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Modeling deformation at elevated temperatures using discrete dislocation dynamics (DDD) is a recent area of
high interest. However, the literature dedicated to this subject fails to address the variations of DDD parameters
with temperature. This study aims to investigate the effect of temperature on the yield strength of aluminum thin
films in two-dimensional DDD simulations. To this end, the temperature dependence of DDD parameters has
been studied using molecular dynamics, three-dimensional DDD simulations, and the existing experimental
results. Based on these calculations, we observed 18% decrease in the yield strength when temperature was
increased from 100 K to 600 K.
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Discrete dislocation dynamics (DDD) is a powerful tool that has been
successfully applied to simulate plastic deformation in crystallinemate-
rials specially at the micron and submicron scales in various modeling
problems. In this method, the material is modeled as a continuous me-
dium containing dislocations as the main plastic carriers, where evolu-
tion of dislocations is tracked. In the formulation of the DDD approach,
it is assumed that the motion of a dislocation of unit length is governed
by:

m� _vþ Bv ¼ F tð Þ ð1Þ

where v is the dislocation velocity,m⁎ is the effective mass, B is the drag
coefficient, and F(t) is the driving force arising from externally applied
stresses, image stresses, self-stress, interactions with other defects,
and the lattice friction (Peierls stress). In this method, long range inter-
actions between dislocations are calculated through theory of elasticity;
short range interactions are determined based on local rules.

DDD is implemented either in two- or three-dimensional frame-
works. Three-dimensional DDD (3d DDD) includes dislocations in real-
istic geometries and many dislocation phenomena such as junction
formation and cross-slip. 2d simulations include only infinitely long
edge dislocations. In 2d approach, Frank-Read (FR) sources are repre-
sented by points; when the resolved shear stress exceeds a prescribed
nucleation stress during a period of time, called nucleation time,
the FR source emits a dislocation dipole. Therefore, some important

mechanisms such as cross-slip are absent in 2d DDD, which limits the
problems to which this approach can be applied. 3d DDD can capture
physics of dislocationmotionmore accurately. However, 3d calculations
are complex and computationally expensive [1]. Many of the current 3d
DDD codes, such as ParaDis, originally developed in Lawrence Liver-
more National Lab, can model only single crystals. Therefore, compared
to 2d DDD simulations, most 3dDDD studies are limited to smaller plas-
tic strains, lower dislocation density, or often simpler geometries. 2d
DDD can be coupled with other computationally intense simulation
techniques, such as phase field method more easily. That is why 2d
DDD is still vastly used for modeling plasticity.

In recent years, deformation at elevated temperatures and incorpo-
rating dislocation climb into DDD codes have come to receive much at-
tention [2–14]. Increasing temperate affects several parameters of
simulations including elastic constants, drag coefficients in both 2d
and 3d DDD, and critical nucleation stress, τnuc, and nucleation time of
Frank-Read sources, tnuc, in 2d DDD. Also the Burgers vector negligibly
increases by 2% when the temperature increases from 0 K to 900 K
[15]. The variation of the drag coefficient with temperature has only
been shown in some of the above cited papers, and assumed to vary lin-
early with the temperature. This, as we will see later, is not an accurate
assumption as linear relationships don't hold true in a long range of
temperature changes. Other changes have not been addressed in these
papers.

In this letter, we investigate how parameters of 2d simulations are
affected by temperature elevation in aluminum. Because aluminum is
awidely-usedmaterial in industry, is highly under the influence of tem-
perature changes, and is most studied in the works assessing climb in
DDD simulations, we consider this fccmaterial.We focus on early stages
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of plastic deformation where thermally activated mechanisms do not
play key roles. To this end, we first consider how elastic constants
change based on the existing experimental results. Second, we use mo-
lecular dynamics (MD) to calculate changes of the drag coefficientswith
temperature. Effects of temperature on critical nucleation stress and nu-
cleation time are assessed using 3d DDD. At the end, to emphasize on
the importance of variation of these parameters, we study the effects
of temperature on the yield strength.

The variations in elastic constants of a single crystalline aluminum
with temperature have been determined experimentally [16–19] and
computationally [20]. The isotropic elastic moduli for a polycrystalline
aggregate can be estimated using the Voigt or Reuss models. The shear
modulus μ and Poisson's ratio ν of polycrystalline aluminum are calcu-
lated using the experimental data given by Kamm and Alers [17] and
Gerlich and Fisher [18] (Fig. 1). The anisotropy ratio of aluminum is
small and the difference between the results from the Voigt and Reuss
models is negligible. As seen in Fig. 1, the elastic moduli of aluminum
significantly change with the temperature.

