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Atomistic simulation of dislocation interactions in a model
crystal subjected to shear
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The interaction of edge dislocations in a two-dimensional (2D) model crystal subjected to “simple shear” is studied using
molecular statics simulations. An initial point defect is introduced in the model to trigger the dislocation activities in a
controlled manner. We consider dislocations gliding towards one another on parallel slip planes separated by various
distances. The overall load-displacement response of the crystal is obtained from the simulations, which can be correlated
with the nano-scale atomistic mechanisms. Although the crystal is inherently anisotropic, the incipient dislocation plasticity
is such that slip is parallel to the primary shear direction as clearly demonstrated in this work. It is also illustrated that
dislocation annihilation, as well as dislocation encounter which leaves behind a point defect, can be unambiguously modeled.
Throughout the deformation history, more dislocations capable of gliding in the crystal tend to generate a weaker mechanical
response and more pronounced plasticity. The present study also offers mechanistic insight into experimentally observed

small-scale crystal plasticity.

Keywords: Atomistic simulation; Dislocation; Crystal; Nano-scale plasticity

1. Introduction

The interaction of dislocations in metallic crystals plays a
central role in determining the mechanical properties.
Continuum-based dislocation theory offers a mechanistic
basis for predicting and analyzing forces acting on
individual dislocations and their resulting movement [1,2].
On the more elementary side, conceptual illustrations have
long been employed for elucidating simple cases of
dislocation interactions. For example, two parallel edge
dislocations of opposite sign on the same slip plane tend to
attract one another, resulting in annihilation [3]. In
discrete dislocation dynamics simulations, this type of
short-range interaction typically disturbs the seamless
flow of the rest of the computation [4—7]. The detailed
atomistic characteristics involved in the interaction can
naturally be analyzed only using molecular level
modeling. While large-scale molecular simulations are
extensively utilized for studying complicated microscopic
features [8—15], in this report, we present a small-scale
two-dimensional (2D) atomistic analysis of interaction
between edge dislocations in a model crystal. The primary
objective is to employ a simple modeling strategy for
gaining fundamental insight into nano-scale defect
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mechanisms. Attention is also focused on correlating the
atomic level dislocation activities with the overall
mechanical response of the material.

2. Modeling approach

Figure 1(a) shows the model system, which is a close-
packed planar crystal with one of its close-packed
directions parallel to the x-axis. To assist in triggering
the onset of crystal plasticity, an artificial defect, in the
form of a self-interstitial, is introduced in the model (circa
x=130A and y = 45 A) and allowed to equilibrate with
its surrounding atoms before the loading steps commence.
This technique enables elastic—plastic transition and the
underlying atomistic processes to be simulated with the
simple pair-potential adopted here [16,17]. The Morse
interatomic potential is used with the parameters
determined by fitting to experimental data of the
equilibrium lattice parameter, cohesive energy and bulk
modulus of copper featuring near-neighbor interactions
[18,19]. The molecular statics simulation of shear loading
is carried out by prescribing a small displacement in the
x-direction on the top boundary atoms at each step while
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(a) Atomic configuration of the model crystal containing one initial self-interstitial before loading. (b) Simulated overall shear load-

displacement curve. (c)—(e) Snapshots of atomic positions corresponding to points c—e, respectively, along the load-displacement curve shown in (b).

fixing the positions of the bottom boundary atoms. The
y-positions of the top boundary atoms are kept unchanged.
(This process is termed “simple shear’” as opposed to “pure
shear”). The movement of the side boundary atoms
is not restricted. In response to each loading step the

atomic points

prescribed.

are allowed
their new equilibrium positions. The overall shear force
is calculated by summing the x-component forces
along the top boundary atoms where the displacement is

to iteratively reach
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Figure 1(b) shows the overall load-displacement curve
resulting from the simulation. Since our focus is on
correlating the dislocation behavior with the overall
response, the curve in figure 1(b) is shown only up to a
nominal shear strain of about 6%. It can be seen that the
elastic response is interrupted by a sudden large-scale
reduction in load. Figure 1(c)—(e) show the snapshots of
atomic positions corresponding to the points c—e,
respectively, labeled along the load-displacement history
in figure 1(b). The distorted crystal shape can be clearly
seen. In figure 1(c), the dislocation dipole evolving from
the interstitial is already discernable, and is highlighted
with some line segments in an elementary manner.
Depending on the view angle, each dislocation can be
conveniently identified with two different “extra half
planes” as indicated. However, a simple Burgers circuit
operation will confirm that it is an edge dislocation with an
effective extra half plane oriented vertically, with the
Burgers vector parallel to the x-direction. The slip plane is
indicated by the dashed horizontal line. In response to the
applied shear, the left dislocation (negative edge) will
glide to the left and the right dislocation (positive edge)
will glide to the right. In all subsequent figures, we only
highlight each dislocation with one set of slant extra half
plane for the purpose of clarity.

