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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.18419/darus-4 The yield stress anomaly of L1, intermetallics such as Ni;Al, Ni;Ga, Co;(AlL,W) is controlled by the so-called
480 Kear-Wilsdorf lock (KWL), of which the formation and unlocking are governed by dislocation cross-slip. Despite
the importance of this anomalous behavior in L1,-strengthened alloys, microscopic understanding of the KWL
is limited. Here, molecular dynamics simulations are conducted by employing a dedicated machine-learning
interatomic potential derived via physically informed active learning. The potential facilitates modeling of
the dislocation behavior in Ni;Al with near ab initio accuracy. KWL formation and unlocking are observed
and analyzed. The unlocking stress demonstrates a pronounced temperature dependence, contradicting the
assumptions of existing analytical models. A phenomenological model is proposed to effectively describe the
atomistic unlocking stresses and extrapolate them to the macroscopic scale. The model is general and applicable
to other L1, intermetallics. The acquired knowledge of KWLs provides a deeper understanding on the origin
of the yield stress anomaly.
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1. Introduction

Ni-based superalloys are used for turbine blades because they with-
stand thermal mechanical loading under high turbine-entry tempera-
tures [1,2]. Over several generations of these superalloys and corre-
sponding thermal barrier coatings, the turbine-entry temperatures have
increased by 700K [3], significantly improving the thermodynamic ef-
ficiency of aircraft engines. The outstanding thermal resistance mainly
originates from a high volume fraction of L1,-ordered precipitates. In
contrast to common structural materials, the yield stress of certain L1,
intermetallics, e.g., NizAl [4], NizGa [5], or Co;(ALW) [6], increases
with temperature, typically accompanied with an anomalously increas-
ing work-hardening rate. As this so-called yield stress anomaly (YSA)
is pivotal for strengthening advanced alloys, the steady increase of
understanding YSA has been a key ingredient to the evolution of Ni-
based superalloys [1,2,7] and Co-based superalloys [8-10], and also
for the development of L1, strengthened high-entropy alloys [11,12].

However, the origin of YSA is still not satisfactorily clarified [7].
What is known from transmission electron microscopy (TEM) on sam-
ples deformed in the temperature region of the YSA [13,14] is that
the dislocations in Ni;Al exhibit a unique non-planar dislocation core
structure—nowadays referred to as the Kear-Wilsdorf lock (KWL). The
dislocation core was shown to evolve through cross-slip [15,16] in
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which three planar defects are involved: two antiphase boundaries
(APBs) on the (100) and (111) planes plus a complex stacking fault
(CSF).

Several analytical models [17-23] have been proposed to com-
prehend KWLs and their relation to YSA, considering factors like
the difference between the formation energies of the (111)APB and
(100)APB [17], and torque interactions between the superpartials [18].
The “APB-jump” phenomenon observed in in situ TEM experiments [15]
brought forward a model based on the competition between the forma-
tion and unlocking of the incomplete KWL [20]. An incomplete KWL
is built up from APBs on both the (100) and (111) planes, while a
complete KWL contains only an APB on the (100) plane (see Figure S1
in Supplementary Material). A common limitation of existing models is
the assumption of an athermal unlocking process [20,22].

Despite the importance of KWLs, the understanding of their for-
mation and unlocking is limited, especially regarding the atomistic
evolution during cross-slip. A close atomistic inspection is difficult
with experiments but becomes feasible with atomistic simulations.
For example, the embedded atom method (EAM) has been used to
investigate the dissociation of superdislocation in NijAl [24,25], to
calculate the nucleation energy of the cross-slip process for a sin-
gle dislocation [26,27] and for intersecting dislocations [28]. These
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simulation studies focused on energetics at 0K and thus neglected
entropy contributions relevant at elevated temperatures. Recently, the
temperature-dependent dislocation dynamics of an edge dislocation
in NijAl has been investigated using EAM potential [29]. However,
atomistic simulations for the behavior of screw superdislocations, par-
ticularly when related to KWLs and cross-slip processes at elevated
temperatures, are still absent. This is presumably due to the limited
accuracy of existing potentials in predicting the energetics of planar
defects, which prevents the occurrence of dislocation cross-slip.

