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Abstract

The interaction of dislocations with Guinier–Preston (GP) zones is a process that contributes to the yield strength of many underaged
precipitate-strengthened alloys. Here we use atomistic modeling to investigate this process in an Al–Cu alloy using a newly developed
interatomic potential. The study focuses on edge dislocation interactions in the athermal limit. The critical shear stress and the mecha-
nism by which dislocations overcome GP zones is found to vary significantly depending upon GP zone size, orientation and offset from
the dislocation glide plane. Dislocation cutting, looping, leading partial cutting with trailing partial looping, diffusionless climb and
defect nucleation at the dislocation–GP zone contact point are all observed. In the majority of cases dislocation looping is the controlling
mechanism, challenging the applicability of traditional continuum dislocation cutting models to the underaged Al–Cu system at 0 K.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

A large class of commercial alloys derive their strength
from precipitation hardening. Precipitates inhibit disloca-
tion glide and thereby act to increase flow stress. For many
alloys, e.g. Al–Cu, Al–Zn, Al–Cu–Zn, Cu–Be, Fe–Mo, Al–
Ag and Al–Mg–Si, the precipitation process begins with
the formation of nanometer-sized coherent metastable pre-
cipitates known as Guinier–Preston (GP) zones [1,2]. While
the size of GP zones makes them invisible to optical
microscopy, they are responsible for the increase in
strength observed during the early stages of aging. As such,
GP zones represent a key component of the precipitate
aging processes.

GP zones, being the first precipitates to form during the
aging process, are typically associated with an underaged
alloy. They provide hardening by impeding dislocation
glide. A variety of mechanisms for GP zone dislocation
interaction are proposed in the vast literature on the sub-
ject. Elastically, misfit stresses associated with the differ-
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ence in lattice constant between the GP zone and the
matrix [3,4] and differences in elastic modulus between
the GP zone and the matrix [5,6] have been pointed to as
mechanisms for GP zone strengthening. Chemically, differ-
ences in stacking fault energy between the precipitate and
the matrix [7] and the interface energy needed to create a
ledge along the precipitate on the slip plane [8] have been
suggested. Experimentally, efforts to illuminate the most
important mechanisms have not produced data that sup-
port a clear consensus [9–13].

As computer resources become more accessible, atomis-
tic simulations have continued to become a more viable
tool for investigating these questions. While work has been
done on dislocation–precipitate interactions (e.g. [14–17]),
GP zones have not been studied. These studies point out
that the dislocation–precipitate interactions can be very
complex due to the variety of interacting phenomena,
and may also involve changes in dislocation core structure
and phase transformations. It is also reported that, while
the precipitate strength can be predicted roughly using con-
tinuum theory, atomistic simulations are necessary to
reveal the exact nature of the dominant mechanism. To
be relevant, all simulations of this nature must use accurate
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binary interatomic potentials and address the challenge
associated with eliminating artificial boundary effects due
to the long-range fields of dislocations.

Here we use atomistic simulations to examine disloca-
tion–GP zone interactions. Focus is directed towards the
technologically relevant class of Al–Cu alloys using a newly
developed angular dependent Al–Cu potential. Long-range
forces between the simulation cell boundaries and the dis-
location are minimized via a brute force approach by using
large simulation cells (we used approximately 600,000 CPU
hours over the course of this study). Within the large
parameter space of dislocation–GP zone interactions,
attention is given to pure edge dislocations in the athermal
limit. Screw dislocation interactions and the role of thermal
activation are left as topics for future work. As a whole,
this work fits into a larger effort to understand the age
hardening process by providing input for continuum and
discrete dislocation dynamics models [18]. Accordingly,
the critical resolved shear stress at which the dislocation
overcomes GP zones, sc, is a focal point.

2. Methodology

2.1. Interatomic interactions

The atomistic simulations were carried out using the
freely available open source LAMMPS code [19]. The code
was modified to use a recently developed Al–Cu empirical
potential developed by Apostle and Mishin [20]. The
potential is an angular dependent extension of the embed-
ded atom method (EAM) [21,22], where the potential
energy of the system is
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The indices i and j enumerate atoms and the superscripts a,
b = 1, 2, 3 refer to the Cartesian directions. The first two
terms, taken together, represent regular EAM contribu-
tions, where Uij is the pair-interaction potential and Fi is
the embedding energy of atom i with �qi, which loosely
represents the electron density. The three remaining terms
represent the angular dependence through dipole and
quadrupole distortions. The details of the potential can
be found in Refs. [20,22]. We validated our implementation
by comparing relaxed cohesive energies, vacancy formation
energies, surfaces energies, heats of solution and formation
energy for the h0 (Al2Cu) phase with independent values
provided by Apostle and Mishin [20].