It has been clear that the drag coefficient is a function of temperature
and pressure [21]. However, theway that B varies with the temperature
T depends on the model we use [22]. In fcc crystals, which do not have
considerable Peierls stress, the velocity of dislocations traveling through
obstacles free zones is governed by phonon drag, except at very low
temperatures where the interactions between dislocations and elec-
trons become important [23,24]. Based on the fact that the dislocation
is considered flexible or rigid, different terms contribute to phonon
damping [25]. When a flexible dislocation line moves, it scatters pho-
nons by fluttering. The flutteringmechanism gives rise to a force oppos-
ing the motion. The resulting drag coefficient is denoted by Bflut. When
the dislocation is considered rigid, phonons become scattered by
anharmonicities in the strain field. A moving dislocation experiences
more phonon drag in the direction of motion than the opposite direc-
tion. The resulting drag is called the phonon wind, denoted by Bwind.
The fluttering drag is assumed to vary with velocity, while Bwind is
regarded velocity independent. At low temperatures, Bwind is propor-
tional to T5, at high temperatures both Bwind and Bflut are proportional
to T [25]. The temperature and velocity dependence of electron drag
can be neglected [25]. Theoretically, for intermediate (say, ΘD/3,
where ΘD is the Debye temperature) to high temperatures, the total
drag coefficient varies almost linearly with T/ΘD. Note that ΘD =
393 ± 1 K at 293 K, varying with the temperature to ΘD = 362 ± 9 K
at 559 K [26].

To find the variation of the drag coefficient of a dislocation in alumi-
num with the temperature, a nominally straight dislocation (of either
edge or screw character) was considered under a constant external
shear stress at a certain temperature. The edges of the computational
box were along the ½110], [111] and ½112] crystal directions. For edge

dislocations, periodic boundary conditionswere applied along the dislo-
cation line and the direction of the dislocation motion. For screw dislo-
cations, periodic boundary conditions and free surfaces were applied
along the dislocation line and the glide plane, respectively.

After relaxation at zero stress, dislocations dissociate into two partial
dislocations. A constant shear stresswas applied on the upper and lower
(111) planes. To keep these surfaces flat, the y-coordinates of some
atomic planes adjacent to these surfaces were fixed. The embedded
atom method (EAM) developed by Mishin et al. [27] was used in this
study. This potential has been extensively used in many MD studies of
aluminum [28–30] for it describes aluminum elastic properties and dis-
locations in aluminum well [29,31]. All calculations were carried out
using the parallel MD code LAMMPS, developed in Sandia National Lab.

The potential we used results in almost zero Peierls stress for edge
dislocations at T ≥ 1 K [29]. The resulted Peierls stress for screw disloca-
tions is ~30MPa at T=1K [29], but it diminishes quickly at higher tem-
peratures. The experimental results of the Peierls stress in fcc materials
is typically small and hence is ignored in the calculations.

The values of the drag coefficient obtained fromMD simulations for
a screw and for an edge dislocation are plotted as a function of the abso-
lute temperature, T, in Fig. 2. For example, at 300 K, the drag coefficient
for the edge dislocation is 1.6 × 10−5 Pa·s, and that for the screw dislo-
cation is 2.9 × 10−5 Pa·s. The drag coefficient for T b 200 K and T N 600 K
varies approximately linearlywith the temperature. Thedrag coefficient
also monotonically increases with the temperature between 200 K and
600 K; B′(T) = ∂B/∂T reaches its maximum at ≈400 K. Fig. 2 shows a
similar trend that was observed in the curve of B versus T for pure cop-
per, compiled based on experimental results [32].

The values of B are in good agreement with the experimental values
given in Ref. [33,34]. The results of former MD simulations by Olmsted
et al. [22] and Groh et al. [35] are also shown in Fig. 2. Compared with
the previous MD studies, this work investigates the values of drag coef-
ficients over a larger range of temperature, and has a better agreement
with the values given in Ref. [33,34]. It, furthermore, studies the drag co-
efficients both for edge and screw dislocations, while the study by Groh
et al. [35] is limited to only edge dislocations.

To model dislocation nucleation from Frank-Read (FR) sources in a
2d framework, we need to know (1) the minimum applied shear stress
required to form a dislocation loop, τnuc, and (2) the time it takes for the
first dislocation loop to form, tnuc. To characterize these parameters, a
pure edge dislocation segment of length L was considered under an

Fig. 1. shear modulus, μ, and Poisson's ratio, ν of pure polycrystalline aluminum versus
temperature, T, calculated using the experimental results given in [17,18]. The results
from the Voigt and the Reussmodels are displayed by solid and dashed lines, respectively.

Fig. 2. Drag coefficient for screw and edge dislocations in pure aluminum versus
temperature T. MD simulation results of the present work are connected with solid
lines. Experimental results by Gorman et al. (▲) [27,28] and Parameswaran et al. (✕)
[31] are shown for comparison. MD results for edge dislocations (○) and for screw
dislocations (●) by Olmsted et al. [29], and for edge dislocations (+) by Groh et al. [30]
are also depicted (with permission from Elsevier and the American Institute of Physics).
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