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ARTICLE INFO ABSTRACT

Kfeyword.s: B Dislocation core structure, critical resolved shear stress (CRSS) and mobility of %<111> screw and edge disloca-
géséocﬁnon mobility tions in BCC Ta-8%W alloy was studied using molecular statics and dynamics simulations at 5 and 300 K. Two
Ta—WaaﬁZ;s EAM potentials are available to study the Ta-W system - Johnson-Zhou and Chen potentials. Both potentials give

good estimates of edge dislocation mobility in Ta and Ta-8%W. However, the Johnson-Zhou potential predicts
a considerably higher CRSS for screw dislocations in pure Ta as compared to experiments. Thus, only the Chen
potential is used to study solid solution strengthening in Ta-8%W alloy. The CRSS for Ta-8%W alloy with Chen
potential was estimated to be 600 MPa and 300 MPa for screw dislocations at 5 and 300 K, respectively. Edge
dislocations exhibit twinning-anti twinning asymmetry in CRSS given the asymmetry in atomic disregistry and
dislocation misfit across the glide plane. The simulation results for screw and edge dislocation mobility were
found to be in good agreement with the CRSS values from the analytical model of Rao and Suzuki for screw
dislocations and the model of Maresca and Curtin for edge dislocations. The study of stability and expansion of
shear dislocation loops revealed that theoretical results for loop stabilizing stress from Scattergood and Bacon’s
equation agreed with results from direct atomistic simulations. The current work predicts that screw dislocations
control the experimental yield behavior of the Ta-8at%W alloy at all temperatures. The CRSS for Ta-8%W alloy

Screw and edge dislocations
Solid solution strengthening

is a result of solid solution strengthening due to randomly dispersed W solutes in Ta.

1. Introduction

Ta based alloys are of significant interest for high temperature space
and nuclear applications. These alloys demonstrate outstanding strength
as well as improved corrosion and creep properties at high tempera-
ture. However, the mechanical and fracture properties of these alloys
are not fully characterized. The use of these Ta based alloys for high-
power space nuclear mission have been restricted due to lack of insight
into their plastic behavior that govern their mechanical properties.

Plastic deformation in metals is governed by dislocation glide. It is
also established that the mobility of dislocation is intricately related to
their character as well as external factors like thermal fluctuations [1-
3]. In FCC materials, both edge and screw dislocations can glide over
the same applied stresses with equivalent speeds [3,4]. However, in con-
ventional BCC metals the energy barrier for a screw dislocation is much
larger than that for edge dislocations and therefore slip in these mate-
rials is primarily governed by screw dislocations [2-5]. Contrast to this
belief, in some new age complex concentrated BCC alloys, both edge
and screw dislocations play a significant role in determining the crys-
tal strength [1]. This happens due to the presence of a large amount of
random alloying elements, which creates a rugged atomic and energy
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profile. These atomic profiles can pin the edge dislocations and thus
restrict their motion. Thus, core structure of the dislocations and their
glide through the crystal is closely dependent on the local atomic envi-
ronment. However, it is difficult to study these dislocations at the atom-
istic level using current experimental methodologies. Therefore, accu-
rate modeling of the alloy system using appropriate interatomic poten-
tials and MD can be key to understanding the local atomic structure and
phenomenon that drive dislocation structure, its glide and ultimately
the strength of these alloys. The critical information drawn from these
simulations can be used to develop and test a wide variety of Ta based
alloys with improved mechanical properties.

In this work, atomistic simulations are utilized to predict the core
structure, CRSS and mobility of % (111) screw and edge dislocations in
BCC Ta and Ta-8%W. The accuracy of any MD based simulations de-
pends on the fidelity of the interatomic potential. Thus, we first interro-
gate two different embedded atom potentials (Zhou and Chen) in terms
of the screw and edge dislocation core structures and their CRSS at 5 and
300 K in pure Ta to validate the accuracy of these potentials for the cur-
rent work. We also use an analytical model for solution strengthening in
BCC alloys given by Rao et al. [6] to estimate the CRSS of screw disloca-
tions in Ta alloys considered in this work. The strengthening of edge dis-
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locations in these alloys is predicted theoretically by employing solute
strengthening model given by Maresca and Curtin [7]. A good agree-
ment is found among the existing experimental data on yield strength,
the current MD results, and theoretical predictions of the CRSS in the
Ta-8%W alloy. In addition, we also explore the shape, stability and ex-
pansion phenomenon of dislocation loops as a function of addition of
alloying elements in Ta using atomistic simulations.

2. Atomistic simulations methodology

All molecular dynamics simulations conducted here were carried out
using the open source code LAMMPS [8]. The EAM potential developed
by Zhou et al. [9] (termed hereafter the Zhou potential) was used to
model pure Ta. The EAM potential developed by Chen et al. [10] (termed
hereafter the Chen potential) was employed for modeling both pure Ta
and the Ta-8%W alloy.

Post processing of the results were conducted using OVITO [11].
The local defect structures were characterized with the help of common
neighbor analysis (CNA), Centro symmetry parameter (CSP) and Coor-
dination analysis (CA). The Burgers vector, dislocation type, and line
direction of the dislocations were visualized in OVITO using the dislo-
cation extraction algorithm (DXA). Differential displacement plots were
also used to characterize the core of screw and edge dislocations.

The 0 K lattice and elastic constants of pure Ta and Ta-8%W alloy
were calculated using a defect free cubic simulation cell having an edge
length of ~40 nm (a total of ~2 million atoms) with the x, y, and 2
directions aligned along the [100], [010] and [001] crystal directions.
Periodic boundary conditions (PBCs) were enforced in all directions.
Energy minimization was carried out using the conjugate gradient (CG)
algorithm to achieve the most stable structure corresponding to mini-
mum cohesive energy.