In figure 1(d), which is during the reduction in load
(figure 1(b)), it is seen that the right dislocation has moved
out of the right-hand boundary and created a slip step,
while the left dislocation is now close to the left-hand
boundary. In figure 1(e), which corresponds to the bottom
point of the load reduction (figure 1(b)), the left
dislocation has also moved out and created a slip step.
There is a permanent shape change of the crystal, which
signifies plastic yielding, and the crystal now contains no
defect. Therefore, an elastic response takes over beyond
point e in figure 1(b). The sharp load reduction in the load-
displacement curve is associated with the extensive
movement of dislocations and the creation of slip steps at
the free surface.

Since our primary objective is to examine the
interaction of dislocations, a second initial self-interstitial
is placed in the model in all the simulations presented
below. One dislocation resulting from each initial defect
will tend to glide towards the center of the crystal and
encounter the other incoming one. The two interstitials
have the original x-positions near x =35 and 130 A.
However, several cases of different y-positions are
considered, giving rise to the approaching dislocations
gliding along different slip planes, as detailed in the
following section.

3. Results and discussion

We consider four scenarios, differed by the relative
y-positions of the two dislocations approaching
one another, as shown schematically in the insets of
figures 2(a)—5(a). The other two dislocations, moving

directly towards the right-hand and left-hand free surfaces
of the crystal, are not included in the insets. In case 1
(figure 2(a)), the two dislocations are gliding on slip
planes two atomic distances apart, with the positive edge
dislocation (initially at left) being in a lower position.
In case 2 (figure 3(a)), the positive and negative edge
dislocations are at exactly the same slip planes. In case 3
(figure 4(a)), the slip planes of the positive and negative
edge dislocations are separated by one atomic layer. In
case 4 (figure 5(a)), the slip plane of the positive edge
dislocation is several atomic distances higher than that of
the negative edge dislocation. The overall load-displace-
ment curves for these four cases are also shown in figures
2(a)—5(a). Several points (b,c,d, etc.) are labeled along the
curves, with the atomic snapshots shown in the respective
parts of the figures.

In figure 2(a), the load-displacement curve shows two
large-scale reductions in load. At point b (figure 2(b))
where the crystal is still undergoing initial elastic
deformation, two pairs of dislocations are being formed
from the initial defect sites. The first load reduction is
associated with the dislocations moving over a large
distance, figure 2(c), and with two of them later moving
out of the crystal to create slip steps, figure 2(d). In figure
2(c), the two inner dislocations are very close to each
other. Although they have their own strain fields, the
modeling setup is such that the imposed shear deformation
dominates the process and continues to drive the
dislocations in their respective directions so, in figure
2(d), they have just glided past one another. Beyond point
d, a brief elastic response ensues, with the two dislocations
being relatively stagnant (i.e. in near quasi-static
equilibrium under the current configuration and loading).
The second large-scale reduction in load appears when the
dislocations are able to move over a large distance, figure
2(e), and eventually out of the crystal to create further slip
steps, figure 2(f). Beyond the bottom point of the second
load reduction, there is no defect left in the crystal so the
material becomes elastic again.

It is observed by comparing the cases of figures 1 and 2
that, one initial point defect in the crystal results in two
dislocations and eventual two slip steps with one
significant load reduction in the overall material response.
When there are two initial point defects, a total of four
dislocations are created, leading to eventual four slip steps
with two significant load reductions in the load-
displacement curves.

Figure 3 shows the case where the two inner
dislocations glide on the same plane. Figure 3(b) and (c)
shows the atomic snapshots during the sudden load
reduction observed in figure 3(a). In figure 3(b), all four
dislocations (evolved from the two initial defects) are still
gliding inside the crystal. In figure 3(c), the leftmost
dislocation has moved out and created a slip step and the
rightmost one is now very close to the free surface.
The two inner dislocations seen in figure 3(b), however,
have now combined and become annihilated and can no
longer be seen in figure 3(c). Therefore, aside from
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Figure 2. (a) Simulated overall load-displacement curve for case 1, with the schematic of interacting dislocations shown in the inset. (b)—(f) Snapshots
of atomic positions corresponding to points b—f, respectively, along the load-displacement curve in (a).

the outgoing dislocation, there is no other defect left in the
crystal at this stage. When the load reaches minimum at
the end of the reduction (point d in figure 3(a)), the crystal
is free of dislocations and there is one slip step on each
free surface. A comparison of the cases of figures 2 and 3
reveals that the annihilation of two dislocations results in
two fewer slip steps created at the free surfaces and one
fewer sudden reduction in load of the overall material
response. In other words, fewer mobile dislocations in the
crystal will give rise to a stronger material (or a smaller
extent of plastic deformation). It is noted that the
overall load-displacement curve in figure 3(a) appears to
be identical to that in figure 1(b) although the two cases
have different defect configurations. This is apparently
due to the model setup which results in the annihilation of
dislocations.