In the present study, a machine-learning interatomic potential
(MLIP), specifically a Moment Tensor Potential (MTP) [30,31], is devel-
oped and utilized to simulate the dislocation activity in Ni;Al at near ab
initio accuracy and with the inclusion of finite temperature effects. The
most critical aspect in designing MLIPs is the proper choice of the fitting
dataset from density functional theory (DFT). To guarantee an accurate
description of the dislocation, we utilize a physically informed active-
learning scheme and evaluate the MLIP specifically on the temperature
dependence of the planar defect energies. The MLIP enables the study
of the unlocking of KWLs by shearing at different temperatures in
molecular dynamics (MD) simulations. Based on the obtained data,
a phenomenological model for thermally activated KWL unlocking is
derived.

2. Methods
2.1. Moment tensor potential

The moment descriptor M, , in the MTP formalism describes atomic
interactions with both radial and angular information according to [30]

My,v= Zf”(lyijLZi»zj)?ij®"'®7ij s (€9)
J ——
v times
in which f,(|7;1. z;, z;) is the radial function for particle i (type z; at 7;)

interacting with its neighbor j (type z; at7;); u stands for the number of
radial functions (depending on the level of the contraction introduced
next); 7;; ® - ® r;; is a tensor of rank v representing the angular
interaction (® denotes the outer product). The scalar contractions
of the moments M,, give the basis functions B,. With these basis
functions, the local interatomic potential V(n;) for atom i with its
environment n; is linearly expanded as

Vn) =Y &B, ), @
a

and the energy of the system is then obtained by

EMTP = %" v (n)). 3)
i

In practice, the number of basis functions is restricted by a degree-like
measure, the maximum level lev,,,, and, further, atomic interactions
beyond a cutoff radius R, are neglected. To maintain high accuracy
at a computationally reasonable number of hyperparameters, a level
of lev,,, = 12 and a cutoff radius of R,, = 5 A were chosen. The
weights of the energy and force contributions in the calculation of the
loss function were set equal to 1.0, 0.01 f\z, respectively, while stresses
were not considered for training.

Ab initio molecular dynamics (AIMD) entering the MTP fitting
dataset was performed for all investigated structures at six different
volumes at 1600K. This temperature was chosen to ensure that the
trained MTP can capture the high-temperature behavior, particularly
the significant anharmonicity of the planar defects near the melting
point [32,33]. The configurations from the AIMD for each struc-
ture served as preliminary information for training the MTP in the
corresponding active-learning (AL) loop.

The workflow for training the MTPs contains multi AL-loops and
will be elaborated in Section 3.1. Each AL-loop includes four steps:
(1) get/train an MTP; (2) perform MD simulations with this MTP to
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select new configurations; (3) perform DFT calculations for selected
configurations and (4) go to step (1). (For a detailed introduction,
see Ref. [31].) MTP MD simulations were run for 10 picoseconds
with the Langevin thermostat at a timestep of 1 femtosecond. MD
snapshots were evaluated by calculating the extrapolation grade y,,,
according to the maxvol algorithm [31,34]. The threshold to break an
MD simulation was set to y2® = 3.0 and the selection threshold to
ysdleet = 1.5. An Al-loop was finished if no configuration got selected
in step (2), meaning that y,,, for all MD snapshots was below 1.5. As
an exception, the AL-loop for the surface structures was run until the
extrapolation grade was below 3.0. This is sufficient for the surface
structures since they are needed only for the free boundary conditions
of the shearing simulations, and they have negligible influence on the
dislocation behavior.

2.2. Density-functional-theory calculations

The DFT calculations were performed by using VASP [35,36] with
potentials based on the projector augmented wave (PAW) method [37]
and within the PBE-GGA approximation [38] to the exchange—
correlation functional. A plane wave cutoff energy of 400 eV was used.
Regarding the magnetic contribution, which was concluded to have a
significant influence on the formation energy of planar defects in par-
ticular for the (100)APB [32], spin-polarization was considered in all
the DFT calculations. An MTP trained with a spin-unpolarized dataset
was tested, and the related discussion is provided in the Supplementary
Material (Section S6).

2.3. Free energy calculations

The Gibbs energy G(T') was obtained via the Legendre transforma-
tion of the Helmholtz free energy F(T), which was computed according
to

F(T) = Egg + FT) + F™(T), &)

with the total energy at zero-Kelvin Eyy, the quasiharmonic contribu-
tion FI(T), and the anharmonic contribution F2(T"). While F9" was
calculated by using the finite displacement method (pre- and post-
processing performed with Phonopy [39]), F*" was obtained by using
thermodynamic integration from the quasiharmonic reference to the
full vibrational state,

1
Foh = /0 dA(E'™ - by )

with A the coupling factor between the full vibrational state with energy
EV® and the gh-reference with energy E9".