The core structures of screw dislocations and their CRSS for pure Ta
as well as the Ta-8%W were studied by introducing a screw dislocation
in the center of a simulation cell with its x, y, and z axes aligned along
[111], [112] and [110] crystallographic directions, respectively. Firstly, a
dislocation-free BCC lattice with PBCs along the line direction (x-axis)
and non-periodic free boundary conditions along the other two perpen-
dicular directions was generated and then relaxed using the conjugate
gradient minimization technique. An 1/2 [111] screw dislocation was
then inserted at the center of the simulation cell using its anisotropic
elasticity displacement field with its line direction and Burgers vector
parallel to the x-axis. The core structures and CRSS of [111] edge disloca-
tions on {110} and {112} planes in pure Ta and Ta-8%W alloy were also
studied by inserting them at the center of the simulation cell using their
anisotropic displacement field in a similar manner to that of the screw
dislocation simulation setup. In case of an edge dislocation lying on the
{110} plane, an orthogonal simulation cell was created with its x, y, and
z axes aligned along the [111], [112], and [110] directions, respectively.
For the case of an edge dislocation on the {112} plane, the x, y, and z
axes were oriented along the [111], [110], and [112] directions, respec-
tively. In both cases the x-axis is parallel to the Burger’s vector direc-
tion and the y-axis is parallel to the dislocation line direction. Periodic
boundary conditions are employed again in the dislocation line direc-
tion, with free boundaries in the other two directions. Similar boundary
conditions have been successfully employed in previous MD simulations
where critical resolved shear stresses for screw or edge dislocation mo-
tion are calculated in FCC and BCC random alloys with success [2,12].
Schematics of the different simulation cells studied here are shown in
Fig. 1 and details of each cell size and number of atoms are summarized
in Table 1.

After the insertion of each dislocation in its simulation cell, the cell
was minimized using a conjugate gradient (CG) algorithm in multiple
steps to make sure that the minimizer does not converge prematurely.
This gives the CG minimizer a chance to find a more stable configura-
tion if available, by adjusting the atomic coordinates in every possible
direction. This robust minimization scheme is adopted to ensure that
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Table 1
Details of the different simulations

Dislocation type  Simulation cell size (nm)  Number of atoms

Zhou potential

Ta Screw ~60 x 50 x 30 4750140
Chen potential

Ta Screw ~60 % 50 x 30 4750140
Ta Edge (110) ~60 x 60 x 30 6326160
Ta Edge (112) ~60 x 60 x 30 6119058
Ta-8%W alloy Screw ~60 X 50 x 30 5000112
Ta-8%W alloy Edge (110) ~60 x 60 x 30 6326160
Ta-8%W alloy  Edge (112) ~60 x 60 x 30 6333813

the final 0 K configurations attain the structure corresponding to local
minimum energy in terms of atom coordinates.

For all MD simulations, the simulation cell was heated up to the de-
sired temperature (5 K or 300 K) and subsequently relaxed for 50 ps
under a constant temperature. A default time step of 0.001 ps was em-
ployed. At the end of the relaxation run, the simulation cell reaches
the target temperature, and the potential energy and simulation cell di-
mensions reach a steady stable state value. Upon further relaxation, no
significant change in potential energy, temperature, or simulation cell
dimensions was observed.

For screw dislocation CRSS calculations, a constant shear stress was
applied on a 10 A thick slabs at the two outer surfaces in the z direction
[12]. The per atom force in this slab corresponded to the desired shear
stress in the direction of the Burger’s vector. For edge dislocations CRSS
calculations, per-atom forces were applied on 10 A thick slabs at the two
outer surfaces in the z and x directions to ensure that the simulation
cell does not rotate during the MD simulations. In order to calculate
the CRSS of screw and edge dislocations the shear stress was applied
on the simulation box iteratively with sequential bi-sectioning until the
minimum stress, where the dislocation can glide continuously and exit
the simulation cell within a 500 ps MD simulation, was reached. This
stress is defined here as the CRSS for dislocation motion.

The mobility response for shear dislocation loops at 5 K in Ta and Ta-
8%W alloy, were also studied. In addition, the static equilibrium stress
needed to maintain a non-expanding non-contracting stable dislocation
loop at 0 K in Ta-8%W alloys was calculated as a function of the loop
radius in the range of 50-100 A. Firstly, a perfect simulation cell with pe-
riodic boundary conditions in all directions was generated in LAMMPS
and minimized using CG minimization. The simulation box had edges
oriented along the [111] (x-axis), [112] (y-axis), and [110] (z-axis) direc-
tions for loops on the {110} plane, and along the [111] (x-axis), [110]
(y-axis), and [112_] (z-axis) directions for loops on the {112} plane. The
size of the simulation cell was chosen in such a way that the x and y
edges were seven times the radius of the largest initial stable loop un-
der static equilibrium. This is to guarantee that there are no image in-
teractions across the periodic boundaries, even during loop expansion.
Accordingly, the lengths of the edges of the simulation cell were set to
be 70, 70 and 30 nm along the x, y, and z directions, respectively (i.e.,
the simulation cell contained ~6 million atoms). Then using the open-
source code ATOMSK [13], elastic displacement field corresponding to
a shear dislocation loop having % [111] Burgers vector on either the
{110} or {112} plane was introduced at the center of the cell. Notice
that the plane of the dislocation loop is parallel to the xy-plane in both
cases, as shown schematically in Fig. 1(d). The data file corresponding
to the dislocated crystal generated in ATOMSK [13] was imported back
to LAMMPS [8] for further analysis.

The loop equilibrium shear stress was determined by applying a
shear stress in the direction of the Burger’s vector on the {110} or {112}
glide plane. This was done by straining the simulation box in accordance
with the required constant shear stress. The straining was achieved by
applying a final displacement or tilt that corresponds to the desired shear
strains to the xz face of the original simulation box. This shear stress was
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Fig. 1. Schematic of the simulation box containing a central: (a) % [111](110) screw dislocation; (b) % [1111(110) edge dislocation; (c) % [1111(112) edge dislocation;

and (d) %[111](1 10) dislocation loop. The red arrow indicates the direction of the Burgers vector.

estimated using a bisection method in the interval [0, 27y, ], where
Tineory 18 the theoretically derived shear stress needed to create a stable
dislocation loop. This minimum theoretical stress is given by Scatter-
good and Bacon as [14]:

Gpb 2R
A <1r1 l°°‘”+1.56) N

T, = —
theory 271:2R100p o

where G, is the anisotropic shear modulus, b is the Burgers vector of
the dislocation loop, R, is the radius of the dislocation loop, and r,
is the dislocation core radius taken to be equal to b. The shear stress
application is followed by CG minimisation. The expansion/contraction
of the loop during minimization is visualized in OVITO by applying CNA.
The stress at which the loop neither expands or collapses during the
minimization process, is considered as the loop equilibrium stress.

