ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Scripta Materialia 64 (2011) 398-401

SCripta MATERIALIA

www.elsevier.com/locate/scriptamat

Atomistic simulations of dislocation—precipitate interactions
emphasize importance of cross-slip
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This work examines the interaction of screw dislocations with Guinier—Preston (GP) zones using atomistic simulations. Both
Orowan looping and cross-slip mechanisms are found to control the interactions. Cross-slip, occurring both at zero and finite tem-
peratures, is found to either significantly reduce or enhance precipitate strengthening, depending upon the orientation of the dislo-
cation—-GP zone interaction. The orientation dependence, and its dependence on temperature, provides a micromechanical
explanation for the experiments of Muraishi et al. (Philos. Mag. A 82 (2002) 2755).
© 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The strength of many engineering alloys can be
attributed to the presence of submicron precipitates,
which inhibit the motion of dislocations. Perhaps one
of the most popular and long-standing examples in-
volves Al-Cu alloys, where flow strength can be en-
hanced by more than a factor of three using a heat
treatment schedule to generate a dense array of precipi-
tates in the material [1]. Over the past century, treat-
ments have advanced to the point where precipitation-
hardened Al alloys with near-gigapascal strengths are
now possible [2,3]. For further improvements of alloy
performance into the next century, a knowledge of the
controlling micromechanics of dislocation—precipitate
interactions will need to be exploited.

Efforts to illuminate dislocation—precipitate interac-
tions span more than 60 years [4-10]. With regard to
mechanisms, it is widely agreed that dislocations over-
come shearable precipitates via cutting, and impenetra-
ble precipitates via Orowan looping. Additionally,
dislocations are hypothesized to overcome precipitates
via formation of prismatic loops involving cross-slip
and climb [11,12]. Within the last decade, atomistic sim-
ulations have also begun to contribute to our under-
standing of dislocation—precipitate interactions [13—
15,17,16,18,19]. As a whole, these simulations have con-
firmed many classical ideas, while they also have unveiled
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a vast complexity of dislocation precipitate interactions.
The present work, focused on screw dislocation—precipi-
tate interactions, is consistent with this theme.

After introducing the methodology, this letter reports
on observations of screw dislocations overcoming pre-
cipitates via cross-slip. The cross-slip mechanism has a
significant impact on macroscopic response as the stress
required to move a dislocation past a precipitate can de-
crease by more than a factor of six compared to cases
where cross-slip does not occur. The second finding re-
ported in this manuscript is the observation of a cross-
slip strengthening mechanism, where the cross-slip of a
dislocation near a precipitate does not provide a clear
route of glide away from the precipitate and ultimately
requires a significantly higher applied stress for the dislo-
cation to overcome the precipitate. In both the tradi-
tional and hardening cases of cross-slip, the
mechanisms are observed to occur in both the absence
and presence of thermal activation, with cross-slip hard-
ening being significantly temperature dependent. As a
whole, these findings, when considered alongside of edge
dislocation—precipitate interactions studied in our previ-
ous work [19], provide an explanation for the orientation
dependence of strengthening effects observed in the
experiments by Eto et al. [20] and Muraishi et al. [21].

The specific precipitate chosen for this study is a Gui-
nier—Preston (GP) zone [22,23]. GP zones are nanome-
ter-sized monolayered disks that form during the early
stages of age hardening and are common to many alloys,
e.g. Al-Cu, Al-Zn, Al-Cu-Zn, Cu-Be, Fe-Mo, Al-Ag
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and Al-Mg-Si. The technologically relevant Al-Cu
material system is the focus of this work. We consider
the composition of GP zones to be 100% Cu, although
experimental reports do vary [24,25].

Considering dislocations of pure screw or edge char-
acter limits the possible dislocation—-GP zone interac-
tions to four orientations since GP zones only form on
{100}-type planes. We classify these orientations by
the dislocation character, i.e. screw or edge, and the an-
gle between the dislocations” Burgers vector and the
plane of the GP zone, i.e. 0° or 60° (Fig. 1).

