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Abstract

Dislocation climb is a mechanism fundamental to high temperature deformation processes, annealing of quenched-in
defects, and irradiated defect absorption in metals. It is known from experimental observations and theoretical consid-
erations that climb velocities in face-centered-cubic (FCC) metals can be slower than expected from diffusion kinetics,
due to limited jog availability. Here we investigate the so-called climb efficiency, i.e., the ratio of the steady state
climb velocity to that expected from diffusion-limited rates, employing atomistic simulations for FCC metals within
the framework of a previously developed analytical model. The simulations consider the energetics of jog-pair forma-
tion and vacancy migration in the vicinities of edge-dislocations in Al and Cu. Calculated climb efficiencies for the
lower-stacking-fault-energy Cu system are found to be substantially lower than those for Al over a wide range of ho-
mologous temperatures. These results agree qualitatively with experimental observations showing that the dislocation
climb efficiency in FCC materials tends to be lower in systems with smaller stacking fault energy. Considerably higher
energies and more complex kinetic pathways are reported for jog-pair formation in Cu than in Al, which correlates
with the larger dissociation distance between partial dislocations in this system. This work highlights how atomistic
modeling can be used to enhance mesoscale models of climb, and suggests alloy design considerations to tune climb

efficiencies.

Keywords: edge dislocation, climb, face-centered cubic crystals, creep, irradiated metals

1. Introduction

In the plastic deformation of crystals, climb is a process that enables dislocations to overcome obstacles in a slip
plane through the absorption or emission of vacancies. Driving forces for climb arise due to supersaturation of point
defects and elastic stress, providing a mechanism to evolve the system towards equilibrium. Dislocation climb under
both types of driving forces is influenced by the rate of arrival of vacancies, and when their flux is the rate-limiting

factor, analytical theories can be developed for steady-state climb velocities. However, it has long been appreciated
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[1H3] that limited availability of jogs along a dislocation line can lead to a reduction in climb velocity relative to this
diffusion-limited value. As reviewed in the next section, the notion of a climb efficiency, defined as the ratio of the
actual climb velocity to the ideal diffusion-limited value [1]], has been introduced to quantify such deviations.

Climb rates in different FCC metals with quenched-in vacancy loops have been determined by transmission elec-
tron microscopy through the measurement of the shrinkage kinetics under annealing conditions, which are related to
the vacancy emission rate [4} [5]. These experiments have shown that in FCC metals, there is a trend for lower stacking
fault energy (SFE) metals to have lower climb efficiencies. Other less direct experiments, which estimate the driving
forces for climb based on quenching conditions and mechanical stresses, lead to similar conclusions [6]. While there
is consensus on this qualitative trend related to the decrease in climb efficiency with decreasing stacking fault energy,
quantitative relations between driving force and climb efficiency that can be compared to available theoretical models
(see below) are challenging to derive directly from currently available experimental data. This is due to the presence
of combined contributions to the driving force arising from curvature, external stress, and vacancy supersaturation,
and the possible role of a combination of different diffusion mechanisms. For example, detailed measurements and
analyses of vacancy loop growth in FCC Al [ [7]] led to estimates for climb efficiency assuming growth due to the
absorption of vacancies emitted by smaller loops. However later studies proposed a mechanism where a vacancy
loop could migrate through “self-climb” as a consequence of short-circuit diffusion in the dislocation core [8] O] and
the effect of this mechanism on the climb efficiency estimates has not been undertaken. Climb efficiencies were also
estimated based on experiments for FCC Au displaying dislocation networks [10]; these microstructures displayed
stacking fault tetrahedra (SFT), which can have diffusivities that are orders of magnitude faster than mono-vacancies
[I1]] and the effect of this transport mechanism on the estimated efficiencies remains unclear. In light of the these
types of complicating factors characteristic of realistic microstructures, mesoscale and atomistic simulation methods
provide a complementary framework for derive fundamental relations between driving forces and climb rates.

Mesoscale methods such as discrete dislocation dynamics (DDD) and phase field models (PFM) offer an attractive
framework to model dislocation climb processes. However, for such applications, models and associated assumptions
have to include the relative contributions of vacancy diffusion and “attachment” processes associated with the con-
centration of jogs and vacancy attachment to them. A number of DDD models assume diffusion-limited climb rates,
where barriers for attachment of vacancies to the dislocation are considered unimportant [12H14], which is suitable
for metals with high climb efficiencies. By contrast, the model introduced by Gao et al. assumes attachment-limited
Kinetics suitable for a low-jog density along the dislocation line [15]]. Additional DDD models have introduced param-
eters to describe the effects of non-ideal climb efficiencies [16] whose values must be derived from microscopic
theories. PFM implementations provide an alternative framework for modeling dislocation climb processes. The PFM
models introduced by Ke et al. and that of Geslin et al. [[19] allow for mixed attachment and diffusion-limited

behavior through the introduction of an attachment kinetics parameter that must be fit to experiments or atomistic
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simulations. Liu er al. illustrated the importance of accurately describing the mixed kinetics of climb in a PFM of
low-angle grain boundaries where, depending on the kinetics of vacancy attachment, the variation of grain boundary
sink strength can influence void nucleation under vacancy supersaturation [21]. Gu ef al. also demonstrated that a
deviation from a dislocation being a perfect sink/source of vacancies can change the self-healing time of perturbed
low-angle grain boundaries [22]].