In order to study the mobility of the dislocation loop at 5 K, firstly a
threshold shear stress (above which the loops expand and below which
they contract) is estimated at this temperature using MD simulations. In
order to achieve this, a pure shear stress was applied in the direction of
the Burger’s vector on the dislocated simulation cell under a constant
temperature at 5 K, in a similar manner to that of 0 K simulation case
for static equilibrium case. Further, dynamic evolution of the dislocation
loop at 5 K is studied under an applied shear stress greater than this min-
imum equilibrium stress via MD simulations. The mobility characteristic
was then captured using CNA in OVITO.

3. Results and discussion
3.1. Lattice and elastic constants

The predicted lattice constants of pure Ta and Ta-8%W correspond-
ing to the minimum cohesive energy are tabulated in Table 2 obtained
from both EAM potentials wherever appropriate. These results are in
good agreement with experimental measurements of the lattice con-
stants for pure Ta and Ta-8%W [15-20] as well as with high fidelity

first principle-based density functional theory (DFT) calculations [21-
23].

Standard straining methods were used to calculate elastic constants
from the defect-free crystals at 0 K. The calculated values of C;;, Cy,
and C44 corresponding to that of pure Ta and Ta-8%W from different
potentials is also shown in Table 2. It is evident from the stated values
of the calculated elastic constants that Born stability criteria [24] is sat-
isfied for pure Ta with both potentials as well for the Ta-W alloy with
the Chen potential.

3.2. Screw dislocations

3.2.1. The core structure

The differential displacement (DD) plots showing the core structure
of a screw dislocation in Ta-8%W alloy, as predicted by the current
molecular statics simulations, are shown in Fig. 2. The DD plots are
shown at three different locations along the dislocation line to observe
the effect of local atomic randomness on the variations in the core struc-
ture [25]. The sections chosen for plotting the DD plots are one Burgers
vector magnitude, b = |b|, thick perpendicular to the dislocation line di-
rection. Three such sections are taken along the dislocation line at the
midpoint and +50b from the midpoint.

Molecular statics simulations using the Chen potential predicts a
compact core for the % [111] screw dislocation in pure Ta with the
dislocation line being centered and straight. This is in agreement with
first principles calculations for pure Ta [26]. However, DD plots corre-
sponding to the Ta-8%W alloy at three cross-sections perpendicular to
the dislocation line (Fig. 2(a)—(c)) show a split or a 3-fold core structure
for the Ta-8%W alloy as well as clear variations in the core structure
along the dislocation line direction (Fig. 2(d)). These localized varia-
tions along the dislocation line are a result of local atomic fluctuations
due the random distribution of solutes. Thus, the DD plots corresponding
to the screw dislocation in Ta-8%W alloy indicate that the core structure
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Table 2

°

°

Lattice parameter (A) and elastic constants (GPa) as predicted using the Zhou EAM potential and the Chen EAM potential for Ta, T111, and Ta-8%W. The lattice parameters are in A and the elastic constants are in GPa.

Ciy (OW (C11-Cpp)/2

C11

Lattice parameter

Materials

Chen

Chen

Zhou

Chen

Zhou

Chen

Chen

Zhou

DFT

Exp.

EAM

Zhou EAM

EAM Exp. DFT EAM EAM Exp. DFT EAM EAM Exp. DFT

Zhou EAM

DFT

EAM Exp.

EAM

44,9521
47.2%3

52.7720
54.05'7
52.5318
62.9320

55

267.9%0 258721 158 157 162.4%° 168.821 82 87 86.75%0  67.821 52
87.417

266

263

3.3038 3.30395  3.3%

3.3021

64.22%

165.2%3

158.2%0

259.6%

266.317
26618

3.308%

3.302616

82.4718
62.93%0

160.918

68

91

162.1%°

287.98%0 164

300

3.2749

Ta-8%W

Materialia 23 (2022) 101429

Ta-8% W

y[ﬁz], Kok shoh

Fig. 2. Differential displacement plots at three sections along the screw disloca-
tion line: (a) 0; (b) 50b; and (c) —50b relative to the midpoint of the dislocation
line in Ta-8%W. (d) The corresponding CNA showing only the non BCC atoms
of the dislocation core in Ta-8%W.

is characteristically different from those obtained from first principles
predictions as well as MS simulations for pure Ta [26] or pure W [27-
30].

In continuation with the above discussion, it should be pointed out
that atomistic potentials frequently show a metastable split core as a lo-
cal minimum for the core structure of % [111] screw dislocations in BCC
structures [31] as we observe here for the Ta-8%W. This could be an
artefact of the interatomic potential, since first principles calculations
in pure BCC metals does not show the split core as a local minimum
for % [111] screw dislocations [32]. This is shown here for pure Ta us-
ing the Chen EAM potential by varying the initial elastic center of the
anisotropic elasticity displacement field used to insert the screw disloca-
tion in the simulation cell, thus, various possible local minimum energy
core structures for the % [111] screw dislocation can be identified. It
is found that a compact core as well as a split core are local minima
as shown by the DD plots in Fig. 3. The energy of the compact core is
1.486 eV/A and that of a split core is 1.458 eV/ A.

The relative energies indicate that both the split core and compact
cores are local minima, with the split core having a slightly lower en-
ergy. The presence of split core as a local minima is an artefact of many
well-known BCC potentials in the literature including Mendelev poten-
tial for Fe [33] and other potentials for Ta [38-40]. The Chen potential
gives the right core structure for pure Ta but the wrong one (asymmet-
ric) for pure W. This is a possible reason for the observed asymmetric
core in Ta-8W. Wang et al. [34] employed an empirical EAM interatomic
potential that gives an asymmetric dislocation core for screw dislocation
in Ta in disagreement with DFT calculations. However, they successfully
estimated the Peierls barrier in pure Ta using this potential. Similarly,
Ito and Vitek [35] obtained two non-equivalent degenerate cores in Mo
using central-force many-body potentials [36] contrary to the symmetric
cores found in DFT calculations [37]. Here also, the barrier to disloca-
tion motion was determined successfully. This suggests that the details
of the core structure is relatively unimportant on the critical stress level
to move screw dislocations, especially in alloys where solute barrier to
dislocation motion is of paramount importance. As discussed by Wein-
berger et al. [31] and later in this manuscript, this split-core structure
leads to the preferred glide plane of the screw dislocations being the
{112} plane under an applied pure shear stress on the {110} plane.
Hale et al. [49] studied various empirical interatomic potentials [38-
40] available for Ta for screw dislocation core structure. All the inter-
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Fig. 3. Two different %[111] screw dislocation core

configurations in pure Ta obtained using the Chen

potential by varying the initial elastic center of the

anisotropic elasticity displacement field used to insert
0 the screw dislocation resulting in: (a) a compact core;
or (b) a metastable split core.