Figure 4 considers a case slightly different from that of
figure 3, with the slip planes of interest being separated by
one layer of atoms. Here we present three snapshots of
atomic positions, namely points b—d along the load-
displacement curve shown in figure 4(a). At point b

(figure 4(b)), which is at the beginning stage of the load
reduction, the two pairs of dislocations have evolved and
are gliding along their slip planes. In figure 4(c), which is
during the load reduction, the two outgoing dislocations
are near the free surfaces, and the inner two have already
combined. Due to the fact that there is a layer of atoms
between the slip planes of the two interacting dislocations,
it is impossible to have a complete annihilation but a
vacancy is left at the spot where the two dislocations
encountered. At the end of the load reduction, figure 4(d),
two slip steps have been formed and the vacancy remains
in the crystal. Further deformation results in essentially an
elastic response, as seen in figure 4(a).

It is worth mentioning that the vacancy left in figure
4(d) will eventually disappear (“closed” by the adjacent
atoms) with further shear deformation, although this is
beyond the scope of the present paper and is not shown
here. In a previous atomistic study of uniaxial tensile
loading, however, a vacancy tends to nucleate more
dislocations and later evolves into a growing void, leading
to ductile failure [16].
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5 is for the case where the two interacting

dislocations glide on planes farther apart, with the positive
edge dislocation being at a higher position. At point b
(figure 5(b)), the two pairs of dislocations have formed and
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started to move. The dislocations have slipped in response
to the applied shear as evidenced in figure 5(c). At the end
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Figure 5. (a) Simulated overall load-displacement curve for case 4, with the schematic of interacting dislocations shown in the inset. (b)—(f) Snapshots
of atomic positions corresponding to points b—f, respectively, along the load-displacement curve in (a).

the inner two remain. There appears to be a possibility to
form multiple vacancies since the local structure is
somewhat “opened”. However, the distance between the
two dislocations still dictates that the atoms in between are
largely bonded. From points d to e in the load-
displacement curve in figure 5(a), the dislocations become
separated due to the dominance of applied shear
deformation, as observed in figure 5(e). Figure 5(f)
shows that these two dislocations have moved out of the
crystal to create a pair of slip steps. As a consequence, a
second load reduction from points e to f appears in figure
5(a). Beyond point f the crystal is free of defects and an
elastic response resumes.

In the last case (figure 5), since all four dislocations
remained in the crystal before slipping out, there were
eventually four slip steps created and there were two large
load reductions in the load-displacement curve, which is
qualitatively similar to the case considered in figure 2.
Overall, the material is weaker upon plastic yielding

(i.e. the overall load becomes small after the two load
reductions).

Although the focus of this study is on the
2D illustrations of dislocation activities and their
correlation with the overall material response, the results
also provide some insight into strengthening and small-
scale plasticity phenomena of single crystals, which are
currently of widespread interest. For instance, experiments
have shown unusually high flow stresses of specially
prepared small crystals [20,21], which was attributed to
“dislocation starvation” after available dislocations have
moved out of the crystal. In the present work, we have
shown the material strength started to increase once the
dislocations have moved out of the crystal. In addition,
fewer mobile dislocations throughout the deformation
history (figures 1, 3 and 4) would lead to generally
stronger response than the cases of more mobile
dislocations existent in the crystal (figures 2 and 5).
Therefore, the simulations have offered a mechanistic
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rationale, albeit qualitatively, for the experimental
observations.

4. Conclusions

We have employed molecular statics simulations to
examine the interaction between dislocations in a model
2D crystal having a close-packed crystal structure, under
the simple shear loading. The correlation between the
atomistic mechanisms and the overall material response
was also explored. It is shown that dislocation annihilation
can be unambiguously modeled. The simulation also
illustrated the possibility of dislocation encounter which
leaves behind a point defect (vacancy). When the slip
planes of two approaching dislocations are several atomic
planes apart, they tend to glide past one another in
response to the imposed shear deformation at the crystal
boundary. Macroscopic load-displacement curves are
obtained from the simulations in a straightforward
manner, which shows correspondence with the nano-
scale dislocation activities. Under the displacement
controlled deformation, a sudden reduction in overall
load is associated with the mobile dislocations moving
over a significant distance and then out of the crystal to
create slip steps at the free surface. During the
deformation history, more dislocations capable of gliding
in the crystal will lead to a generally weaker mechanical
response and more pronounced plasticity. The simulations
also provide a mechanistic rationale for the “dislocation
starvation” mechanism used for explaining small-scale
plasticity phenomena observed in recent experiments.
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