
ing dislocation (b = %(lil)). A junction consists of four arms (left
and right arms for the moving dislocation and upper and lower arms
for the intersecting dislocation). The yellow/cyan arrows indicate the
direction of kinks and cross-slip kinks formed at the left (green) and
right (blue) arms. (b) Structures of saddle points correspond to kink
or cross-slip kink formation at both left and right arms. (c) Stress
effect on the activation energies of the kinks or cross-slip kinks on
the left and right arms. (d) The initial configuration, saddle point, and
final configuration of the coplanar cross-slip mechanism following
the structure shown in (b)(i).

the gliding dislocation is moving in the cross-slip direc-
tion along the Burgers vector of the intersecting dislocation;
(2) (KUeht Klefty: jog-pinning mechanism, where a jog is
created as an unbreakable obstacle; (3) (K™, Cleft) a previ-
ously unreported unzipping mechanism, where the cross-slip
of the left arm enables the gliding dislocation to detach from
the intersecting dislocation. The presence of this mechanism
indicates the screw dislocation can unzip the intersecting dis-
location without leaving behind debris composed of point

defects.

C. Validation of these mechanisms using MD

To validate the mechanisms proposed based on the SPS,
we conduct classical MD and MS on the junction structure.
For the validation of the jog-pinning mechanism, the MS
simulation with increasing shear stress is conducted. Details
of computational settings are presented in the Methodology
section. The results are shown in Fig. 7. In the MS sim-
ulations, the junction structure may only evolve athermally

(@) Initial State: With Pre-existing Kink | ()~ Saddle Points End State

Upper
Cross-Slip Kink
<2-1-1>

Left Arm Upper
Cross-Slip Kink

Lower
Cross-Slip Kink
<-12-1>

(C) o Left Arm Kink
2030 Left Arm Upper CSK Left Arm Lower
3 S v Left Arm Lower CSK Cross-Slip Kink

ey

é" h‘e
0.2 'S
w 2, ~e.
e g, i)
5 b N
001 i
o
o
Q
@

Left Arm Kink

o

300 6

Reso\vgggtress (:\332)

FIG. 6. Saddle point search (SPS) performed on a screw dislo-
cation junction with a preexisting kink on the right arm. The initial
configuration is obtained following a right-arm kink event (K"i&)
in Fig. 5(b)(ii). (a) Directions of kinks or cross-slip kinks formed
on the left arm. Due to the existing kink, other kinks or cross-slip
kinks become harder to nucleate on the right arm near the junction.
(b) Structures of saddle points correspond to kink or cross-slip kink
formation on the left arm. (c) Influence of stress on the formation
energy of the kinks or cross-slip kinks on the left arm.

into a new state when the barrier becomes close to zero
due to the increasing stress. Thus, when the stress reaches
~600 MPa, a kink pair spontaneously forms on the right arm
near the junction. As shown in the snapshots in Fig. 7(a), no
thermally activated events occur as the stress increases. The
left and right arms are kept at their original slip plane. As
they move forward, a jog is dragged behind them; then they
form a dipole loop [39] as the dislocation gets far from the
junction.

Equilibrium MD simulations are performed with the tem-
perature and stress kept constant. The shear stress is kept
at 400 MPa. In the MD simulation at 200 K, as shown in
Fig. 7(b), the gliding dislocation cross-slips along the mutual
slip plane of the intersecting dislocation. It only takes the
CPCS mechanism and does not leave the intersecting dislo-
cation. At 300 K, however, the gliding dislocation first takes
the CPCS mechanism; after cross-slipping for a few steps, it
leaves the intersecting dislocation via the thermally activated
unzipping mechanism. In the MD/MS simulation, all three
proposed mechanisms are validated.

TABLE 1. Combination of events on the right and left arms,
which determines the behavior of the binary junction.

Right arm event Left arm event Resultant mechanism

right left s
Ciow Ciow Coplanar cross-slipping
Kright K'eft Clll;“ Jog pinning

clet Unzipping
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Stress=0 Stress=600MPag Stress=1.5GPa Stress=1.9GPa g
dip7le loop
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Mechanism iiéﬁ
(a)

Stress: 400MPa
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Mg‘g
CPCS %
Mechanism %

T=200K

t=400ps &

(b) t=0
Stress: 400MPa T=300K
Constant
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\ g{
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FIG. 7. Molecular dynamics (MD) [molecular statics (MS)] sim-
ulation revealing the jog-pinning, coplanar cross-slipping (CPCS),
and unzipping mechanisms. (a) In the MS simulation, the junc-
tion takes the stress-driven jog-pinning mechanism. (b) In the MD
simulation at 200 K, the gliding dislocation only takes the CPCS
mechanism. At 300 K, the gliding dislocation first takes CPCS and
cross-slips for a short distance, then the unzipping mechanism occurs
(the gliding dislocation passes the intersecting dislocation).