CRSS and velocity of screw dislocations in pure Ta and Ta-8%W at 5K and 300K, using the Zhou and/or Chen potentials. Results
from the Rao-Suzuki model for the mobility of %[111] screw dislocations in Ta-8%W are also given.

Ta Ta Ta-8%W
Composition Temperature (Zhou potential) (Chen potential) (Chen potential)
CRSS (MPa) 5K 2000 400 600
[MD simulations] 300K 600 150 300
CRSS (MPa) 5K 350 (4.2 K110 350 (4.2 K10 -
[Experimental] 300K 1800171(RT) -200 (296 K)['*81  180LY7I(RT) - 200 (296 K)['81 218211 285 (RT)1'7]
CRSS (MPa) 5K - - 629 (MD strain rate)
[Rao-Suzuki 626 (Experimental strain rate)
model] 300K 426 (MD strain rate)

288 (Experimental strain rate)

atomic potentials reproduce a split core configuration, which is deemed
responsible for the preferred {112} slip of the screw dislocation.

It should also be pointed out that the Chen potential accurately re-
produces the much-expected core structure fluctuations along the dislo-
cation line in Ta-8%W alloy [2,12].

3.2.2. The critical resolved shear stress

The critical resolved shear stress (CRSS) for screw dislocations in
pure Ta and Ta-8%W alloy as calculated at 5 and 300 K are summarized
in Table 3. The dislocation velocity of the continuously gliding disloca-
tions at this CRSS is obtained from the displacement-time plots by fitting
a linear curve and are also listed in Table 3.

The estimated CRSS for pure Ta from the Zhou potential are a factor
of 3-6 times larger than experimental results as shown in Table 3. This
suggests that the Zhou potential cannot be used to study solute effects
on the mobility of screw dislocations. On the other hand, the Chen po-
tential predictions for the CRSS of % [111] screw dislocations in pure Ta
at both 5 and 300 K are in reasonable agreement with experimental pre-
dictions. This indicates that the Chen potential can be reasonably used
to study W solute effects on the mobility of % [111] screw dislocations in
Ta-8%W. Atomistic potentials as well as first principles calculations are
notorious in predicting a high value of screw Peierls stress for BCC met-
als at low temperatures (0-5 K) in comparison with experimental yield
data [41-43]. Several theories have been proposed for this discrepancy
in the literature [33,59]. To evaluate the solute barrier to screw dis-
location motion in the Ta-8%W alloy at low temperatures, the original
Peierls or kink-pair barrier for screw dislocation motion in pure Ta needs
to be as close to experimental data as possible. This ensures that the BCC
alloy behavior (for a reasonable concentration of solutes) for screw dis-

locations is dominated by the solute barrier, Otherwise, in the case of
an artificially very high kink-pair barrier for screw dislocation motion
in pure Ta, kink-pair barrier effects cloud the alloy results erroneously.

Fig. 4(a) and (b) show a top view of the screw dislocation gliding
at 5 K and an applied shear stress of 600 MPa in Ta-8%W. Debris in
the form of vacancy and interstitial clusters are observed to form be-
hind the screw dislocation as it glides forward. This debris is a result of
activation of multiple cross kinks during the glide process. Cross-kinks
are caused by the collision of kinks gliding on different {110} planes.
The W-solutes facilitate the nucleation of these kinks on different {110}
planes. During the glide process, the screw dislocations drag the cross-
kink pinning points to form clusters (vacancy or interstitial like). Every
once in a while, clusters pinch-off from the screw dislocation leaving
behind the debris shown in the plots. Similar observation of cross-kink
induced debris in the wake of screw dislocation in other BCC alloys have
also been reported previously [2,5,9,13].

A combination of CNA, CSP and CA was used to identify the vacancy
and interstitial clusters, following the methodology proposed by Moller
and Bitzek [44]. First CNA filters out all the atoms that do not belong
to the perfect BCC lattice, (i.e., screw dislocation and the vacancy and
interstitial clusters). In order to differentiate between the screw dislo-
cation and the debris clusters, coordination analysis in OVITO was em-
ployed with a cut-off radius of 1.2a,, where q, is the lattice constant.
Atoms with coordination numbers (CN) smaller than 14 can be identi-
fied as vacancy clusters, since atoms constructing the screw dislocation
have a CN equal to 14. In order to identify the interstitial clusters, a cut-
off radius of ~0.8a, was used for coordination analysis in OVITO. At this
cut-off, only interstitials have non-zero number of nearest neighbors.
Boolean operation was used in OVITO to hide all atoms with CN = 0
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Fig. 4. (a) Two sequential snapshots showing the formation of cross kinks on a screw dislocation in the Ta-8%W alloy during its glide. The applied shear stress
is 600 MPa at 5 K. (b) Interstitial and vacancy debris production during %[111] screw dislocation glide in a Ta-8%W alloy at 5 K and an applied shear stress of
600 MPa. Atoms belonging to the screw dislocation core are shown in yellow, interstitial clusters in red, and vacancy clusters in blue.

and preserve only the interstitial atoms. Overall, the total number of
atoms at the vacancy and interstitial clusters are identical to each other,
as expected. Conversely, their distribution in the simulation cell is not
identical. We can note from Fig. 4 that the vacancy clusters are visi-
bly smaller in size but greater in number than the interstitial clusters.
Similar behavior is observed in the work of Marian et al. [45] where
the authors point out that the difference in the size of the vacancy and
interstitial clusters is closely related to the difference in vacancy and
interstitial formation energies in BCC Fe.

It should be noted that for both pure Ta as well as the Ta-8%W with
the Chen potential the screw dislocation consistently glides on the {112}
plane. In contrast, published experimental studies indicate that glide on
{110} planes dominate in BCC metals, including Ta and its alloys [46—
48]. Hale et al. [49] gave a detailed description of how the interatomic
potentials may influence the screw dislocation core structure and the
glide pathways in Ta. Their study revealed that the effective {112} slip
trace observed via MD simulations in Ta is a result of {110} glide on two
different planes that alternate through compact and split core positions
on the slip pathways. Thus, as previously stated, the preferential slip of
the screw dislocations on {112} planes as observed in the current sim-
ulations in Ta and Ta-8%W is related to the presence of the metastable
split core as a local minimum and is a manifestation of the potential
employed in this work.