To enhance predictive capabilities in the modeling of dislocation climb, information about vacancy and jog prop-
erties can be derived from calculations at the atomic scale. Relevant atomistic computational work can be summarized
as follows. Density-functional theory (DFT) calculations on the effect of solutes on the SFE in Ni and vacancy diffu-
sion effects on climb were carried out by Yu and Wang [23]], assuming that the energy of the jog is governed by the
cost of constricting the two Shockley partials, which is believed to provide an upper bound [3]]. Sarkar er al. used
diffusive molecular dynamics (MD) to study the evolution of a jog-pair in FCC Cu [24], and a displacive-diffusive path
associated with climb was identified. In further atomistic studies, Baker and Curtin employed a mixture of accelerated
MD simulations and solutions to a discrete diffusion equation to investigate jog-pair formation in FCC Al [25]. Lau et
al. investigated the jog structure and vacancy attachment energies for a mixed dislocation in BCC Fe using the nudged
elastic band (NEB) method [26]]. Using the energies from this study, Kabir et al. parameterized a kinetic Monte Carlo
(kMC) model to simulate climb velocity under a high supersaturation of vacancies and to extrapolate creep behavior
[27]. Tt was shown that an analytical equation of climb matched these results, although the high dislocation densities
in these simulations complicate extrapolation to conditions more typical of creep experiments [28]]. Swinburne et al.
parameterized a kKMC model to study the significant effects of self-climb versus vacancy mediated climb on interstitial
loops in Fe and W, and the effects are postulated to be of the same magnitude for FCC materials [9]. These studies
demonstrate the insights into climb behavior that can be derived from atomistic simulations, and the use of quantities
calculated at this scale in mesoscale models.

To build on the modeling work summarized above, this study employs atomistic simulations to investigate the
energetics underlying jog formation and vacancy attachment for representative high and low stacking fault FCC metals,
Al and Cu, respectively. The energetics obtained from these simulations are used to understand consequences for climb
efficiencies within the kinetic theory of climb developed by Balluffi [1]. In addition, energetic barriers associated with
constriction of vacancy aggregates into jog-pairs and vacancy diffusion towards extended jogs are explored using the
NEB method [29, 130]. To motivate the atomistic calculations undertaken in this work, Section §@]presents a summary
of the dislocation climb theory due to Balluffi [1]]. Section §3 describes the simulation setup and computational
details. Results for jog-pair formation energetics and the change in vacancy migration barriers near a jog are presented
in Section §4, and Section §5 applies Balluffi’s climb theory to quantify climb efficiencies in Al compared to Cu.

Section §6 provides a summary of the main conclusions from this work.
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2. Dislocation Climb Theory

In this section we review the theoretical model for dislocation climb due to Balluffi [[1]], which motivates the atom-
istic calculations described in the next section. The model considers dislocation climb under vacancy supersaturation

driving forces, and involves six main assumptions:

1. the dislocation is straight, unconstrained, and is in a low index direction
2. jogs nucleate homogeneously by vacancy aggregation along the core

3. vacancies reaching the core diffuse rapidly to the jogs

4. the dislocation is undissociated

5. vacancy quasi-equilibrium is maintained at the jogs

6. the energy of embryonic jog pairs increases monotonically with size

The model considers the diffusion of vacancies to jogs, which are treated as ellipsoidal sinks situated at an equi-
librium spacing along the dislocation line (Figure [I). The solution to the diffusion equation provides a steady-state

velocity (Viireq) in the so-called “mixed” kinetic regime given by:

27 cR)-c°
Vimixed = 27TDb2_ ]

()« Fn ()] :

where ¢(R) is the supersaturated concentration of vacancies in the bulk material at a distance R far from the jog. c”
is the vacancy concentration in equilibrium with the jogs, taken to be the equilibrium bulk vacancy concentration
consistent with the assumption of local thermodynamic equilibrium. D represents the bulk vacancy diffusivity and b

is the Burgers vector. The mean-free path of a vacancy in the dislocation core (Z) is given by:

Z = \2bexp (Az‘:}m ) 2

where AWy, = E}, — E. is the difference between the self-migration energy, defined as the summation of the formation
energy and the migration energy, of a vacancy in the bulk (E}) and the core (E.). k is the Boltzmann constant and T is

the absolute temperature. The equilibrium distance between jogs (1) along the dislocation is given by the expression:

AF*
1=b Jjogpair 3
eXp( 2KT ©
where AF ;0 e pair is the free energy change associated with jog-pair formation. This free energy change is multiplied

by 1/2 because it is assumed that each jog contributes equally to the jog-pair formation energy. In this model, the

thermodynamic driving force for dislocation climb is given by the difference in vacancy chemical potential (Au) at the



jogs versus in the far field. In the dilute limit, this value is given by:

Au = kT ln(&ls))
c

In applying this theory, R is taken as half the value of the average dislocation spacing:

R=1p
where p is the dislocation density.
a) b) —
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T
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Figure 1: Representation of vacancy sinks when a) % < 1 and when b) % > 1. Vacancies fluxes are schematically represented by the gray arrows.