The Gibbs formation energy of the planar defects was then obtained
as
Geteet (1) = Grui (T)

Adefect (T)

with the Gibbs energies Gt and Gy of the planar defect and bulk
supercell, respectively, and with the area of the planar defect A .-

AGo(T) = s (6)

2.4. Molecular dynamics simulations

ATOMSK [40] was used to generate the initial dislocation configu-
ration according to dislocation theory [41]. Specifically, two 1/2 (110)
screw superpartials were inserted into the model, bound with a
(111)APB region, as shown in Figure S2(a). During relaxation, each
superpartial dissociated into two Shockley partials, generating a CSF
ribbon in between. The dislocation model was made of 1.5 million
atoms with dimensions of 20.3 nm, 35.1 nm, and 24.8 nm along the x, y,
and z-axis, respectively. The dislocation line as well as the Burger’s
vector were placed parallel to the x-axis. Periodic boundary condi-
tions were applied along the x- and y-direction, while the boundary
conditions along the z-direction were shrink-wrapped.
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MTP MD simulations were performed with LAMMPS [42]. To gen-
erate an incomplete KWL, the model was first equilibrated at a higher
temperature, e.g., 1000K, to ensure the activation of the cross-slip
process within a reasonable simulation time frame. An incomplete KWL
with a cross-slip distance of w = 25 (6: the distance between the two
nearest atomic planes along the [111] direction) was selected, quenched
to 400K, and then fully equilibrated at zero pressure. Before the
shearing simulations, three statistical samples initiated with different
velocities were heated up to the target temperature in 10 ps and then
fully equilibrated for 20 ps. All the MD simulations were performed
with a timestep of 0.001 ps.

For the shearing simulations, atoms located within a thickness of 9
atomic planes (~1.9 nm) on the top and bottom of the box were selected
to apply the shear (brown regions in Figure S2(a)). These atoms were
treated with flexible boundary conditions to avoid spurious forces on
the dislocation [43]. The shearing direction was set along the x-axis
(parallel to the Burger’s vector), such that the core of the dislocation
was moving along the y-axis.

The shearing simulations to unlock the incomplete KWL were per-
formed at a set of strain rates y = 1 x 107, 5x 107%, 2 x 107¢ ps~!
and temperatures T = 650, 700, 800, 850, 900, 950, 1000, 1050,
1100K. Test simulations were also performed with 7 of 1 x 1070 ps~1.
For each temperature, samples were pre-sheared with y = 1 x 10™* ps~!
to a pre-strain y,. Then, the production calculations were restarted
by continuing shearing from the point of y, with the same atomic
state, i.e., atomic positions, velocities, and forces. The pre-strain y,
was selected such that there was enough time (more than 100 ps) for
equilibration before the occurrence of the first cross-slip, e.g., y, = 0.5%
for simulations with y = 1 x 107>, 5 x 107% ps~. A larger y, was
used in the shearing simulations with 7 = 2 x 107 ps~!, to make
sure that unlocking is possible within a reasonable computational time
(10 ns). Such treatment does not only increase the efficiency of the
calculations but also maintains the desired core structure (as illustrated
in Figure S2(c)) for high-temperature simulations, e.g., at 1000 K. Note
that utilizing a high accuracy MTP and performing shearing at a
rate of 2 x 107% ps~! (or even slower at 1 x 107% ps~1) for models
containing more than one million atoms touches the limits of typical
computational resources. For example, to unlock the KWL at a shear
rate of 2 x 107° ps~! two nanoseconds of simulation time are required
amounting to 2 million MD steps (excluding the pre-straining). Such a
calculation took 23.5 h of real-time on 2560 cores (AMD EPYC 7742,
2.25 GHz), summing up to 60160 core hours.