3.2.3. Theoretical predictions of the CRSS

The Rao-Suzuki model for substitutional solid solution strengthening
in BCC alloys is used here to predict the theoretical CRSS of screw dislo-
cations in Ta-8%W and compare it to the MD predictions. The model de-
scribed in detail elsewhere [50-54], and here, only a brief description of
the model is given for completeness. The model considers substitutional
solid solution strengthening in BCC alloys to have two contributions: (a)
a stress 7, to move kinks across solute obstacles at the screw dislocation
core; and (b) a stress 7; to bow screw dislocations between interstitial
and vacancy dipoles formed on the dislocation line due to kink-kink col-

lisions. Thus, the CRSS 7, for the motion of a % [111] screw dislocation
can be decomposed into two contributions [50-54]:

7, =1 (L) + 7; (L) @

Both 7, and ; are functions of the unknown spacing, L, defined as half
the distance between the dipoles formed on the screw dislocation. The
CRSS is thus minimized with respect to L to give the resolved yield stress,
7yt

87,/6L =0 3)

The stress z; required to bow the screw dislocations between the inter-
stitial and vacancy dipoles can be written as [55]:

_ Evac + Eim

= — 4
Y 45 @
where E,,. and E; are the vacancy and interstitial dipole energy per

unit length formed on the screw dislocation during its motion, respec-
tively. Here, E,,. and E;, are dominated by the core energy and can be

expressed in terms of the vacancy and self-interstitial formation ener-
; Ey E, f f
gies as E,,. =0.707 —* and Ej, = 0.707 =, where E| and E; are the

vacancy and interstitial formation energies, respectively. The values of
Ef and Eifm for Ta are taken from published first principle calculation
results [56].

Additionally, 7; is determined from the following 4th order algebraic
equation:
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Fig. 5. (a) CRSS for screw dislocations as a function of temperature in the Ta-8%W alloy as predicted from MD simulations using the Chen potential. For the
Rao-Suzuki model results, 6H(z)/kT was fixed at 11.5 to mimic MD strain rates. (b) The yield strength versus temperature of Ta-10%W as measured experimentally

[63] and as predicted using the Rao-Suzuki model.
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and AH, which is the activation energy for kinks to overcome the solute
obstacles, is:
22
(X K2E2c))

AH =3 :

3 37472 22 -1
b - 0.0567}ab Ak(Z K2E2 ;) (10)

In Eq. (6) through Eq. (10), Ay ~ 10b is the kink width, AV is the acti-
vation volume for kinks overcoming solute obstacles, v, ~# 5 x 1012 s71
is the Debye frequency, T is the temperature in Kelvin, k is the Boltz-
mann constant ¢ is the strain rate, and E,; is the effective solute-screw
dislocation interaction energy for solute 7’. To obtain polycrystalline
yield strength, the critical shear stress 7, is multiplied by a Taylor factor
of M = 2.75, which is a standard for BCC structures [25].

Thus, to determine solution strengthening due to W solutes in Ta
using the Rao-Suzuki model, one requires the W solute-screw disloca-
tion interaction energy (E,). The procedure to determine this interac-
tion energy using interatomic potentials is given in Rao et al. [25]. In the
current work, as determined for the 6 atom Suzuki model from molec-
ular static simulations using the Chen EAM potential, this energy is E,,
~0.20 eV. Previous first principles calculations of W solute-screw dislo-
cation interaction energy in pure Ta show that the interactions extend
up to the fourth neighbor (i.e., 27 atoms) [57]. Such fourth neighbor
interactions can be mapped onto a 6 neighbor Suzuki model, using an
effective interaction energy, as described in Rao et al. [25]. The first
four neighbor W solute-screw dislocation interaction energies for W so-
lute in pure Ta has been previously determined from first principles
calculations and the effective interaction energy calculated from these
values is ~0.15 eV [58]. Thus, a comparison of the effective W solute-
screw dislocation interaction energy in pure Ta as determined from first
principles calculations (E,, ~0.15 eV) with those using the Chen EAM
interatomic potential in our current work (E,, ~0.20 eV) shows that the
agreement is satisfactory, though not exact.

The CRSS for the Ta-8at% W alloy as determined from the current
MD simulations at 5 and 300 K using the Chen potential as well as those
predicted based on the Rao-Suzuki model using an effective interaction

energy of 0.20 eV are shown in Fig. 5(a). Both the results are shown to
be in good agreement with each other. MD strain rates were employed
in the Rao-Suzuki model to achieve this correspondence. Fig. 5(b) com-
pares the Rao-Suzuki model results with experimental data for the yield
strength of Ta-10%W in the temperature range 300-1873 K. The Rao-
Suzuki model used an effective interaction energy for W solutes in pure
Ta as determined from first principles calculations [57]. The agreement
between the experimental measurements and the model over this large
temperature range is in general agreement. For theoretical estimates of
CRSS to compare against experimental values, an experimental strain
rate of 103 s~1 was used in all the analytical calculations.

3.3. Edge dislocations

3.3.1. The core structure

The predicted DD plots of the cross-section as well as top views of the
relaxed configuration of the % [1111{110} and % [111]{112} type edge
dislocations on their glide plane as predicted using the Chen potential in
pure Ta and Ta-8%W are shown in Fig. 6. The DD plots indicate planar
spreading of the edge dislocations on their glide plane for both pure Ta
and Ta-8%W, which is an expected behavior for edge dislocations in
elemental BCC metals [2,12]. It is also interesting to note that while the
edge dislocation remains straight in pure Ta, the dislocation line in the
Ta-8%W alloy is wavy. A long edge dislocation in BCC materials is quite
flexible unlike the screw dislocation core [7] as the line tension of the
edge dislocation is theoretically smaller than that of screw dislocation.
In a random BCC alloy, local variation in solute concentration leads to
regions of high and low energies. Given the flexibility in dislocation line,
the edge dislocation adopts a wavy configuration as it gets attracted to
fluctuations that decrease the overall energy of the system, while being
repelled from the fluctuations that increase the energy. The waviness
has a characteristic wavelength, which is constrained by the line tension
of the dislocation or the energy cost of increasing the dislocation line
length and curvature. Such localized fluctuations are absent in pure BCC
Ta, and hence this characteristic waviness is only observed in the case of
Ta-8%W. Maresca and Curtin [7] implement this in a theoretical model
that defines a characteristic wavelength, amplitude, and lateral length
of the edge dislocation in random BCC/FCC alloys, which appears as
a result of energy and line tension constraints on the dislocation line.
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Fig. 6. DD plots (top row) and CNA extract (bottom row) of the corresponding dislocation cores showing only non BCC atoms for the % [111] (110) and % [1111(112)

edge dislocations in (a) and (b) for pure Ta and in (c) and (d) for the Ta-8%W alloy.