The critical condition of 272 = 1 represents the overlapping of the ellipsoidal sinks (see Fig. 1), and in this limit

Eq. (1) becomes:
|e®) - ]

if f—control = 2 Db2 s
Viffeontrol = STED 1N (R b

(6)

which represents the diffusion controlled limit of the climb velocity. The actual climb velocity (Vaenqr) depends on the

ratio of Z to A, and is given by:

e 27
Vmixed» if a <1
Vactual =

Vdif f-control, Otherwise.

The climb efficiency, 7, is then defined as:

Vactual

Vdif f-control

and provides a measure of the reduction in climb velocity relative to the idealized diffusion-limited case.

)

®)

The limiting case of n = 1 corresponds to ideal diffusion-limited climb velocities, while values of < 1 indicate
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the importance of attachment processes at the jogs in limiting the climb velocity. Mesoscale models of climb that
incorporate mixed kinetics are dependent on ratios similar to Z/A [16L[17] or are dependent on A [20]. These values are
difficult to derive directly from experimental measurements, and an alternative is to determine them from simulations

at the atomic scale. The next section discusses the applications of atomistic simulations for FCC metals in this context.

3. Simulation Details

The system used for the simulations of Al and Cu consists of two [110](111)-type edge dislocations arranged in
a periodic quadrupole configuration [31]]. For both systems, the x, y, z directions of the simulation cells are parallel
to the [110], [111] and [112] directions, respectively. The dislocations were introduced in the FCC lattice using the
BABEL package [32,[33]], which employs the Stroh formalism of anisotropic linear elasticity theory [34, 35] to solve
for the strain fields around the dislocations using periodic boundary conditions following Cai et al. [36]. Material
parameters required for initializing the cell include the crystal structure, elastic constants, and lattice constant, which
are taken from the embedded-atom-method (EAM) potentials for Al and Cu employed in the simulations [37] (Table
[[). The atomic positions were relaxed using the FIRE minimization scheme [38] implemented in the open-source
LAMMPS [39] software to allow each edge dislocation to dissociate into two partials separated by a stacking fault.
Then, the shape of the triclinic cells was relaxed using the conjugate gradient minimization scheme in order to relieve
any residual shear stress from the periodic boundary conditions. Finally, the atomic positions were relaxed again using
the FIRE minimization algorithm with a force convergence of 0.001 eV/A.

The final dimensions of the Al and Cu relaxed cells are represented in Fig. 2} containing 573,120 and 1,146,240
atoms, respectively. The Al and Cu cells have the same x- and y-length relative to their lattice constants. The Cu cell
is twice as long in the z-direction (i.e. the dislocation line direction) than for Al in anticipation of the stronger jog-jog
interaction energy with periodic images due to the need for core constrictions (see Section §4.1] below). Particular
attention must also be taken when choosing the size of the area of the z-face (i.e. the plane normal to the dislocation
line direction), as it will determine how close neighboring dislocations are, which can affect the jog-pair formation
energy, especially for Cu. The given cell size for Al is found to be large enough to avoid significant finite size
effects. From convergence tests examining the dependence of the calculated jog-pair formation energy on system size,
coupled with a model for this dependence based on an observed correlation with the dissociation distance between
partial dislocations, it is estimated that with the z-face areas used in the simulations for jog-pair formation energies in
Cu are converged with respect to system size to within approximately 14%. Details of this analysis are given in the
Supplementary Document.

Using the simulation cells described above, the energy of embryonic jog pairs were investigated using two alter-

native algorithms as presented in Section §|E In the first, which we will refer to as “non-annealed”, an atom with



Material | Cy; (GPa) | Ci, (GPa) | Cu (GPa) | aj (A)
Al 110 61 33 4.045
Cu 175 128 84 3.639