3. Results
3.1. Physically informed active-learning

Active-learning [31] has been successfully used in different
machine-learning studies [44,45]. However, for the present purpose,
the standard AL scheme cannot be applied due to the large, DFT-
inaccessible supercell size required to model a KWL (>1 million of
atoms). Hence, we devise a modified AL scheme, in the spirit of two
very recent schemes applied to large-scale silicon-oxygen systems [46]
and to dissociated partial dislocations [47]. The key idea is to decom-
pose the KWL into its physically relevant parts, which can be modeled
with (periodic) DFT. The choice of the relevant parts is guided by
domain expertise and is displayed in Fig. 1(a). Besides the perfect bulk,
which is clearly required as the basic fitting input, we know that a
KWL is formed by the (100)APB, the (111)APB, and the CSF. For the
present shearing simulations, we also need the (111) surface due to the
boundary conditions. Additionally, we include the superlattice intrinsic
stacking fault (SISF), and Al and Ni vacancies into the fitting dataset,
in case they should form at high temperatures. Note that the present
dataset also enables a broader applicability of the MLIP, for example,
for investigations of creep properties.
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For each such geometry a usual AL is performed at a high tempera-
ture (here 1600 K). The different AL steps are executed successively in
a row. We start with the perfect bulk AL and take the resulting MTP as
input to the next AL step for the (100)APB. This process continues for
the remaining geometries until a final MTP is obtained. The sequence
is displayed in Fig. 1(a). Fitting the MTP in such a systematic way
allows us to monitor the accuracy at each step. As usual, one measure
of the MTP accuracy is the root mean square error (RMSE) in energies
and forces. The force RMSE stays almost unchanged while the energy
RMSE increases by a factor of 2.4 during the AL steps (cf. Fig. 1(a)).
The final training errors of 1.59 meV/atom and 0.056 eV/A are small,
considering the high temperature and structural complexity of the
fitting dataset.

An additional measure that we employ here and that gives us
control over the accuracy in describing the geometry of interest, i.e., the
KWL, is the locally resolved extrapolation grade. The extrapolation
grade is a metric that quantifies how far away a certain atomic con-
figuration is located in phase space with respect to the fitting dataset.’
The advantage is that no extra DFT calculation is required and thus
the grade can be computed for the target geometry even if a large
supercell is required, as for the KWL. Specifically, we utilize our final
MTP to generate KWL snapshots for which we resolve the extrapolation
grade locally. We do this for the different MTPs obtained from our
physically informed AL scheme and investigate how the grade changes
along the sequence of AL steps (Supplement Figure S4). The MTP
trained with bulk structures only (MTP-bulk) describes the perfect bulk
atoms (i.e., 98.8% of all atoms) with a grade of <1, which indicates an
interpolative behavior. Atoms belonging to the KWL are revealed to
have a slightly higher grade which indicates an extrapolative behavior.
Upon inclusion of the (100)APB and (111)APB geometries into the
physically informed AL, the extrapolation grade steadily improves,
reaching a grade of <1 also in the KWL region. The analysis of the local
grade thus gives increased confidence in the predictive capability of the
MTP in the most relevant simulation region.

As a further quality measure, the final MTP is evaluated on the
free energy surfaces for bulk Ni;Al, the APBs, and the CSF, up to the
melting point 1668 K. The thermal properties of perfect bulk NijAl are
well predicted by the MTP over a large temperature range (Figure S5
in the Supplementary Material). The resulting temperature-dependent
planar defect energies (red curves in Fig. 1 from (b)—(d)) are likewise
in good agreement with the explicit DFT results (black curves) [32,33],
in particular in the most relevant temperature range for the KWL
simulations around 1000K. Of special importance is the fact that the
internal driving force to form a KWL (Fig. 1(e)), which originates
from the difference of the two APB energies in combination with the
anisotropic factor (cf. Equation (S8)) and which the two available EAM
potentials strongly under- or overestimate, is close to DFT for the MTP.

3.2. Formation of KWL

With the optimized MTP, the KWL can be readily created. Fig. 2
documents the formation of an incomplete KWL as observed in an
MD simulation at 980 K (without external loading). The correspond-
ing dislocation core configurations are detailed in Section S2 in the
Supplementary Materials. In additional test simulations with EAM po-
tentials [48,49], such a spontaneous KWL formation is not observed at
similar temperatures.?

Snapshots (a) to (c) illustrate the first cross-slip process required to
form a KWL. In snapshot (a), the dislocation is initially fully dissociated

1 Numerically, extrapolation by the MTP occurs if the grade is greater than
unity. The higher the extrapolation grade, the more severe is the extrapolation
by the MTP.