Similar observation for an edge dislocation has been made by Rao and
coworkers in other BCC alloys [25].

Additionally, the DD plots for both types of edge dislocations show
asymmetry in the core structure. Thus, it is expected that the CRSS for
the motion of edge dislocations in the positive and negative sense for
both types of edge dislocations in pure Ta and Ta-8%W will be asym-
metric. This is commonly referred to as twinning direction (TD) and
anti-twinning direction (AD) asymmetry. This will be discussed in the
following subsection in details.

3.3.2. Atomic disregistry and differential misfit of edge dislocations in pure
Ta

A generalized Peierls-Nabarro (PN) model [58,59] represents the
core structure of an edge dislocation in terms of displacement distribu-
tion just above and below the dislocation plane. The absolute values of
displacements in the upper and lower {112} and {110} planes due to the
introduction of an edge dislocation in a perfect pure Ta crystal (i.e., the
difference in atomic positions in a relaxed crystal containing an edge dis-
location versus that of a perfect crystal), in the direction of the Burger’s
vector, as predicted from the current molecular static simulations using
the Chen potential are shown in Figs. 7 and 8, respectively. Addition-
ally, the disregistry density (or differential misfit) corresponding to the
absolute displacements is also determined and shown in Figs. 7 and 8.

It is observed that the absolute values of the displacement evolution
above (upper layer) and below (lower layer) the dislocation plane are
not identical for the {112} plane. This is evident from the asymmetry in
the disregistry and differential misfit plots in Fig. 7(b)-(e). This asym-
metry around the core of an edge dislocation causes anisotropy in the
atomic forces in the twinning and anti-twinning directions in both pure
Ta and Ta-8%W and leads to differences in the CRSS required to initiate
dislocation glide in the TD and AD. Interestingly, similar observations
have also been made for % [111] (112) edge dislocations in pure Fe [60].

3.3.3. The critical resolved shear stress

The CRSS for an edge dislocation in pure Ta and Ta-8%W are first cal-
culated using MD simulations. The evaluated CRSS for % [111] {110}
and {112} edge dislocations at both 5 and 300 K are summarized in
Table 4. The CRSS for % [111] edge dislocations in pure BCC Ta es-
timated with the Chen potential at 5 K varies between 5 and 35 MPa
based on the habit plane. However, for the {110} edge dislocation in
pure Ta, no asymmetry in the CRSS for moving the edge dislocation
was observed in the AD or TD directions. This is in agreement with the
symmetric atomic disregistry curves in pure Ta for the {110} plane as
shown in Fig. 7(b) and (d). In the case of % [111]{112} edge disloca-
tions, a small asymmetry in the CRSS was observed in the AD and TD.
This is in agreement with the asymmetry in the differential misfit plots
corresponding to the {112} plane in pure Ta as shown in Fig. 8(b) and
(d).

From the values summarized in Table 4, it can be observed that the
edge dislocations in Ta-8%W lying on the {110} and {112} planes show
an asymmetry in the CRSS when the sign of the shear stress is reversed,
which again can be attributed to the asymmetric evolution of atomic
disregistry and differential misfit in the TD and AD. It is also interest-
ing to note that the CRSS for the % [111]{110} and % [111]{112} edge
dislocations in both pure Ta and Ta-8%W are also different given the sig-
nificant difference in core structures of both types of edge dislocation.
It can be seen from Figs. 6, 7(a) and 8(a) that the {110} edge disloca-
tion has a spread-out core, while the {112} edge dislocation displays
a comparatively compact core. This results in a difference in the edge
dislocation core-solute interaction energies for the two types of dislo-
cations that eventually manifests as the difference in the CRSS on the
{110} and {112} edge dislocations. The W solute-edge dislocation in-
teraction energies in bulk Ta as predicted from the current molecular
static calculations is —0.19 and 0.4 eV above and below the cut plane
in case of {110} edge dislocations. For the {112} edge dislocation this
value was estimated as —0.53 eV.
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3.3.4. Theoretical predictions of the CRSS

The CRSS of edge dislocations in Ta-8%W alloy can be determine the-
oretically using the corresponding analytical model for solute strength-
ening of edge dislocations [7]. According to this model, due to the ran-
dom nature of solute distribution, the total interaction energies between
the dislocations and solute fluctuates as a function of local solute ar-
rangement. Favorable fluctuations in solute concentration can cause the
dislocation to be pinned, thus, increasing the barrier for dislocation mo-
tion. A theory for the strength of BCC and FCC random alloys was re-
cently derived from the motion of edge dislocation through a random

alloy [61]. A reduced version of this theory predicts zero-temperature
shear yield stress and energy barrier for thermally activated flow:

2/3
r0=Aa Py 1+D””0y4/3 Z:nCnAVnz 11
0 T alloyl _ Da[loy b6
1/3
1+ 00, [ X, C,AV?
AE, = Aga' P uy, b ——2 nrn 12
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.\ 12/3
. kT 3
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Table 4
CRSS for edge dislocations in pure Ta and it’s alloys at 5 and 300 K using Zhou EAM and Chen EAM
Potential.
CRSS Analytical Model for Edge
Composition Temperature (K) CRSS (MPa) Dislocations [40] (MPa)
Ta (Zhou potential) 5K -
300K - -
T111 alloy (Zhou potential) 5K 150-200 197 (MD strain rate)
300K 80-100 164 (MD strain rate)
Ta (Chen potential) 5K ~5 -
~30 (TD-112) -
*~35 (AD-112)
Ta-8%W (Chen potential) 5K 150 (TD-110) 180 (MD strain rate)
200 (AD-110)
320 (TD-112)
350 (AD-112)
300K 120 (TD-110) 178 (MD strain rate)

180 (AD-110)

This approximation is based on the assumption that solute/dislocation
interaction energy, U,,, of a random alloy with type n-solute is governed
by the theory of elasticity (i.e., U, = —pAV, where, AV, is the misfit
volume of the type n-solute (n =1, . . ., N) in an N-component alloy and
p is the pressure field generated by the dislocation at the solute position.
Additionally, £, is the reference strain and is equal to 10* s71, 41, is the
shear modulus of the alloy, v,,, is the Poisson’s ratio, and the value of
« is taken as 0.0833 for BCC alloys [15]. The pre-factors A, and A have
values of 0.04 and 2.0 for undissociated edge dislocations in BCC alloys.
These values are derived from the reduced elasticity theory [7,9] and are
hence dependent only on solute misfit volumes and dislocation pressure
field. The alloy’s elastic constants and the dislocation core structure, in
turn, determine the pressure field.