Table 1: Elastic constants and lattice constants for the EAM potentials of Al and Cu [37] used in the atomistic simulations.
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Figure 2: Simulation box containing two edge dislocations after relaxation for a) Al and b) Cu. Atoms in FCC environments were deleted according
to the common neighbor analysis performed with OVITO [40l 4T]]. Red atoms represent the stacking fault region, and the remaining atoms represent
the partial dislocations.
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the highest potential energy in the compressive region of the dislocation near one of the two partials of an otherwise
perfect dissociated dislocation is deleted to form a vacancy. The procedure is similar to the one applied by Dos Reis et
al. [42]) for advancing a constricted jog on a dislocation with a nanovoid. After introducing the vacancy, the simulation
cell was relaxed using FIRE minimization with a force convergence of 0.001 eV/A. The atomic sites on the rows
above and below (with respect to the z-axis of the simulation cell) the original vacancy on the dislocation core are
searched to find the next minimum energy vacancy site and the corresponding atom is deleted, followed by a FIRE
relaxation with a convergence of 0.001 eV/A. The process is repeated, searching atomic rows directly above and below
the vacancy aggregation until the desired number of vacancies have been absorbed by the dislocation. The resulting

energy, L jyqpair, Of the defect introduced by the vacancies is given by:

Ejogpair =E| =Ny * Ecop — (Ey — N % Eop) )

where E is the total energy of the cell with the dislocations and the added vacancies, N; is the number of atoms in
that cell, E; is the total energy of the cell with just the dislocations, N, is the number of atoms in that cell, and E,,,
is the cohesive energy per atom, which for FCC Al is -3.4107 eV/atom, and for FCC Cu is -3.2831 eV/atom, with the

interatomic potential models employed in these calculations. The quantity E;,gpq» defined in Eq. (9) allows for the
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calculation of the critical free energy change needed in Eq. (3), which is derived as the maximum of the quantity:

AFjogpair(Nvacx) = Ejogpair(Nvacs) - Nvacx * A,u (10)

where N, is the number of vacancies absorbed by the dislocation, and Au is the chemical potential driving force
defined in Eq. ({@).

The process outlined in the previous paragraph leads to the formation of jog pairs, but does not guarantee that the
minimum-energy path is followed. Hence, a second process was used to relax the system once a given number of
vacancies had been introduced to form the non-annealed structures. This process involves a simulated-annealing type
of simulation, whereby the temperature of the system is raised to a relatively high homologous temperature (600 K
for Al, 900 K for Cu) and subsequently quenched. This allows a quick exploration of lower energy basins that may
not be accessible to the previous process by giving the atoms enough thermal energy to overcome energetic barriers.
Specifically, finite-temperature molecular-dynamics simulations were performed in an NVT ensemble with a Langevin
thermostat and a timestep of 0.003 ps. After 1000 timestep runs were performed to bring the system to thermal equi-
librium, the simulation was run for another 1000-50000 timesteps for 5 iterations, with the structure of the cell output
after each iteration. The final snapshots after each of these iterations were quenched using the FIRE minimization
scheme to a force convergence of 0.01 eV/A. The lower timestep range was used as a screening stage to find the
smallest number of vacancies absorbed that would yield a lower energy structure than that obtained from the energy-
minimization process of the previous paragraph. Then, the annealing procedure was applied to successively smaller
amounts of vacancies, with an increased number of timesteps, until vacancy aggregates that were higher in energy than
the next largest aggregate were relaxed to a lower energy state. From the final structure in the simulated annealing
process (which was minimized again to a force convergence of 0.001 eV/A), the minimization search described in the
previous paragraph was repeated to investigate the evolution of the defect structure and associated energetics. This
last step is to see if the energy of the jog pair structure at a sufficiently large number of absorbed vacancies matches
that from the energetic path determined by the non-annealed search.

The annealed structures obtained from the simulated-annealing procedure outlined above were lower in energy
relative to the non-annealed structures obtained from the vacancy-absorption and energy minimization process. The
energy difference between annealed and non-annealed structure was most pronounced for Cu, as discussed in Section
§4.1] The energy barrier associated with the transformation from the non-annealed to annealed structure for Cu was
investigated using the NEB [29| [30] method. Such NEB calculations were performed for four annealed and non-
annealed jog structures at various values of absorbed vacancies. Due to a sharp transition point in the minimum
energy path, 48 images were used between the initial (non-annealed) and final (annealed) state. Afterwards, two more

iterations of NEB each with 48 images were carried out, with the initial and final state taken as fixed images within
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the minimum-energy pathway derived from the previous iteration, in order to increase the density of images near the
saddle point. Energy versus reaction coordinate plots and convergence of energy barriers with NEB iterations are
given in the Supplementary Document. These calculations were performed with a convergence criteria of 0.01 eV/A.

The NEB method was also employed for the calculated results presented in §4.2]to investigate vacancy migration
barriers near a jog. In these simulations, a jog-pair structure was created on a dislocation with a jog spacing of
half of the simulation cell height. This was done by deleting atoms on the extra half plane associated with the edge
dislocation before relaxing the dislocations as outlined above. For extended and constricted jogs in both Al and Cu,
a series of climbing image NEB [29] [30] calculations were performed of a vacancy following a tensile, compressive,
or side path to the jog based on a chain of 5 closed-packed jumps in the desired direction as illustrated in Fig. [6]
The force convergence used for the tensile and compressive paths was 0.01 eV/A with 5 images used for each jump.
The side paths were relaxed to a convergence of 0.03 eV/A. This was done to avoid convergence issues due to the
dislocation bowing out due to its attraction to the vacancy. This gives an upper bound of the jump barriers because as

the dislocation bows towards the vacancy, some of the barriers in the path will decrease or disappear.