2 Qur calculations show that for the Mishin-EAM [48], a KWL forms for an
overheated system at 1200 K and that no KWL formation is feasible for the
Du-EAM [49] within the typical MD time scale.
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Fig. 1. Machine-learning potential design. (a) Flow diagram of the proposed physically informed active-learning scheme. Every oval labeled “AL” represents a standard active-
learning step for the indicated geometry, i.e., bulk structure, (100)APB, (111)APB, CSF, superlattice intrinsic stacking fault (SISF), Ni-vacancy, Al-vacancy, and a surface with its
normal along the [100] direction. The atomic structures are simplified for a better illustration. The blue arrows indicate the vectors of the relative shifts needed to generate the
planar defects. The input for each subsequent AL-oval is (1) the MTP from the previous AL-step and (2) a set of AIMD configurations for the new geometry to provide basic
structural information. The root mean square errors (RMSEs) above each oval represent the fitting errors when completing the respective AL-step. (b)—(d) Temperature-dependent
Gibbs formation energies of the planar defects predicted by the final MTP. (e) Driving force for the cross-slip process originating from the difference of the two APB energies in
combination with the anisotropic factor (cf. Equation (S8) and the related discussion in Supplementary Material). DFT results are from previous works [32,33]. Dashed (EAM1)
and dotted (EAM2) curves show results from the EAM potentials modified by Mishin et al. [48] and Du et al. [49], respectively. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

on the (111) plane, with each superpartial split into a pair of Shockley
partials separated by a CSF ribbon. Then, the lower superpartial cross-
slips from the (111) plane to the (111) plane, partially in (b) and fully in
(c). At 1234 ps, the second cross-slip of the lower superpartial, from the
(111) plane to another (111) plane, is initiated (Fig. 2(d)). When this
double cross-slip process is finished, an incomplete KWL has formed
(Fig. 2().

It is worth noting that the distance between the original (111) plane
and the (111) plane onto which the superpartial moves during the
second cross-slip process is 25 (see the side view in Fig. 2(d) and (e)
and the enlarged front view in Fig. 2(g)), where & labels the distance
between the two nearest atomic planes along the [111] direction. Our
results are in agreement with a recent in situ scanning tunneling mi-
croscopy study [16], which reported 26 at room temperature and mé
(with m > 2) at higher temperatures in Ni;Al (1 at.% Ta), however,
without an interpretation. It is the strong internal forces that drive
the CSF ribbon in the lower superpartial away from the original (111)
plane. An internal torque due to the anisotropic elastic interaction
between the two screw superpartials [18,51], indicated in the side view
of Fig. 2(b) by the gray arrows, pushes the upper superpartial to the left
and the lower superpartial to the right (note that the Burgers vector
points out of the paper plane). In the analyzed simulation, the lower
superpartial cross-slips first. (The leading and trailing superpartials
have the same probability to cross-slip onto a (100) plane, as indicated

by Figure S3 in the Supplementary Materials.) When it is located on
the (111) plane, the repulsive force between the two superpartials
(cf. double headed arrow in the side view in Fig. 2(d)) drives the lower
superpartial to cross-slip again, now to the (111) plane which is 25
away from the original one. The observed atomistic shape of the cross-
slipped segment, specifically the well-defined 26 distance over the full
segment shown in Fig. 2(g), supports the previously suggested “double-
jog” mechanism [19]. MD observations show that the jogs are highly
mobile and expand rapidly along the dislocation line. Incomplete KWLs
with 36 or 46 likewise occur in the MD simulations. They form by
consecutive cross-slips of both of the superpartials.

The present MD simulations reveal the importance of the superpar-
tial splitting and of the corresponding CSF on the cross-slip behavior.
This is a crucial insight since available phenomenological models [17,
19,20] do not explicitly take into account the screw superpartial split-
ting into Shockley partials. This approximation of considering only
constricted superpartials favors 15-KWL formation at low temperatures
and renders 16-KWLs to be the intermediate state for forming més-
KWLs at elevated temperatures. In contrast, the MD simulations show
that a 26-KWL can form directly without an intermediate 15-KWL. We
conclude that this is due to the CSF ribbon spanning on the (111) plane.
This finding highlights the necessity to carefully consider the effect of
the superpartial splitting into Shockley partials and the CSF ribbon on
the dislocation behavior.
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Fig. 2. Formation of an incomplete KWL at 980K. Snapshots (a) to (c) display the first cross-slip from a (111) to a (111) plane, and snapshots (d) to (f) the second cross-slip
from the (111) plane to another (111) plane. (g) Enlarged dislocation segments at 1234 ps. The dislocation structure is analyzed by using the Dislocation Extraction Algorithm
(DXA) in Ovito [50]. Green and red atoms highlight the APB region and the CSF ribbon, respectively. For a clear illustration, atoms not related to the dislocation core structure
are removed. The gray tubes highlight Shockley partials, and the blue ones constricted superpartials. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

3.3. Unlocking of KWL

The above-discussed KWL with the cross-slip distance of 25 was
sheared at different temperatures T and shear rates y. The unlocking of
the KWL at temperatures 1000 K involves a two-step cross-slip process
in reverse order compared to its formation. Fig. 3 shows a represen-
tative stress—strain curve in (a) and selected dislocation structures at
critical simulation times in (b).