2.2. Boundary conditions, geometry and loading

The simulation cell (Fig. 1a) consisted of a face-centered
cubic Al lattice, bounded by ð�110Þ, (11 1) and ð1 1�2Þ 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 apply 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 an edge dislocation 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~b ¼ 1=2½�110�.

There are three experimentally relevant orientations for
edge dislocation–GP zone interactions. To examine these
cases, we consider a constant dislocation orientation (as
specified above) and two GP zone orientations: GP zones
lying on the (100) and (001) planes (Fig. 1b). While GP
zones also form on (010) planes, the dislocation interaction
associated with this orientation is crystallographically
equivalent to the (100) GP zone.The Burgers vector of
the edge dislocation lies in the (001) GP zone plane,
whereas it is offset by 60� from the (100) GP zone plane.
From here on, we will refer to these GP zones by their mis-
orientation with respect to the Burgers vector. As a simpli-
fication, we assume GP zones are monolayers of Cu atoms
with a 100% Cu content. Experimental evidence suggests
that the Cu content of GP zones may vary [23,24].

The minimum cell size was approximately 34 � 42 �
16 nm3 and contained roughly 1.4 million atoms. For the
simulations with particularly large GP zones (diame-
ter > 6 nm) a larger cell size was used. In all cases, box size
studies were performed to verify that simulation cell
boundary forces were negligible in the X and Y directions.
In the Z direction the size dependence was observed to fol-
low the Orowan equation (sc / 1/L), allowing extrapola-
tion of the results obtained herein [25].

Prior to loading, NPT dynamics were performed for
50 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 in the X direction given by

ftop ¼
sxyAxz

N
; f bottom ¼ �

sxyAxz

N
ð2Þ

for the top and bottom Y surfaces, respectively, where sxy is
applied shear stress, Axz is the surface area and N is the
number of atoms on the respective surfaces. The applied
shear stress was increased quasi-statically until the disloca-
tion breaks free from the GP zone. At each load step of
5 MPa, a nonlinear conjugate gradient was performed to
minimize the out-of-balance forces to less than 10�8 eV/Å.

In order to visualize the position and motion of the dis-
location, we employ the “centro-symmetry parameter” [26]
which represents a measure of the defective environment of
the crystal. For this purpose, we use AtomEye visualization
software [27].

3. Results

3.1. GP zone hardening and the effect of zone size

We begin our presentation of the results by simulta-
neously considering both GP zone orientations with a
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Fig. 1. (a) Simulation cell with edge dislocation and a GP zone; (b) three possible GP zone orientations with respect to Burgers vector. Types B and C are
equivalent.
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typical diameter of 4.4 nm [28–30,24]. In both cases the GP
zone is positioned so that the slip plane of the dislocation
intersects its center.

Before the application of the load, the system is relaxed
via energy minimization. During this relaxation, the equi-
librium misfit strain field due to the lattice mismatch forms.
The relaxation also allows the full dislocation, which was
created using a linear elastic analytic solution, to relax into
two partial dislocations separated by a stacking fault span-
ning a distance of 1.0 nm. Upon relaxation, the leading
partial of the dislocation is 3.6 nm from the edge of the
0� GP zone and 4.1 nm from the edge of the 60� GP zone.
The fact that the dislocation does not glide during this
relaxation suggests that the misfit stress and the elastic
modulus mismatch forces acting on the dislocation are
below the Peierls stress (�3 MPa) at this distance. Upon
application of the load, the leading partial glides up to
the GP zone at an applied stress of 15 MPa (0.026sOrowan)
for the 0� zone and 30 MPa (0.053sOrowan) for the 60� zone,
where sOrowan ¼ Gb