4. Simulation Results

In this section, we describe the results of the atomistic simulations in the context of the theoretical model reviewed
in Section Beforehand, we review the underlying assumptions of this model. First, the simulation geometries
are designed to consider straight edge dislocations in an otherwise perfect crystal, such that they correspond to the
assumptions 1 and 2 of the theoretical model. They are also designed to be consistent with assumption 3, which
follows the idea that dislocation core diffusion is generally vacancy mediated. While molecular dynamics studies of
vacancy and interstitial diffusivities in edge dislocations in Al [43]] and Cu [44] show that this is valid in Al, for Cu
both the interstitial and vacancy mechanism have been found to contribute equally. However, since our intent in this
study, consistent with the theoretical model, is to study climb under vacancy supersaturation conditions, assumption 3
is viewed to be reasonable. Assumption 4, which states that the dislocations are not dissociated, is generally not true
for FCC materials. However, this should not present a problem for the analysis below since the effects of dissociation
are inherently included in the calculations of jog-pair formation energy. Assumption 5 is satisfied if it can be shown
that the barrier for each jump of a vacancy from the bulk to the jog is never larger than the bulk migration barrier,
and that the barriers to the jog are appreciably smaller than the reverse path [3]. Assumption 5 would break down if
a high-energy barrier prevents the vacancy from easily being absorbed by an extended jog, e.g., it would require the
partial dislocations to constrict first. We will investigate this issue using results of NEB calculations in Section §4.2]
and show that the assumption holds for the present cases studied. Finally, assumption 6 is valid if there is no high-

energy vacancy complex that forms before the nucleation of a jog-pair. This is explored by using a mix of molecular
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statics and simulated thermal annealing in §4.1]

We note that the Balluffi model neglects explicit incorporation of the interactions of the stress field of a dislocation
with vacancies. These interactions will change the equilibrium vacancy concentrations near the dislocation as well
as the mobilities underlying vacancy diffusion. PFM results [[L8 20] for dislocation climb that have considered such
elastic interaction effects suggest that they have a relatively small effect on the resulting climb velocity, especially
when no applied stress is present. Thus, in the application of the Balluffi model to investigate climb efficiency these

effects will not be considered further in what follows.

4.1. Structure and Energetics of Jogs

Figure [3| plots formation energies of dislocations with jogs and vacancy clusters as a function of the number
of absorbed vacancies, with insets illustrating several representative structures. Results are presented for both non-
annealed (green for Cu and blue for Al) and annealed (red for Cu and orange for Al) structures. The annealing search
results in lower jog-pair formation energies, particularly for Cu, as the thermal fluctuations are able to overcome
the barrier associated with constricting the vacancy clusters across the partials. Considering first the results for Cu,
it is seen from the inset that the absorption of up to ten vacancies leads to the formation of an extended vacancy
cluster centered on one of the two partial dislocations in the non-annealed samples. In these non-annealed samples the
formation energy and area of these vacancy clusters increases monotonically until 32 vacancies are absorbed, at which
point the vacancy-cluster structure collapses to form a jog-pair structure illustrated by the bottom right inset. This
latter structure is consistent with the idea of a “well-formed” jog-pair structure in the theoretical model of Balluffi [1]].
This jog-pair structure features one compact constricted jog (top) and one extended jog (bottom), with bowing of the
partial dislocation line segments in between. Further addition of vacancies causes the jog pairs to separate but with the
structure of the individual jogs remaining qualitatively similar. The annealed samples for Cu give the same structure
as the non-annealed samples for up to ten absorbed vacancies. Beyond that, annealing leads to the formation of the
constricted/extended jog-pair structure described above. In the annealed samples there is a slight increase in formation
energy beyond approximately 11 absorbed vacancies, due to the decreasing effects of the jog-jog interaction as the
jogs spread further apart. The distance between the jog-pairs is never larger than half of the supercell height in the
simulations, to minimize the jog interactions with their periodic images.The jog-pair formation energies level out to
a value of approximately 6.5 eV beyond approximately 35 absorbed vacancies. We note that the dissociated vacancy
cluster structure found here for the non-annealed samples is similar in nature to that obtained by Sarkar et al. [24],
who also identified an energetically downhill path between this cluster structure and the jog-pair structure in Cu.