The atomistic simulations were carried out using the
freely available open source LAMMPS code [26]. The
code was modified to use a recently developed Al-Cu
empirical potential developed by Apostle and Mishin
[27]. The potential is an angular dependent extension
of the popular embedded atom method [28,29].

The simulation cell (Fig. 1) consisted of an Al face-
centered cubic lattice, bounded by (112),(111), and
(110) faces in the X, Y and Z directions, respectively.
Periodic boundary conditions were applied in the X
and Z directions, whereas the Y surfaces were used to ap-
ply the load. Starting from a perfect lattice, a GP zone
was created by simply changing selected atom types to
Cu. The continuum displacement field of a screw disloca-
tion was used to create a dislocation in the center of the
simulation cell (X = Y = 0) with a line direction parallel
to the Z-axis and a Burgers vector of b = 1/2[110]. The
simulation cell size was approximately 34 x 42 x 16 nm?
and contained approximately 1.4 million atoms. Based
on our experience with edge dislocation—-GP zone inter-
actions [19], this size is sufficient to produce size-indepen-
dent results in all directions except the dislocation line
direction, where the critical stress at which a dislocation
overcomes a GP zone varies inversely with GP zone spac-
ing (cell size in Z-direction), 7. o< 1/L, consistent with
standard continuum analysis [4].
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Figure 1. (a) Simulation cell with screw dislocation and GP zone. (b)
Three possible GP zone orientations with respect to Burgers vector.
Types B and C are equivalent.

Prior to loading, NPT dynamics at 7 = 1 K were per-
formed for 30 ps to relax the system and alleviate out-of-
balance forces and net stresses. The system was then
loaded in shear by subjecting the atoms near the top
and bottom Y surfaces to a constant traction. For the
screw dislocation, the traction is t,.. The applied trac-
tion was increased at a constant quasi-static rate until
the dislocation broke free from the GP zone. At each
load step, nonlinear conjugate gradient minimization
was performed until the out-of-balance forces became
less than 1073 eV/A for the 0 K simulations. Molecular
dynamics simulations were performed using a standard
NVT approach.

We begin by examining the 60° screw dislocation—-GP
zone interaction. Upon the initial NPT relaxation from
the continuum screw dislocation displacement field, the
dislocation core dissociates into two partial dislocations
spaced 0.6 nm apart. During relaxation, the center of
the core remains stationary at 6.8 nm from the GP zone,
suggesting that the elastic forces acting on the dislocation
at this distance are below the Peierls stress (30 MPa). Fig-
ure 2a details the series of events that occur as applied
loading is increased at 0 K for a 4.4 nm diameter GP zone
that is intersected through its center by the (11 1) plane on
which the dislocation resides. As the load is increased the
dislocation begins moving towards the GP zone as the
force from the applied load overtakes the Peierls stress
and repulsion from GP zone. At
7. = 36 MPa (0.06370rowan),  Where  Torowan = 2 =
31.6 GPax236 A ~ 570 MPa is the theoretical Orowan stress
[4])15%§HeAleading partial dislocation contacts the GP zone.
Att,, = 42 MPa (0.07470r0wan) the dislocation cross-slips
onto the (111) plane, where it remains pinned until
45 MPa (0.07970r0wan ), at which point it glides away.

To investigate whether the above observation of
cross-slip is representative of general behavior, multiple
GP zone sizes and realizations were examined. In one
of the cases, involving a 4.4 nm diameter GP zone, the
dislocation did not cross-slip, but rather overcame the
GP zone by Orowan looping [4] at a much higher applied
load, 7,, =280 MPa (0.49170rowan). This occurrence
demonstrates three things. First, it shows that cross-slip
in our geometry at 0 K is sensitive to variations in the ex-
act atomic arrangement around the perimeter of the GP
zone (noting that at finite temperature all cases exhibited
cross-slip). Second, the critical stress required for a dislo-
cation to overcome a GP zone in this orientation is much
lower via cross-slip than via Orowan looping. Therefore,
for this case, cross-slip acts as a relaxation mechanism.
Third, it shows that Orowan looping can be favorable
to cutting even for nanometer-sized precipitates.' This
point is in contrast to conventional wisdom; however,
we note that at experimental times and temperatures
thermal activation may promote cutting. No significant
correlation between GP zone size and applied stress for
cross-slip was observed for the 60° interaction.