The shear stress increases with strain at a slope of 45GPa until
point (III) when full unlocking occurs. At the earlier point (II), the
trailing superpartial cross-slips from its nesting (111) plane to the (111)
plane (difference between the configurations in (I) and (II) in Fig. 3(b))
accompanied by a small stress drop. The second cross-slip of the trailing
superpartial from the (111) plane to the (111) glide plane, which hosts
the leading superpartial and the APB, happens at point (III) and is
followed by a rapid glide of the dislocation (cf. perspective view (IV) in
Fig. 3(b)). Accordingly, a stress collapse is observed in the stress—strain
curve. After unlocking, the released dislocation either glides freely on
the (111) plane or cross-slips to a (100) plane forming a KWL again.
The latter occurs in particular at higher temperatures.

An exemplary run at a slightly higher temperature of 1050K is
shown in Fig. 4. Many cross-slip events occur during this simulation
and various distinct core configurations of the superdislocation are
observed. In addition to the 25 configuration found for the KWL-
formation and unlocking simulation at lower temperatures, here, core
configurations can also exist with larger 6 values for the superpartials
separation, e.g., 36 (snapshot at 320ps), 45 (1580ps), 56 (1820 ps),
or 65 (1980ps). In contrast to the initial KWL-formation, the double
cross-slip events at larger separations occur in steps of 15, which is a
consequence of a smaller driving force. Some of the cross-slip events
can be correlated with previous TEM observations [15].

The “APB-jump” observed in in situ TEM experiments [15] is repli-
cated on the atomic scale at a shear strain of 1.05%, as illustrated in
Fig. 4 in the box labeled “APB-jump”. This kind of jump starts from a
core structure with two (111)APBs lying connected on two neighboring
(111) planes. During the APB-jump, the trailing superpartial cross-
slips from the (111) to the lower (111) plane and glides on this (111)
plane by a short distance (2.7 nm), which reflects the (111)APB width
corresponding to the instantaneous loading state, before cross-slipping
to another (111) plane.

Another kind of jump (labeled “dislocation-jump”) happens at a
slightly higher strain of 1.17%, during which the released dislocation
moves shortly freely on the (111) plane but quickly gets stopped due to
a cross-slip event. This “dislocation-jump” is, from a broader perspec-
tive, similar to the previously observed “long-distance jump” [15] but
different in the details of the mechanism proposed in that work. From
the MD snapshot at 1400 ps, it is the trailing superpartial that firstly
cross-slips to another {111} plane rather than the leading one. A more
detailed analysis of the MD simulations shows the mechanism of this
“dislocation-jump” to be an inertia effect that asymmetrically impacts
the motion of the leading and trailing superpartials. The consequences
are asymmetric elastic vibrations of the core structure on the slip plane,
different velocities of the leading and trailing superpartial, and eventu-
ally, different cross-slip rates. We speculate that this dislocation jump
is related to the jerky movement of dislocations in L1, intermetallics
and suggest further research in this direction.

3.4. Temperature-dependent critical stresses
Fig. 5 shows the temperature dependence of the stresses required

to unlock a KWL. The lower stress z; corresponds to the first cross-
slip of the trailing superpartial. The higher stress r, reflects the highest
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stress required to unlock the KWL, which can correspond for example
to the second cross-slip of the trailing superpartial or a dislocation
jump (cf. discussion in Section 3.3). For both stresses, a strong decrease
with temperature is observed. In particular, the unlocking stress z,
significantly drops by almost 40% from 568 MPa at 650K to 351 MPa at
1000K, suggesting that in the temperature region of YSA, the unlocking
of KWLs has a substantial thermal contribution.

Above 1000K, the two critical stresses exhibit significant statistical
fluctuations. Within the available statistics, the averaged r; remains
almost unchanged, whereas the unlocking stress 7, increases slightly
with temperature. The latter is due to the increased cross-slip dis-
tances at high temperatures (cf. Fig. 4). In this temperature region, the
weak temperature dependence indicates that the thermal component
required to constrict the Shockley partials is rather small, and the
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unlocking process depends mainly on the internal elastic interactions
between two superpartials, i.e., the athermal component.