For Al, the results of the structures as a function of absorbed vacancies are qualitatively similar to those for Cu, with
the main differences being associated with the much narrower width of the dissociated dislocation core. Specifically,

the extended vacancy cluster type of structure (see blue framed inset) persists up to four (three) absorbed vacancies

10
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Figure 3: Jog-pair formation energy as a function of the number of vacancies absorbed for Al (up to 24) and Cu (up to 36). Insets show the change
of the dislocation structure with and without simulated annealing, with the color of the border of the dislocation images corresponding to the color
of the energy path. The dislocations were colored using the common neighbor analysis (CNA) scheme in OVITO [41]). FCC type atoms were
removed, red atoms represent an HCP type environment, and blue and grey represent atoms that belong to the partial dislocations or the jogs.
in the non-annealed (annealed) samples. Beyond that the jog-pair structure with a constricted and extended jog forms
and addition of more absorbed vacancies leads to an increase in the distance between the jogs, with the structure of
the jogs remaining qualitatively similar. The formation energies are uniformly much lower for Al than for Cu for all
values of the number of absorbed vacancies. For Al, the formation energy plateaus at a value of approximately 1.3 eV.
The results for the annealed samples in Fig. [3] point towards the satisfaction of assumption 6 in the model of
Balluffi, namely that the energy of embryonic jog pairs increases monotonically with size without the presence of an
appreciable extra energy barrier to form well-formed jog pairs. However, it should be noted that for the case of the
annealed sample of Cu with eleven absorbed vacancies, the constricted/extended jog-pair structure is not always found
within the length of the annealing simulations using different random number seeds for the velocity distributions.
This hints at the presence of an appreciable activation energy barrier from between the non-annealed and annealed
structures in Cu with a decreasing number of vacancies absorbed. The energy barriers between selected pairs of
annealed and non-annealed structures for Cu were thus computed from NEB calculations with results plotted in Fig.
@] The transition states for these configurations all show a partial constricting to meet the vacancy cluster, which is
a different mechanism for jog-pair formation than that suggested by Sarkar [24]] and Grilhé where the vacancy

cluster dissociates across the stacking fault ribbon.

The results in Fig. [] show the trend of a decreasing energy barrier with increasing number of vacancies absorbed

11
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to transform from non-annealed to annealed structures in Cu. This trend is qualitatively consistent with previous
calculations based on elasticity theory by Grilhé et al. [45]. The lower activation barriers for the larger vacancy
aggregates can be understood to arise since in these structures dissociating into jog pairs does not require constricting
the partials as much as in the structures with smaller vacancy aggregates. The results imply that there could be different
kinetic pathways for formation of jogs in Cu depending on the temperature, where the system follows the non-annealed
energetics (the green curve in Fig. [3) until the barrier to transform to the annealed structure (the red curve in Fig. )
is low enough to be thermally activated. These different kinetic pathways could explore different directions in the
displacive-diffusive space described by Sarkar ef al. [24]. Also, it is assumed here that the vacancy cluster only spans
one climb plane. With low SFE materials such as Cu, there is a possibility that jogs that span more than one climb plane
could form, which would be expected to lead to more complex kinetic pathways. To properly quantify the different
paths, the minimization search would need to span more than just one plane, and a large sampling size of simulated
annealing attempts would be required in order to explore the lower energy structures. Afterwards, transition barriers
would need to be computed between these states to find the likelihood of observing one of those states. Another
strategy for finding jog structures in low SFE materials would be to adapt the procedure of Grilhé ar al. [45] in
molecular statics to find the vacancy cluster of an appropriate dimension which would lead to a spontaneous jog-pair
formation. These strategies are beyond the scope of the present work, and the given results are taken as a satisfactory
approximation since the simulated annealing of most of the vacancy clusters readily yield a jog-pair structure on one
climb plane. A further complication to the kinetic pathway evaluation of low SFE materials is including paths where
a vacancy might attach at a less energetically favorable site, such as the partial opposite of the vacancy aggregate or in
the middle of the stacking fault. In the analysis of Section §3] the energetic pathway identified here is assumed to be

the lowest energy one present for both Al and Cu.

4.2. Vacancy Hopping Barriers

As described above, one of the assumptions of the Balluffi model (assumption number 5 listed in Section §7)
would break down if a high energy barrier exists for a lattice vacancy to be absorbed at a jog. In this sub-section, we
investigate this issue employing NEB calculations to obtain energy barriers for vacancy hopping to the jog structures
shown in Fig. [5](a) and (b) for Al and Cu, respectively. For both the extended and constricted jogs in Al and Cu, a
series of climbing image NEB calculations were performed of a vacancy following a tensile, compressive, or side path
to the jog based on a chain of 5 closed-packed jumps in the desired direction. Figure [6] shows example paths for the
extended jog in Cu.