According to this theory, the elastic moduli of the alloy changes
slowly with composition, and hence, it is the atomic misfit volumes that
play a major role in strengthening. In random alloys with N-components,

the misfit volumes AV, of each type-n element (n =1, . . ., N) is given
by:
aI’alloy aI’alloy
AV, = — C, 14
"= oc mg T (14)

Here, Vg, is the alloy atomic volume and 0V,,,/ dC, = 0. Here, C, is
the composition of the individual element in the multi-component alloy.
In the current study, the alloy misfit volumes have been estimated to
be AV(W) = —2.43 V3 and AV(Ta) = 0.15 V? using molecular static
simulations with the Chen potential. A comparison between the CRSS as
calculated using this model and those derived from the current atomistic
simulations is given in Table 4. For the theoretical calculations, an MD
strain rate of 10° s~! is used. In the current work for edge dislocations
in Ta-W alloy, a good agreement is observed between the theoretically
predicted CRSS with those predicted from atomistic simulations.

3.4. Dislocation loops

3.4.1. Static equilibrium

The stability of dislocation shear loops at 0 K in Ta-8%W are stud-
ied using MD simulations for circular dislocation loops with radii in the
range of 50-100 A. The stability of the dislocation loops was assessed
by identifying the minimum constant shear stress in the direction of the
Burgers vector required to maintain equilibrium structure of the loop.
The results are also compared to the theoretical prediction of the equi-
librium stress as derived from the Scattergood and Bacon Eq. (1). This
comparison is shown in Fig. 9. It is observed that the equilibrium stress
at 0 K as predicted from both simulations and theory are inversely pro-
portional to the loop radius, and that the theoretical and MD predictions
are in good agreement with the theoretical ones. Below the critical equi-
librium stress, the MD simulations show that the dislocation loops con-
tract, while above it the loops expand.

2500
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Fig. 9. Equilibrium stresses for loop stability versus the intital dislocation radius
in Ta-8%W as predicted from the current MD simulations and from Eq. (1).

3.4.2. Evolution of the dislocation loop under applied shear stress at 5 K
In order to explore the effect of alloying on the shear response of
dislocation loops, evolution of the loops under pure shear was studied
in pure Ta and Ta-8%W was studied at 5 K. Two types of loop configu-
rations, %<1 11> {110} and %<1 11>{112}, were generated for studying
the expansion phenomenon. A loop radius of 10 nm is used for this study.
Upon applying a constant shear stress that is higher than this minimum
stable shear stress the loops begin to expand. The minimum stress re-
quired for the loop to start expanding is closely related to the CRSS of
pure edge and screw dislocations, which were estimated previously in
the current work. The critical loop equilibrium stress for maintaining a
non-expanding, non-contracting stable circular dislocation loop in pure
Ta on {110} plane at 5 K is estimated to be 932 MPa from the current
atomistic simulations. From our preceding calculations, it was shown
that the CRSS for pure Ta in both the twinning and anti-twinning direc-
tions for an edge dislocation on {110} planes are symmetric and very
small ~5 MPa. Loop expansion of the edge segments of a dislocation loop
on the {110} plane in pure Ta starts at 935 MPa. At this instant, the edge
segments of the loop experience an excess shear stress of ~5 MPa above
the critical loop equilibrium stress and the edge segments in TD and AD
start gliding simultaneously in the simulation box. Table 5 summarizes
the CRSS for expansion of the dislocation loops along with the CRSS of
single edge and screw dislocations in pure Ta on {110} plane. The screw
dislocations CRSS in pure Ta is much higher than that of edge disloca-
tions. Therefore, the glide of the screw-oriented segments is initiated at
a higher stress of ~1200 MPa. This leads to an elliptical shape of the

10
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Details regarding stresses and nature of dislocation loop expansion on {110} plane in pure Ta and Ta-8%W alloy (All stresses are in MPa)

Equilibrium Edge segment CRSS of pure Edge Screw segment CRSS of pure screw  Nature of expansion-edge Nature of expansion-screw
stress CRSS dislocation CRSS dislocation portion portion
Pure Ta 932 935 5 1200 400 Symmetrical Symmetrical
Ta-8%W alloy 1000 1200 150 TD 1600 600 Symmetrical Symmetrical with cross
200 AD kink motion

Table 6

Details regarding the CRSS and nature of loop expansion on {112} plane in pure Ta and Ta-8%W alloy (All stresses are in MPa)

Equilibrium Edge segment CRSS of pure Edge Nature of expansion-edge Nature of expansion-screw
stress (MPa) CRSS dislocation Screw segment CRSS portion portion
Pure Ta 980 1110 30-TD 1110 Symmetrical Symmetrical
35-AD
Ta-8%W alloy 1000 1300 TD - 320 1600 (for a screw Symmetrical Symmetrical with cross
dislocation on {110} kinks and movement glide
plane) on {112} plane
y [170] y [T12] y[110] Fig. 10. Equilibrium shape of a dislocation loop on the: (a)
{112} plane in pure Ta; (b) {110} plane in Ta-8%W; and
| | (c) {112} plane in Ta-8%W.
111
x [111] x [111] x (1]

B "

(a)

expanding loop, as shown in Fig. 11(a). Similar behavior is observed
during the expansion of the dislocation loop lying on the {112} plane in
pure Ta. The CRSS corresponding to the dislocation loop in Ta lying on
the {112} plane is summarized in Table 6. We observe from the values
quoted in Table 6 that the equilibrium stress for a stable circular loop on
the {112} plane in pure Ta is ~980 MPa. The edge portion of the loop
exhibits expansion at a stress of ~1110 MPa. This is around ~30 MPa
above the corresponding equilibrium stress (980 MPa), and is close to
the CRSS of an isolated pure edge dislocation on the {112} plane in Ta
(i.e., 30-35 MPa).