L ¼ 31:6 GPa � 2:86 Å

158:7 Å
� 570 MPa, representing

the critical theoretical stress to induce Orowan looping [25].
Thus there appears to be a very mild repulsive interaction
between the dislocation and the GP zones originating from
the misfit stress field of the GP zone and possibly the mis-
match in moduli.
As the load is increased, the edge dislocation does not
shear the 0� GP zone but deposits itself along both surfaces
of the GP zone plane. Thus the Cu atoms of the GP zone
do not display a jump in displacements across the slip plane
as the dislocation glides forward. This can be observed
directly in Fig. 2 by examining the Cu atoms or indirectly
by noticing that the centro-symmetry parameter indicates
a different atomic structure on/near the GP zone plane
after dislocation passing. While this mechanism is qualita-
tively similar to textbook Orowan looping [31], the stress
measured for the dislocation to overcome the 0� GP zone
in the simulation (sc = 185 MPa = 0.32sOrowan) is much
lower than the Orowan case due to the thin coherent nature
of the GP zone allowing strong interaction with the oppo-
site-signed dislocation looping segments.

For the 60� GP zone, where the Burgers vector of the
dislocation can create a step in the GP zone plane, the
interaction is different. As loading increases, the leading
partial dislocation is observed to cut the GP zone, leaving
a clear b/2 displacement jump across the Cu atoms (Fig. 3).
After the leading partial cuts, the trailing partial remains
pinned by the GP zone until the applied stress reaches
240 MPa or 0.42sOrowan. At this stress the trailing partial
travels around the GP zone from one side, leaving a trailing
partial loop. The formation of a trailing partial loop as the



Fig. 2. Snapshots showing the dislocation interaction with a 4.4 nm 0� GP zone. The left column shows matrix (Al) atoms with a high centro-symmetry
parameter. The right column shows only the Cu atoms of the GP zone. Note that after the dislocation overcomes the GP zone the Cu atoms do not show a
displacement step and the centro-symmetry parameter reveals debris left along the face of the GP zone indicative of the dislocation looping around the GP
zone.
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critical mechanism controlling sc invalidates chemical argu-
ments for this case as well.

For both GP zone orientations, the effect of GP zone
size on sc was examined (Fig. 4).1 In both cases, sc becomes
independent of the zone size for large GP zones. For the 0�
GP zone, the size independence follows from the full dislo-
cation looping mechanism, i.e. for the dislocation to over-
come the 0� GP zone the resolved shear stress must be great
enough so that the dislocation deposits itself along the
faces of the GP zone. However, for the 60� GP zone sc does
not become size independent until larger sizes (P8 nm). As
with the 0� GP zone, the size independence of the 60� GP
zone at large sizes likely results from dislocation looping
being the controlling mechanism. At intermediate sizes
(3–6 nm), the size dependence of 60� GP zone may be
due to the 1/r interaction between the trailing partial dislo-
cation segments on each side of the GP zone, the forces of
which would favor the looping process more as the GP
zone size decreases. For small 60� GP zone sizes (<3 nm),
1 In Fig. 4, GP zone diameters greater than 6 nm required an increased
simulation box size in the Z direction to avoid boundary effects.

Therefore, to be consistent, the stresses reported in Fig. 4 are rescaled to

correspond to the same box size as the simulations conducted with the

standard box size of 34 � 42 � 16 nm3 , as given in the Methodology

section.
the mechanism changes and full cutting is observed, i.e.
the top and bottom GP zone planes separate by a full Bur-
gers vector after dislocation passes the GP zone. Thus, the
size dependence in this smaller region would be expected to
be linear, following the chemical energy associated with
simple GP zone ledge creation models [32].

3.2. Effect of GP zone offset

In order to simplify analysis and limit computational
expense, many analytic and/or computational models
assume that the dislocation glide plane only intersects the
precipitate through its center. However, in reality disloca-
tions intersect precipitates at all locations or “offsets”.
For GP zones we find that the offset between the glide
plane and precipitate center is a significant parameter con-
trolling not only sc, but the mechanism by which the dislo-
cation overcomes the precipitate. Fig. 5a depicts how we
have quantified offset in normalized units from �8 to +8
for both orientations of a GP zone with a 4.4 nm diameter.
Each unit represents the atomic spacing in the [111] direc-
tion; o ¼ a0=