The results of the NEB calculations are shown in Fig. [7} The zero energy value is in reference to the simulation
cell without an inserted vacancy. A comparison of the compressive and tensile paths shows that the minima in the

tensile paths (for jump #0: approximately 1.080 eV and 1.091 eV for the Cu extended and constricted paths, respec-
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tively, and approximately 0.708 eV and 0.712 eV for the Al extended and constricted paths, respectively) before the
destruction of the vacancy is higher than those in the compressive paths (for jump #0: approximately 1.013 eV for
the Cu extended and constricted paths, and approximately 0.615 eV and 0.614 eV for the Al extended and constricted
paths, respectively). This is expected because vacancies are attracted to regions of compression. The final jump of the
vacancy to the jog (rightmost point in the figures) for all of the paths in both materials have either the lowest migration
barrier or no barrier. This indicates that high-energy constriction of partial dislocations in Cu is not necessary for a
vacancy to annihilate at an extended jog. Instead, the vacancy advances the jog by dissociating into an extended jog,
similar to the ”1/3” vacancy mechanism discussed in [1}, [46]. Note that the energy difference between the vacancy
at position 0 and at position 5 for all the paths correspond to the value of the vacancy formation energy (where the
bulk value is calculated to be 0.658 eV for Al and 1.048 eV for Cu from the respective potentials), indicating that the
vacancy is annihilated from the system.

The bulk vacancy migration energy was calculated using the NEB method for a vacancy in an otherwise perfect
cell with a force convergence of 0.001 eV/A. The values were found to be 0.638 eV for Al and 0.988 eV for Cu, with
the EAM potentials employed in this work. By inspection, all of the side paths seem to fit assumption 5 as they do not
have barriers larger than the bulk migration energy and they are decreasing in the direction from the bulk to the jog
(and thus increasing in the reverse direction). A few exceptions exist for the compressive and tensile paths (indicated
by the barriers in Fig. |/] above the black line representing the bulk self-migration energy in the material), but the

differences with the bulk migration energy are small compared to the activation barrier. The NEB calculations in [26]
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for a mixed dislocation in BCC Fe show that there is an angular dependence of the near core vacancy barriers for
dislocation climb, which is also shown here for the FCC edge dislocation systems. Future work would be warranted to

investigate this in further detail, in relation to the validity of assumption 5 of the Balluffi model. However, the results

shown here suggest that the assumption is reasonable.

5. Climb Efficiency

The results in the previous section suggest the assumptions underlying the theoretical model of Balluffi described
in Section §2]are reasonable for describing climb velocities for straight edge dislocations in Al and Cu. In this section,
the model is thus used to compute climb efficiencies for these edge dislocations using the values for the relevant
parameters obtained in the calculated results presented above. Specifically, the jog-pair formation energy as a function
of size can be input into Eq. (I0) through the term E jogpair(Nvacs), where we will use the values taken from the simulated

annealing shown in Fig. 3] The maximum value of Eq. at a fixed temperature and supersaturation will be used
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Material | T,,(K) | b(A) | p (m™2) [ Ey(eV)
Al 9226 | 2.86 10™2 1.296
Cu 1353 | 2.57 1012 2.037

Table 2: Values for the parameters for Al and Cu used in the Baluffi model to compute climb efficiencies as a function of temperature and vacancy
supersaturation. The melting temperature is from the potential [37], and p is chosen as a realistic order of magnitude value in order to evaluate R in
Eq. @

to find A using Eq. (3). This value will need to be compared with Z, calculated through Eq. (). This requires an
evaluation of AW,,,, which will be taken as 0.2E} as it has been shown that the self-migration energy of a vacancy
in the core of an edge dislocation in FCC metals (E.) is about 0.8E), [43] [44]. The ratio of Z and A allows for the
evaluation of the dislocation climb velocity using Eq. (7). Once the climb velocity is evaluated, the climb efficiency
is accessible through Eq. (8). Values for the required parameters including the calculated E; are given in Table [2]
Climb efficiencies are calculated up to the melting temperature as this is the limit of thermodynamic stability of the
solid. Diffusivities are not included because they cancel out in the expressions for climb efficiencies due to the form of
Eq. (8). Energetics related to vacancy concentration are similarly not included because they also cancel out in Eq. (8)
and only the ratio of the given concentration to the equilibrium concentration matters in Eq. ().

The resulting values for climb efficiency are plotted as a function of homologous temperature and vacancy super-
saturation in Fig. [§] The plots only show values where R > 4, as this is the limit of the application of the model and it
is assumed that when that condition is not satisfied that climb is negligible [TI]. The results for both materials feature
a sharp transition from a regime of very low climb efficiencies (attachment limited kinetics) at low temperatures and
supersaturations, to one of high efficiencies (diffusion limited kinetics) at high temperatures and supersaturations. The
sharp transition between these regimes can be interpreted to occur at values of temperature or driving force where the
barriers to jog-pair formation becomes negligible relative to the thermal energy. In Fig. [8h), we include with the solid
point a result from the multiscale simulation study of Baker and Curtin [23]], where they find an edge dislocation in
Al to become a fully efficient sink at a supersaturation around 145 at a temperature of 600 K. Even though a different
potential was used, the results of Baker and Curtin are near our predictions of where the transition to a high climb
efficiency at the same temperature and supersaturation conditions occurs. While they did apply a large climb stress
(around 1 GPa, while keeping the hydrostatic stress equal to zero), our results are consistent with theirs in the sense
that we find that it takes a similar number of vacancies to form a jog-pair (4 in our study, 4 in [23]]) with a similar
potential energy cost (at 4 vacancies, our jog-pair formation energy is around 1.1 eV, and an estimate of the summation
of the first 4 points in Fig. 4 in leads to 1.2 eV). It would be of interest for future work to employ the multiscale
methodology to other regimes of temperature and supersaturation to investigate whether the transition between low
and high climb efficiencies matches the predictions from the present approach.