A change in the loop expansion was observed after the addition of
alloying element and is explained in the following. The first feature that
distinguishes the loop expansion phenomenon in pure Ta from that of
Ta-8%W is the rugged nature of the equilibrium loop shapes. These
equilibrium shapes of the dislocation loops in Ta on {112} plane and
Ta-8%W alloy on the {110} and {112} planes are compared in Fig. 10.
The second feature is the change in CRSS required for loop expansion in
pure Ta and Ta-8%W alloys. Tables 5 and 6 give the CRSS for the dislo-
cation loops in Ta-8%W generated on the {110} and {112} planes. The
equilibrium stress for a 10 nm circular loop in Ta-8%W on the {110}
plane is ~1000 MPa, while the CRSS for a single edge dislocation in
Ta-8%W at 5 K has ~200-250 MPa. At a stress of ~1200 MPa (which
is ~200 MPa above the equilibrium stress for the stable loop), the edge
segments of the loop begin to expand and glide completely out of the
simulation box. At this stress, a slight movement is also observed in the
screw segment but given the higher CRSS of the isolated screw dislo-
cation, this glide is intuitively limited. These simultaneous events give
an elliptical shape to the loop during expansion (Fig. 11(b)). At a shear
stress of 1500-1600 MPa the glide of screw segments of the loop is initi-
ated. This can be reasoned by the high CRSS of a pure screw dislocation
lying on the {110} planes at 5 K in the alloy, which has already been
established to be ~600 MPa. Thus, even though the equilibrium stress

©

11

for maintaining a circular dislocation loop in Ta and Ta-8%W are not
significantly different, the CRSS values for loop expansion vary remark-
ably. This can be directly correlated to the notable difference in stress
required to glide an isolated edge and screw dislocation segments in Ta
and Ta-8%W.

Apart from the difference in the equilibrium shapes and CRSS of the
dislocation loop, in pure Ta and Ta-8%W, the third distinguishing fea-
ture is comparatively rough glide paths in Ta-8%W. Fig. 11 shows an
expanding %<111>{112} loop in pure Ta under a constant shear stress

of ~1100 MPa and %<111>{110} loop in Ta-8%W under a constant
shear stress of ~1200 MPa. The edges of the loop appear jagged in Ta-
8%W whereas in pure Ta the loop edges are pretty smooth even during
expanding. This rugged shape and roughened glide of the loops in the
alloy could be attributed to local trapping and de-trapping of the dislo-
cation segments due to the presence of alloying sites.

A 3D view of the loop as it glides post expansion and breaks down
into individual screw and edge segments is also shown in Fig. 12. Here,
we can see that as the loop expands, the two screw portions begin to
move on the {112} planes. This effective glide of screw dislocation on
{112} planes could be an artefact of the interatomic potential as has
been explained in detail in the previous sections. The movement of
screw segment of the %<111>{1 10} loop leaves behind debris, while
transcending onto the {112} planes. This is analogous to the sequence
of events observed during the glide of a single infinitely long screw dis-
location in these alloys.

The nature of expansion of the %<111>{112} loop is also similar

to the 1<111>{110} loop. In our preceding calculations, it was es-
tablished that the CRSS of the edge dislocations lying on the {112}
planes are higher in comparison to the one on the {110} plane. Innately,
expansion of the edge portion of the %<111>{112} shear dislocation
loop is initiated at higher applied shear stresses when compared to the
%<111>{1 10} loop. These values compared in Tables 5 and 6.
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Fig. 11. (a) Smooth glide of the edge and screw segments of a {112} dislocation loop in pure Ta at 1110 MPa and 5 K at two time-steps. (b) Rugged glide of edge
and screw segments of a {110} dislocation loop in Ta-8%W alloy at 1200 MPa and 5 K at three time-steps.
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Fig. 12. Effective glide of screw segments of the dislocation loop on {112} planes after the full escape of the edge segments at stresses higher than the equilibrium
stresses of a loop initially lying on the: (a) 110; and (b) 112 plane.

4. Summary and conclusions [111] screw dislocations Ta based alloys at the given temperature (5
and 300 K) and MD strain rates. A good agreement is found between the

The effect of alloying Ta with small amounts of W on the dislocation CRSS values obtained through simulations and the Rao-Suzuki model
core structure, critical resolved shear stress and mobility of %<111> predictions. W solute — screw dislocation interaction energy in pure Ta
screw and edge dislocations in Ta-8%W alloy was studied using molec- as obtained from the Chen potential was used in the model calculations.
ular statics and dynamics simulations at 5 and 300 K using the Chen In addition, this theoretical model BCC was also used to determine the
EAM potential. The CRSS for screw dislocations in Ta-8%W with the CRSS of % [111] screw dislocations in Ta based alloys as a function of
Chen potential was estimated to be 600 MPa and 300 MPa for screw temperature (room temperature to 1600 °C). The CRSS shows a slower
dislocations at 5 K and 300 K, respectively, under MD strain rate con- decrease with increasing temperature in Ta-8%W as compared to simple
ditions. A theoretical model of screw dislocation governed plasticity in BCC metals. These predictions obtained at an experimental strain rate of
BCC alloys (Rao-Suzuki model) was used to determine the CRSS of % 0.001 s~! was compared with experimental yield data for temperatures
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ranging from room temperature to 1600 °C. First principles W solute —
screw dislocation interaction energy data for pure Ta was used in these
calculations.

Local chemical variations due to presence of random solutes also
substantially increase the CRSS of edge dislocations in the alloy when
compared to that of pure Ta. In pure Ta, the CRSS for edge disloca-
tions is very small ~5-35 MPa, depending upon the dislocation glide
plane;in-pure-Fa- The investigation of CRSS of edge dislocation in pure
Ta and Ta-8%W led to some interesting insights about shear stress asym-
metry in the alloys in twinning and anti-twinning direction. Since TD-
AD asymmetry is not observed in pure Ta, it is most likely induced by
alloying Ta with W. The irregularity observed in atomic disregistry or
differential misfits and differential displacement plots for edge disloca-
tions in Ta-8%W on both {110} and {112} planes explain the difference
in AD and TD CRSS.

Finally, stability and expansion of shear dislocation loops were also
studied for the Ta-W alloy. Theoretical results for loop stabilizing stress
from Scattergood and Bacon’s equation were in agreement with those
obtained from direct atomistic simulations. The loop expansion results
were in accord with straight dislocation CRSS estimates.
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