ffiffiffi
3
p

, where a0 is the lattice constant. As can be
seen in Fig. 5b, sc does not scale with the dislocation–GP
zone intersection surface area, contrary to textbook precip-
itate cutting models [31]. In general, sc increases as the
extra plane of atoms associated with the edge dislocation
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Fig. 3. Snapshots showing the dislocation interaction with a 4.4 nm 60� GP zone. (a) The left column shows matrix (Al) atoms with a high centro-
symmetry parameter and the right column shows Cu atoms inside the GP zone. Note that after the dislocation overcomes the GP zone the Cu atoms are
only displaced by half a Burgers vector and the centro-symmetry parameter reveals a defect structure around the GP zone indicative of the partial
dislocation loop. (b) Cartoon illustrating the process of leading partial cutting with trailing partial looping.
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interacts with more of the GP zone (which is denoted here
by a more positive offset). This is in accordance with the
interaction of the dislocation and GP zone hydrostatic
stress fields, i.e. the stress field generated by the extra plane
of atoms associated with the edge dislocation interacts with
the lattice misfit stress field associated with the GP zone.

For the 0� orientation, all offsets <2 display the mecha-
nism given in the previous section, i.e. full dislocation loop-
ing. Over this range, the effect of offset on sc is very close to
linear, with a slope of 0.015sOrowan per unit offset with
R2 = 0.98 (Fig. 5b). For offsets P3 with the 0� orientation,
a defect structure is nucleated at the intersection of the dis-
location and the GP zone and travels along the dislocation
line, making the dislocation sessile (Fig. 6). The defect
results from the rearrangement of aluminum atoms border-
ing the GP zone. Copper atoms are not directly involved in
the process. To better investigate the relevance of this pro-
cess, i.e. examine whether it is a 0 K artifact, an additional
simulation was performed at 77 K. At 77 K, the same
defect structure did nucleate at the intersection between
the dislocation and GP zone but did not propagate along
the dislocation line as it did at 0 K. At 77 K, the dislocation
overcame the GP zone in the same manner as described for
low offsets at 0 K. Thus, the defect nucleation mechanism
observed here may not be relevant to experiments at finite
temperature.

For the 60� GP zone, the same defect nucleation mech-
anism is observed, making the dislocation sessile at offsets
of 4–6. At an offset of 7, where the slip plane intersects the
GP zone such that dislocation slip would only displace a
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single row of Cu atoms if cutting were to occur, a different
mechanism occurs. The segment of the dislocation that
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Fig. 5. Effect of GP offset with respect to dislocation glide plane. (a) Location
of stress required for the dislocation to overcome the GP zone as a function of
FC = full dislocation cutting; CL = leading partial cutting with trailing dislo
nucleation; C = climb. Arrows mean sc > 400 MPa.
directly interacts with the Cu atoms of the GP zone climbs
up one plane and thus avoids direct interaction with the GP
zone (Fig. 7). For the dislocation segment to climb, the Al
atoms bordering the top of the GP zone must become part
of the dislocation, thus creating a row of vacancies along
the top of the GP zone after the dislocation passes. We note
that 0 K diffusionless climb processes have also been
reported by Osetsky and Bacon [14] for impenetrable Cu
obstacles in body-centered cubic a-Fe. As with the defect
structure nucleated at lesser offsets, we reran the simulation
at T = 77 K to examine the feasibility of the mechanism at
finite temperature. At 77 K, the same climbing mechanism
is observed.

For the 60� GP zone at offsets less than 4, an approxi-
mately linear relation between sc and the offset is observed,
with 0.012sOrowan per unit offset and R2 = 0.90 (Fig. 5b) if
we exclude the pinning case at o = �8. Leading partial cut-
ting with trailing partial looping is observed for offsets in
the range �4 < o < 4, while full dislocation cutting is
observed for offsets 6�4. This is consistent with zero-offset
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Fig. 6. Defect nucleation and propagation along the line of the disloca-
tion, making it sessile(offset = +4): (a) 0� GP zone; (b) 60� GP zone.

Fig. 7. Diffusionless climb mechanism for 60� GP zone at high offset
(offset = +7): (a) initial state; (b) critical state; (c) final state.

2 Displacement boundary conditions with our simulation cell size can
produce an error of �10 MPa in sc relative to the more accurate values
obtained in the previous sections using applied force boundary conditions.
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results for different GP sizes, with full cutting being
observed at small GP zone sizes and partial cutting and
looping being observed for larger ones.