The results in Fig. [§] show that Al has a wider range of homologous temperatures and supersaturations where

the efficiencies are considerably higher than for Cu. This qualitatively agrees with experimental observations [4] [5]
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indicating lower climb efficiencies in systems with lower stacking fault energies. The results are also plotted as climb
efficiencies as a function of driving force in Fig. [0 using Eq. @). These plots show that at a high enough driving
force, even a low SFE material can become climb efficient, consistent with experimental conclusions [6, [10]. This
suggests that for design of alloys that are resistant to creep, a material with a low-stacking fault energy is preferred,
in agreement with Yu and Wang [23], in order to minimize effects due to dislocation climb. Additionally, in the
design of materials where void nucleation in irradiated materials should be avoided (such as in Gu et al. [22l)), a high-
stacking fault energy is preferred to lower the jog-pair formation energy, thereby increasing the number of vacancy
sinks. The results also demonstrate the limits to the assumption that dislocation climb in a material can be described
by either a purely diffusion-limited or attachment-limited model, given that the appropriate behavior can change over
time if the supersaturation or temperature are evolving. For such cases, mesoscale models capable of describing mixed
attachment and diffusion contributions to climb velocities are required, and for such models atomistic simulations like
those employed in this study can be used to provide the necessary material parameters.

It is worth noting that the formalism presented in this section neglects the effects of applied stresses and internal
stresses due to neighboring dislocations on the vacancy flux and climb rate, and thus it is appropriate only in the
limits where the driving force for climb associate with vacancy supersaturation is dominant. We note that in addition
to changing the driving forces for climb, these applied and internal stresses can also affect the factors governing
climb efficiency. For example, compressive (tensile) stress along the dislocation glide direction is likely to decrease
(increase) the jog-pair formation energy and thus affect the values of the driving force where there is a transition in the
climb efficiency. These stresses could also affect diffusion towards and along the dislocation [47]], considering either

vacancy or interstitial mechanisms [2]], and thus affect the mean-free path defined in the Ballufi model. An additional
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Figure 9: Plots of edge dislocation climb efficiencies of a) Al and b) Cu as a function of driving force. The shading represents homologous
temperature.

effect is associated with an Escaig stress, which would change the dissociation distance between partial dislocations in
the core, with an associated effect on jog-pair formation energy as described above and in the Supplemental Document.
Overall, further work would be needed to fully characterize these effects on the climb efficiencies to fully understand
the effects of applied and internal stresses on dislocation climb efficiency, and for such studies atomistic KkMC models
that incorporate stress-dependent values of the different vacancy hops to and from the jogs and straight dislocation

segments would be required.

6. Summary

Atomistic calculations based on EAM potential models for FCC Al and Cu have been employed in studies of jog
formation energies and vacancy migration energies near jogs, for the purpose of investigating kinetics of dislocation
climb in these representative high and low stacking fault metals. The atomistic results identify low-energy jog-pair
structures with varying amounts of absorbed vacancies using simulated thermal annealing. Calculations of energy
barriers between different jog-pair structures revealed the existence of a complex kinetic pathway for jog-pair forma-
tion in Cu, which likely exists for other low SFE materials more generally. The calculations further demonstrate that
there is a tendency for vacancy migration barriers to decrease when moving from the bulk to a jog. The atomistic
calculations are used to derive parameters in the theoretical model of climb velocities due to Balluffi [1], to compute
climb efficiencies of Al and Cu across varying temperature and vacancy supersaturations. The higher SFE Al sys-
tem was found to display higher climb efficiencies than Cu over a wide range of temperatures and supersaturation, in
agreement with experimental observations that higher SFE materials show higher efficiencies for climb [2, 4H6]. The
effect of applied stress on climb efficiency was not pursued here, but can be incorporated in the presented method by

calculating the relevant vacancy and jog-pair energetics under the desired stress state. The atomistic inputs derived
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here to calculate climb efficiency are also necessary for describing mixed kinetic regimes in mesoscale simulations of
dislocation climb. The results thus demonstrate how atomistic simulations can be used to improve the generality and

accuracy of mesoscale models of material response under creep, annealing, and irradiation conditions.
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