'"We identify the Orowan looping mechanism by examining the Cu
atoms of the GP zone after the dislocation has overcome the
precipitate. Since these atoms do not show a displacement jump of a
Burgers vector after being overcome by the dislocation, one can
assume that a dislocation loop is created around the GP zone. See
Ref. [19] for more details.
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State 0: 1,. = 30 MPa
Disl. away from GPZ

State 1: 7,. = 36 MPa
Disl. meets GPZ

(b)

State 2: 7,. =42 MPa

Disl. cross-slips

State 3: 7,. = 46 MPa

Disl. breaks away
from GPZ

State 0: 1,. = 30MPa State 1: 7,. = 40MPa State 2: 7,. = 510MPa State 3: 7,. = 520MPa

Disl. away from Disl. meets GPZ
GPZ and cross-slips

Disl. still in
cross-slip plane

Disl. cross-slips again and
leaves via Orowan looping

Figure 2. Dominant screw dislocation—GP zone interaction mechanisms at 7 = 0 K. (a) A 60° interaction where the dislocation cross-slips onto a
glide plane unimpeded by the GP zone and easily glides away. (b) A 0° interaction where the dislocation cross-slips onto a glide plane impeded by the
GP zone and requires a large applied stress to cross-slip back to a plane parallel to its original glide plane and ultimately overcome the GP zone via

]

Orowan looping. The snapshots are shown by AtomEye visualization software [30] using “centro-symmetry parameter” [31] to plot only the defective

atoms in the crystal.

The vertical offset between the center of the GP zone
and the initial dislocation slip plane did have an effect on
the mechanism and the applied shear stress at which the
dislocation ultimately overcame the GP zone, 7.. When
the approaching dislocation slip plane was above the
center point of the 4.4nm GP zone (relative to
Fig. 2a) the dislocation did not cross-slip, but rather it
Orowan looped around the GP zone, with 7. ranging be-
tween 270 and 310 MPa. When the intersection point
was below the center point, cross-slip was always ob-
served, with 7, near 50 MPa.

Cross-slip also occurred for the 0° screw dislocation—
GP zone interaction. Figure 2b details the series of
events that occur as the applied loading is increased at
0 K for a 4.4 nm diameter GP zone centered on the dis-
location glide plane. At 7,, < 30 MPa (0.05370r0wan ), the
equilibrium position of the leading partial is 7 nm from
the GP zone and no noticeable contraction of the core is
evident. Between 1, = 30 and 40 MPa the dislocation
cross-slips from the (111) to the (111) plane, with the
leading partial remaining stationary at the surface of
the GP zone. Although the dislocation cross-slips to
the (111) plane, its forward motion is still obstructed
by the GP zone. Furthermore, the applied force acting
on the dislocation is now reduced by a factor of
\/3/2. The dislocation remains in this state until
7, = 520 MPa (0.912700wan), at which point it cross-
slips back onto a (111) plane and overcomes the GP
zone via Orowan looping [4]. The (111) plane that the
dislocation ultimately resides on is Ay = v/3a, above
the original (111) plane on which it started. Screw dislo-
cation cross-slip in this case, in contrast to the 60° inter-
action, acts as a hardening mechanism. In a random

field of obstacles where multiple mechanisms can occur
along the dislocation line, only segments of the disloca-
tion may cross-slip consistently with the early stages of
the Hirsch mechanism for screw dislocations [11,12].

For the 0° interaction orientation, GP zone size was
found to have an appreciable effect. For small sizes with
diameters <3 nm, the dislocation cross-slipped at a posi-
tion far enough away from the GP zone that it was then
able to overcome the GP zone on the cross-slip plane.
For larger sizes, however, the dislocation—-GP zone
interaction entailed the double cross-slip mechanism de-
tailed above. For the 4.4 nm GP zone the offset between
the center of the GP zone and the initial dislocation slip
plane was studied and found to not have an effect on the
underlying mechanism, though it did produce significant
variations in 7., i.e. 400-700 MPa.