Finally, as a reference, in Fig. 5b we report several stres-
ses for which the dislocation glide plane intersects the edge
of the GP zone, i.e. the plane which has Cu on one side and
Al on the other. In Fig. 5b these values are referenced as
pinning similar to a dislocation being pinned by a solute
atom. Note that in all cases pinning provides appreciable
hardening.

3.3. Multiple cutting

Another simplification common to precipitate harden-
ing studies is to limit focus to the interaction of a precipi-
tate with a single dislocation. However, precipitates are
likely to interact with multiple dislocations even before
macroscopic yielding ensues. We have attempted to inves-
tigate this effect for both GP zone orientations. The GP
zone diameters were taken as 4.4 nm and the slip plane
was chosen to intersect GP zones through their centers.
The simulations were conducted using the same simulation
set-up as the previous studies with the exception that the
load was applied using displacement boundary conditions.2

By using displacement boundary conditions, the load drops
substantially after the dislocation overcomes the GP zone.
After overcoming the GP zone, the dislocation traverses
the simulation cell and crosses the periodic boundary, com-
ing to rest when it reaches the GP zone for the second time.
Then, as the applied displacements are again increased, the
dislocation will overcome the GP zone for a second time.
Thus, the simulations allow sc to be recorded for multiple
passes of dislocations through GP zones (Fig. 8).

The two orientations of GP zones give markedly differ-
ent responses for multiple dislocation interactions, in line
with the differences in underlying mechanisms. For the 0�
GP zone, sc increases for the second dislocation interaction
due to the dislocation loop that is left behind by the first.
For the third dislocation, a defect structure is nucleated
at the GP zone which propagates along the dislocation line,
making it sessile, as was observed for high offsets in the
case of single cutting.

For the 60� GP zone, the first dislocation overcomes it
by the leading partial cutting the zone and the trailing
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partial creating a partial dislocation loop. When the second
dislocation comes into contact with the GP zone, the
partial loop left behind from the first dislocation collapses,
increasing the displacement jump at the GP zone to a full
Burgers vector. The second dislocation overcomes the GP
zone in a full Orowan looping fashion; however, the lead-
ing partial component of the full loop collapses, leaving a
trailing partial loop at the GP zone. The third, fourth
and fifth dislocations overcome the GP zone in the same
way as the second. As the two halves of the GP zone sep-
arate with successive cuts, sc decreases for all the cuts after
the second.

4. Discussion

A tenet of traditional physical metallurgy is that small
precipitates are cut by dislocations while larger ones are
not [31,33]. This concept, along with precipitate growth
kinetics, is key to the existence of a maximum in the hard-
ness vs. aging time relations. In simple models, peak hard-
ness is often associated with the aging time during which
the precipitates change from being shearable to being
impenetrable [31]. Thus, considering that GP zones form
well before peak aging and have a coherent nanometer
sized structure, it is natural to infer that they are shearable
precipitates [31,32].

Surprisingly, in this study, GP zone cutting is not a
widely observed mechanism as it is only found to be the
controlling mechanism for a small subset of all configura-
tions studied, i.e. 60� GP zones with diameters <3 nm.
For the significant majority of cases studied here, disloca-
tion looping is the controlling mechanism (considering
both full dislocation looping and leading partial cutting
with trailing partial looping). The resolved stress at which
looping occurs is significantly below the continuum Oro-
wan prediction [32]. This difference is likely due to the
coherent and atomically thin nature of the GP zones, which
permits strong dislocation segment interaction forces. The
general proclivity for dislocation looping as opposed to
cutting may be due to the absence of thermal activation
in our simulations. This is currently an area that we are
investigating thoroughly within a transition state
framework.

Dislocation looping around GP zones naturally leads to
a sc that is independent of GP zone size for large diameters
in both orientations. Interestingly, the same trend would
also exist if the dominant mechanism was GP zone cutting,
controlled by the ledge creation energy. The 0� GP zone,
being coplanar with the Burgers vector, requires the same
area of ledge regardless of GP zone size, suggesting a sc

that is size independent. On the other hand, the 60� GP
zone requires a ledge size proportional to the GP zone size;
nevertheless, it is likely that this ledge is not created uni-
formly, but rather by the dislocation zipping across the face
of the GP zone. This would give a sc that is only dependent
on the energy required to create the initial segment of
ledge. Thus, a maximum sc exists for GP zones regardless
of whether the mechanism is cutting or looping. This is
consistent with the aging curves, which show a plateau in
the hardness near the end of GP zone strengthening (note
that aging kinetics may also be the cause of this plateau)
[29].