3.5. Phenomenological model

With the atomistically obtained temperature-dependent unlocking
stresses, we derive a phenomenological model to predict the unlocking
of KWLs, the essence of which is schematically depicted in Fig. 6(a).
We decompose the effective stress 7.; required to unlock a KWL into a
static component 7 that balances the internal interaction and a ther-
mal component * required to overcome the barrier of the thermally
activated unlocking,

Topp (T) = 1 (T) + T5(T) = 7y — Tyop(T) +75(T), 7
—_——

static 7

where, as indicated, 7 is further decomposed into an athermal term 7,
and a softening term 7. The thermal softening term 7 accounts for,
e.g., the reduced elastic constants at elevated temperatures. The fric-
tional force is implicitly taken into account by fitting to the unlocking
stresses.

For a thermally activated process, the energy barrier AH can be
expressed as [45,52-54]

+ \ 719
AH=H0[1—<Z>] : ®
Tox

where H, is the enthalpy when ¢* is zero and 7, is the stress to
overcome the barrier at 0K; p and ¢ are activation exponents, for which
p = 0.5 is widely used for dislocations [22,53,54] and ¢ = 3/2 is

considered to be general for thermally activated processes [22,55].

The energy barrier AH is related to the strain rate y via [53,54]
a AH >
—=exp|——= ), 9
70 ( kgT

with y, a pre-factor and kg the Boltzmann constant. Combining Egs. (8)
and (9), the thermal part 7* can be written as:

o\ 2372
kgT ¥y
T =15 [1- (-B— In _—> . (10)
0K HO 7o

With increasing temperature, the term inside of the square brackets

decreases from 1 at T = 0K to O at a temperature at which the process
is fully activated and which we label T|. With the assumption of a linear
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Table 1

Optimized fitting parameters for the phenomenological model in Eq. (11).
7, (MPa) 7y (MPa) 7o (ps™H) H, (eV) e (MPa/K)
463.2 1661.2 4.88 x 1072 1.10 0.138

temperature dependence of the thermal softening term, i.e., 7, (T) =
e - T, the effective stress reads

kT o\

* % B Y

Teit(T) = Ty = Toop (T +7"(T) = 7y —€-T+75 [1 - <_T In y_> ] ,
0 0

an

with the thermal term z*(T') cut off at T;. We fit the unlocking stresses
7, obtained from MD simulations at different y and T' (up to 1000K)
with the derived phenomenological model (Eq. (11)) and obtain the
values given in Table 1. The resulting curves for the investigated strain
rates are plotted in Fig. 6(b). While the static term ry, shown as
the dashed line labeled “static”, demonstrates a slight temperature
dependence, the thermally activated term z*(T) represented by the
distance between the fitted curve and the “static” line rapidly increases
with decreasing temperatures.

4. Discussion

The proposed model, derived from atomistic simulations, can be
employed to predict the macroscopic unlocking stress and thereby to
achieve a better understanding of the YSA. To this end, the macroscopic
process is treated as a collection of microscopic unlocking events
of single dislocations, each of which can be described by Eq. (11)
with the here obtained parameters (Table 1). This is reasonable be-
cause the YSA is known to be mainly caused by cross-slip events
that lead to an exhaustion of single, mobile dislocations [16,20,22].
Therefore, the macroscopic unlocking stress can be obtained by substi-
tuting the logarithmic term in Eq. (11) with its macroscale counterpart
In (¥ /¥m0)> With 7, and 7, , obtained from Ref. [4] and from Orowan’s
equation, respectively (see Supplementary Material for details). The
resulting temperature-dependent macroscopic unlocking stress is shown
in Fig. 6(b) (gray curve). The thermal part of the macroscopic unlocking
stress is leftwards shifted, i.e., there is a smaller thermal contribution
compared to the microscopic curves due to the longer accessible time
frames on the macroscale.

The calculated temperature-dependent macroscopic unlocking stress
sheds light on the interpretation of the YSA and the accompanying
anomalous work-hardening rate, particularly when it is compared with
the measured critical resolved shear stress (CRSS) at 0.2% plastic strain
for NiAl (black curve) [4], as plotted in Fig. 6(c). Two critical temper-
atures, T; and T,, are relevant for the formation and the unlocking of
KWLs.