IV. DISCUSSION

The above SPS and MD results reveal a remarkable fea-
ture of the junction: the junction significantly reduces the
formation energies of kink pairs and cross-slip kink pairs,
especially at the right arms. Furthermore, competitions among
several events near junctions and events far away from junc-
tions (mostly kink-pair formation) significantly influence the
evolution mechanisms. These competitions have profound
implications on the temperature dependence of junction be-
haviors.

A. Competitions among events near binary junctions

At zero temperature, the MS simulation reveals that the
Peierls stress of the right arm of the junction is reduced in
comparison with the Peierls stress of a single straight screw
dislocation. It thus implies that, at very low temperatures,
the evolution of the binary junction starts with the kink-pair
formation near the junction, instead of kink-pair formation
on the straight screw dislocation segments far away from the
junction.

At a finite temperature, close to the binary junction, the

energy barriers of both the CL2™ and K" are rather low,

though the energy barrier of Clré\gf " is lower. This indicates
that, at low temperatures, when the ~0.2 eV energy cannot be
easily overcome, the Clr(l)%vht event dominates, and the junction
mostly takes the CPCS mechanism. In comparison, when the
temperature rises to room temperature, both Cf(‘)i? " and K"eht
events occur, leading to the unzipping mechanism. Thus, the
overall effect of the competition between the CPCS and the
unzipping mechanism leads to the suppression of CPCS at

high temperatures, which agrees with our MD simulation.

B. Competitions between near-junction events
and far away events

Furthermore, the competition between the near-junction
events and events far away from the junction may also lead
to different behavior at finite temperatures. Although the kink-
pair formation energy at faraway segments is higher than those
near the junctions, there are more locations of the kink-pair
nucleation at dislocation segments far away from the junction.
Thus, the overall occurrence of the kink-pair formation may
linearly increase with the length of the straight segments. This
indicates that, at low temperatures, when near-junction events
are dominating, the junction mostly takes the near-junction
events (which is mostly CPCS). At high temperatures, the
overall occurrence of kink-pair formation far away from the
junctions may be higher than the CPCS mechanism, and kink
pairs may form far away from the junction before the for-
mation of cross-slip kinks near the junction. Once the kink
pairs form at far away distances from the junction, one of the
kinks in the pair may quickly diffuse toward the junction and
form a structure like those shown in Fig. 5(b)(ii) or 5(b)(v).
According to our results, a kink near the junction on one arm
tends to suppress the formation of cross-slip kinks on that
arm. Thus, the kink pairs forming at far away distances from
the junctions eventually suppress other near-junction events.
Thus, competition between near-junction events and far away
events leads to reduced activity of CPCS at high temperatures.

C. Implications to the anomalous slip phenomenon

According to the above discussion and our SPS/MD re-
sults, the atomistic behavior described in this paper has
important implications on the anomalous slip phenomenon
in bce metals. In our simulations, the primary slip system is
[111]/(110), and the CPCS system is [111]/(101). CPCS is
the most probable mechanism taken by the junction at <200
K. It is thus a significant violation of the Schmidt law. At
higher temperatures, however, the primary slip system is ac-
tivated by either the unzipping mechanisms near the junction
or the kink-pair formation mechanisms at straight segments
far away from the junctions; the CPCS is then suppressed.
This behavior agrees with the low-temperature anomalous
slip phenomenon in bcec metals and its suppression at high
temperatures. There is currently no report on the anomalous
slip phenomenon in bec Fe [40]. However, in this paper, we
report a model study based on interatomic potential. Due to
the transferability of the simple analytical form of embedded
atom model potential, we believe the saddle points and mech-
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anisms can also be generalized to other bcc metals to explain
the atomistic mechanism and temperature dependency of the
anomalous slip phenomenon.

V. SUMMARY

It is well known that the interaction between dislocations
contributes substantially to the overall plastic deformation in
metallic materials. Resolving the atomistic mechanisms in
dislocation interactions is critical to the further evaluation
of strain hardening. Here, we develop and demonstrate a
computational capability with atomistic resolution and meso-
timescales (experimental). Using this method, we find three
competing mechanisms of a binary junction that drive the
gliding dislocations on the (111)/(110) slip system under
stress, namely, the CPCS, jog-pinning, and unzipping mech-
anisms. The unzipping mechanism has not been found in
the past, and identifying it together with other mechanisms
demonstrates the complexity of the potential energy landscape
associated with a binary junction. We further reveal that the
choice of thermally activated events occurring on the sliding
dislocation near the junction play a critical role in dictating
which mechanism occurs under different conditions, leading
to different stress-strain responses to external stimuli. All
these mechanisms are then confirmed using MD at different
temperatures. The activation energies of various events and

the influence of stresses on the activation energies are estab-
lished. These results can be extended to other bcc metals to
explain the anomalous slip phenomenon and can also provide
essential input mechanisms to large-scale modeling simula-
tion techniques.

The data generated during and/or analyzed in this paper
are available from the corresponding author upon reasonable
request.
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