While looping is by far the most common mechanism
controlling sc, a number of other mechanisms were
observed. The size of the GP zone, its orientation relative
to the dislocation, the location where the dislocation and
the GP zone intersect, and the number of dislocations that
have previously passed on the slip plane are all controlling
factors. Full dislocation looping, leading partial cutting
with trailing partial looping, dislocation cutting, 0 K climb
via the nucleation of vacancies and the formation of a defect
structure making the dislocation sessile are all mechanisms
that were observed. The formation of a sessile dislocation
appears to be an artifact of lack of thermal activation in
our simulations as it was not observed at 77 K. However,
diffusionless climb did occur at 77 K and would likely be a
viable mechanism under experimental conditions. Leading
partial cutting with trailing partial looping is a mechanism
that has not been reported in the literature; however, its exis-
tence seems completely plausible.

A primary goal of this work was to obtain sc for dislo-
cation–GP zone interactions, with the motivation being
that sc provides a basis for comparison with other disloca-
tion–precipitate interactions relevant to the age-hardening
process (something which we intend to study in forthcom-
ing works). However, we have found that it is hard to asso-
ciate sc with a single value as it depends significantly on the
GP zone dislocation interaction parameter space. As a first
approximation one might ignore the effects of multiple cut-
ting, and leave out the sessile dislocation formation and
climb mechanisms. Under these assumptions, sc at zero off-
set can be considered the average value for a dislocation to
overcome a GP zone of a certain size, using the observation
that sc is approximately linear with offset.

Considering GP zones with 5 nm diameters and a spacing
of 8 nm, a Taylor factor of three predicts yield strengths of
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approximately 1200 MPa using the values obtained in these
simulations and the Orowan equation. Experimentally, yield
strengths of 100–400 MPa are typical for underaged Al–Cu
alloys, the precipitates of which are thought to be primarily
GP zones [34,13]. This large overprediction of strength
should not be a surprise considering the athermal nature of
our simulations. Additionally, a more careful mapping
between the stress needed for a dislocation to overcome a
single GP zone and the shear stress required to create plastic
flow in a single crystal would likely yield lower strengths [35].
The effect of dislocation character must also be considered
when relating these results to material flow strength. Our
preliminary simulations of screw dislocation–GP zone inter-
actions show that the cross-slip mechanism is highly active
even at the athermal limit. This suggests that GP zones are
less of an impediment to screw dislocation motion and thus
screw dislocations likely play less of a role in determining
precipitate-hardened flow strengths.

5. Conclusions

In summary,we have studied the athermal interactions
of edge dislocations with GP zones in Al–Cu alloys using
a recently developed Al–Cu interatomic potential. A signif-
icant complexity surrounding these interactions is revealed
as edge dislocations are found to overcome GP zones by
several mechanisms, depending upon the GP zone size, ori-
entation and offset with respect to the dislocation glide
plane. In contrast to many classical models,we observe dis-
location looping to be the controlling mechanism by which
dislocations overcome GP zones in the majority of cases.
Thus, models based on ledge creation are not consistent
with our observations, at least in the athermal limit. When
the GP zone plane does not coincide with the Burgers vec-
tor of the dislocation, a new mechanism has been identified
where the leading partial cuts the GP zone and the trailing
partial loops around it. Diffusionless dislocation climb has
also been observed when the dislocation intersects the edge
of the GP zone. Contrary to some models, elastic interac-
tions do not significantly affect dislocation motion when
the dislocation is not in contact with the GP zone. When
GP zones are small, their size influences the critical
resolved shear stress for a dislocation to overcome them.
However, as they become larger, a maximum strength is
reached, limiting GP zone strengthening. In the athermal
limit, the maximum is found to be about 0.35sOrowan for
a GP zone with 0� misorientation, and 0.55sOrowan for 60�
misorientation.
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