It is worth noting that for both interaction orienta-
tions cross-slip occurred during 0 K simulation in the
absence of thermal activation. The same mechanisms
were observed during the 300 K molecular dynamics
simulations. For the 60° interaction no significant effect
of thermal activation was observed with regard to 7.
(Table 1) at the loading rate examined,
5 x 10" MPa s~!. However, for the 0° interaction, t,
demonstrated a significant temperature dependence,
associated with the second cross-slip event. It is plausi-
ble that at 300 K and experimental rates/times the criti-
cal stress for the second cross-slip event back to the
(111) plane may decrease to a point where it is no longer
the controlling mechanism that determines ..

The influence of orientation on dislocation—-GP zone
interactions has been investigated experimentally by Eto
et al. [20] and Muraishi et al. [21]. Their experiments
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Table 1. Orientation and temperature dependence of . for a GP zone
with 4.4 nm diameter intersecting the slip plane through its center.

Dislocation GP zone 7. (MPa)
character orientation (°) T—0K T — 300K
Screw 0 514 426
60 45 45
Edge 0 185 169
60 232 210

utilized AI-Cu specimens with GP zones aligned in a
common direction. This allowed for the effect of the an-
gle between the Burgers vectors of active dislocations
and the GP zone planes to be examined collectively.
The experiments revealed that at room temperature
there is no noticeable effect of the Burgers vector-GP
zone orientation on strength. However, at 77 K the
strength of specimens with active dislocations having
Burgers vectors parallel to the plane of GP zones
showed a significantly enhanced strength. To connect
the results of the simulations performed here with the
experiments of Eto et al. and Muraishi et al., we utilize
data from our previous work on edge dislocation—-GP
zone interactions [19] (Table 1). While the effective resis-
tance to dislocation glide in experiment is likely to be a
complex function of 7. for both screw and edge disloca-
tion characters, reasonable bounds can be assumed. A
lower bound of effective glide resistance would consist
of the arithmetic mean of 7, from both screw and edge
character dislocation—GP zone interactions. An upper
bound would consist of only 7. from the stronger dislo-
cation character interaction. Regardless of which bound
is considered, the atomistic simulation results are consis-
tent with experiments in two important ways: (i) GP
zones act as stronger obstacles to dislocation glide at
0 K when the Burgers vectors of active dislocations are
parallel to the planes of GP zones due to the large
strength increase associated with screw dislocations
cross-slipping onto impeded planes. It should be noted
that if only edge dislocations are considered the opposite
conclusion contrasting experiment is reached and (ii) the
strengthening effect from screw dislocations, with Bur-
gers vectors parallel to GP zone planes, cross-slipping
onto impeded planes varies inversely with temperature
due to thermal activation aiding the second cross-slip
event, while the other orientations and mechanisms
show a much milder temperature dependence at molec-
ular dynamics strain rates.

In summary, the atomistic simulations performed
here have highlighted the importance of dislocation
cross-slip in precipitation hardening. It is found that
cross-slip can either decrease or increase the hardening
effect of precipitates, depending upon whether the
cross-slip plane is impeded by the precipitate. Cross-slip
is observed to occur at both 0 and 300 K, suggesting that
it can occur in the absence of thermal activation. The
importance of cross-slip in precipitation hardening is
highlighted when considering the simulation results in
the context of experimental data which cannot be ex-
plained solely by edge dislocation precipitate interac-
tions. When cross-slip does not occur or does not
provide an unimpeded plane for the dislocation to over-

come the precipitate, Orowan looping is observed in 0 K
simulations. Considering that the precipitates are GP
zones, this is in contrast to the long-held continuum
view that dislocations overcome small precipitates via
cutting. This analysis, in combination with our previous
report [19], forms the foundation for atomistic-based
modeling of age hardening, the focus of our forthcom-
ing work.
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