Formation of KWLs. The thermally activated component z* reduces
with increasing temperature and becomes zero at 7,. Along with the
decrease of z*, the formation of KWLs driven by internal interactions
becomes easier due to a reduced cross-slip barrier (without exter-
nal loading). Therefore, mobile dislocations have a rapidly increasing
propensity to get exhausted, resulting in an increase of the dislocation
exhaustion rate. This interpretation is in agreement with experimental
studies [21,56]. The CRSS and the work-hardening rate 6,, (6 at 0.2%
plastic strain) increase with temperature. From 7T; onward, a Shockley
pair bound by a CSF ribbon can easily constrict and, consequently, most
screw dislocations transform into 26-KWLs due to the strong internal
driving force. Since 25-KWLs with constricted superpartials are only
metastable, the superpartials further cross-slip along the (100) plane
to form ms-KWLs with m > 2 or even complete KWLs, which require
higher stresses to unlock. These types of KWLs have been frequently
observed in TEM studies at elevated temperatures [57,58]. The CRSS
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and the work-hardening rate 6, increase with temperature at a faster
rate.

Unlocking of KWLs. At T,, the CRSS reaches the stress required to
unlock 25-KWLs as predicted by the proposed model. The unlocking
of 256-KWLs suppresses the formation of m§-KWLs with m > 2, thus
reducing the exhaustion rate and the work hardening rate 6,,. The
work-hardening rate 6, , consequently reaches its maximum around 7,.
A similar conclusion was made in Ref. [59] where various experimental
measurements were carefully analyzed and in Ref. [60] where the
YSA of three L1, intermetallics with extreme values of planar-defect
formation energies was compared. The here obtained 7, = 970K
compares well with the experimentally measured value of 800-850 K
at 0.2% plastic strain [56,60]. Upon a further increase of the CRSS, mé-
KWLs with m > 2 can be unlocked, and at the critical, maximal value
of the CRSS, other gliding mechanisms become active, e.g., gliding on
the (100) plane [7] and the APB dragging mechanism [58].

The proposed phenomenological model does not only explain the
macroscopic YSA of NijAl via the evolution of KWLs, but also clarifies
the role of the different planar defects on the YSA by the decomposition
into a “static” and a “thermal” component (see Fig. 6). The difference
in the two types of APBs contributes mostly to the internal elastic
interactions between the superpartials, determining the magnitude of
the static component (cf. Equation (S8)). The CSF energy controls the
thermally activated constriction of the Shockley partials. Note that the
static component turns into the driving force during the formation of
KWLs acting against the thermal constriction.

The above discussion and the proposed model can be transferred to
understand the yield behavior of other L1, intermetallics, for example,
Co-based intermetallics [9,10] and L1, strengthened high-entropy al-
loys [11]. To apply the model, the system-specific model parameters
have to be determined. For example, H|, can be obtained based on the
CSF energy and dislocation interactions [61,62]; z,, is given by the APB
energies and the elastic anisotropic factor (cf. Equation (S8)); e can be
evaluated from the temperature dependence of the elastic constants.
With these parameters, 7| and T, are readily available. In addition to

regulating the formation of KWLs, 7 is also an important factor for
determining the activation of gliding systems on {100} planes, as pre-
viously pointed out for L1, intermetallics with high CSF energy [60]. In
this respect, the proposed model facilitates the establishment of general
constitutive laws for describing the yield behavior of L1, intermetallics.
Tuning YSA for L1, intermetallics by tailoring the formation energy of
planar defects in silico is a promising avenue, for example, with the
assistance of high-throughput tools [63]. Furthermore, for modeling
precipitate-strengthened superalloys that inherit the YSA from their L1,
phase, it is feasible to employ the current model in combination with
additional mechanisms, e.g., stacking-fault shearing [64,65].

5. Conclusions

In conclusion, KWLs, the origin of YSA in L1, intermetallics, can
be successfully formed and unlocked in silico at the atomistic scale
by using an ab initio-based and physically informed machine-learning
potential. The simulations show a significant temperature dependence
of the unlocking stresses, in contrast to previous athermal predictions.
To describe the unlocking stresses, we have derived a phenomeno-
logical model that integrates both the athermal component and the
thermally activated component and that can be extrapolated to the
macroscopic scale. By comparing the extrapolated results with experi-
mental values, two critical temperatures have been identified, which
are of crucial importance in predicting the evolution of KWLs. The
atomistic simulations predict many cross-slip events, some of which
reenact experimental observations, such as the direct formation of 25-
KWLs, the APB-jump, and the dislocation jump. The applicability of the
here-acquired knowledge and the phenomenological model to other L1,
intermetallics and, by extension, to L1,-strengthened superalloys has
been elaborated.
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