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Abstract: Molecular statics was employed to simulate interaction between screw dislocation and twin boundaries (TB) in hexagonal
close-packed zirconium. In the moving TB model, the interaction of a moving {1012} TB with a static 1/3(1120){1010} screw
dislocation was investigated. Twinning dislocation (TD) nucleation and movement play an important role in the interaction. The
screw dislocation passes through the moving TB and changes to a basal one with a wide core. In the moving dislocation model, a
moving 1/3(1120%{1010} dislocation passes through the TB, converting into a basal one containing two partial dislocations and an
extremely short stacking fault. If the TB changes to the {1011} one, the moving1/3(1120%{1010} prismatic screw dislocation can
be absorbed by the static TB and dissociated into two TDs on the TB. Along with the stress—strain relationship, results reveal the
complicated mechanisms of interactions between the dislocation and TBs.

Key words: twin boundary; twinning dislocation; slip transfer reaction; athermal process

1 Introduction

Interaction between dislocation and grain boundary
(GB) has the most significant influence on the
mechanical properties of polycrystalline metals [1]. In
face-centered cubic (fcc) metals, such as copper,
GB-dislocation reaction leads to the increasing yield
strength with the decreasing average gain size due to
dislocation pile-up at the interface [2,3], namely the
Hall-Petch relation [4,5], or grain-boundary streng-
thening. When grain size downgrades below 100 nm,
nanocrystalline brings out a bright future on its
application with excellent mechanical properties [6,7],
especially due to the effect of GB—dislocation interaction
at the nanoscale. Generally speaking, twin boundary
(TB) is a special interface which usually introduces slip
transfer [8] or interface defect [9] rather than the
conspicuous dislocation pile-up mechanism. Comparing
with other general non-coherent interfaces, TB is
geometrically favorable for the slip transfer [10—13].

Therefore, the mechanism of TB—dislocation
interaction is thought to be somewhat different from that
of general GB-—dislocation interaction. Whether the
dislocation is transited, absorbed, or even desorbed by

the interface, TB—dislocation interaction is strongly
related to bulk plasticity and plays an important role in
the kinetic process of mechanical properties of materials.

In hexagonal close-packed (hcp) metals, twinning is
the dominant deformation mechanism due to the limited
number of slip systems compared with fcc or body-
centered cubic (bcc) metals. TB—dislocation interactions
in hep structure are now receiving more and more
attention [14]. There are experiment and simulation
works on dislocation—interface interactions in titanium,
magnesium and other hcp metals [15—24] by electron
microscopy, dislocation dynamics (DD), and molecular
dynamics (MD). For example, KASCHNER et al [15]
explored dislocation—twin interactions in zirconium.
Their transmission electron microscopy (TEM) result
revealed that twins play a dominant role in determining
the hardening. In 2014, in-situ straining TEM and
diffraction-contrast electron tomography have been
applied to investigating dislocation—GB and dislocation—
TB interactions in a-Ti. It was found that, the transfer of
dislocations across GBs is governed primarily by the
minimization of the magnitude of the Burgers vector of
the residual grain boundary dislocation [16]. By MD
simulation, SERRA et al [18,19] revealed the interaction
mechanisms of matrix screw dislocations with TBs in
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o-Ti and magnesium. They revealed that the screw
dislocation crosses the {1012} TB by cross-slip, but the
{1011} TB usually absorbs the screw by a process of
decomposition into two twinning dislocations (TDs).
Then, SERRA and BACON [20] claimed that the screw
dislocation does not decompose in a moving {1012}
TB, while the 60°-mixed dislocation is attracted by the
boundary and decomposes into TDs. YUASA et al [21]
published their MD work in magnesium which reported
that the screw partials are absorbed readily in the
{1011} TB. Moreover, ZHANG et al [22] reported their
TEM work in titanium [22], which showed that the
dissociation of non-screw dislocation into different Frank
partial dislocations on the {1012} interfacial plane is
more favorable than the transmission to the other side of
the interface. The formation of the Frank partials at the
TB can produce a small change in the TB misorientation
angle. Very recently, the interactions between basal
dislocation and TB were used to explain the profuse
existence of {1012} twins in magnesium [23]. Both
{1012} and {1011} TBs interacting with screw partial
dislocations in pure Mg and Mg-Y alloy were
investigated [24]. Results showed that {012} TB is
easy to be passed through by the screw partial, while
{1011} brings more complex behaviors.

Based on the analysis above, it is found that the
mechanisms of GB/TB—dislocation interactions are
complicated and need further clarification on various
interface-slip systems. In our work, atomistic simulations
are applied to giving detailed description on interactions
of two commonly reported TBs in hcp metals [22]
separately with a screw dislocation. We focus on
different mechanical properties as well as atomic
configuration change in these interactions.

2 Simulation methods
Two modeling systems for TB—dislocation

interactions are established in Fig. 1. The first one in
Fig. 1(a) is a TB moving toward the screw dislocation

under a shear strain imposed parallel to the twin interface.

In Fig. 1(b), the TB is kept still, while the screw
dislocation moves toward the static TB by applying the
shear strain parallel to Burgers vectors of the dislocation.
Atoms at the intersection places where the boundary
meets the free surface are fixed during energy
minimization to keep the interface structure integrity. For
the moving TB model in Fig. 1(a), a moving {1012}
TB is selected to interact with a static 1/3(1120){1010}
prismatic screw dislocation. While for the moving
dislocation model in Fig. 1(b), the moving
1/3(1120){1010} prismatic screw dislocation is selected
to interact with {I012} and {l011} TBs, separately.
The periodic boundary condition (PBC) is applied along

the dislocation line direction, and the twin plane is
parallel to dislocation lines of screw dislocations. Shear
strain is discretely introduced into system by incremental
displacements of the moving rigid body (shown in
yellow). After each incremental displacement, system
was relaxed by minimizing potential energy using the
interatomic potential for Zr provided by MENDELEV
and ACKLAND [25]. Since equivalence may hold
between molecular statics (MS) and molecular dynamics
for strain rates less than 10° s at low temperatures [26],
our simulation results obtained from this discrete-strain
based methodology could be considered as dynamic
simulation without thermal activation processes.

Strain increment
(a) Moving rigid body

Twin

Twin boundary

H Boundary migration
direction

|

dl
I
I
S Screw dislocation

—
atrix ¥
Fixed rigid body 2
X Z
(b) Strain increment
\ Moving rigid body

Dislocation glide direction

Twin boundary —_S§ Screw
_ -~ dislocation
; 2 d .
Twin Matrix |y

\ Fixed rigid body ;
X zZ

Fig. 1 Schematics of moving TB model (a) and moving

dislocation model (b)

The {1012} and {1011} TBs are constructed
according to Refs. [15,16,18,27]. To construct a GB,
atoms in the matrix and the twin region are initially
created with symmetric lattice orientation, and then,
those atoms in the contact region of two grains within a
specified cutoff distance were deleted. A following
rigid-body translation in all three Cartesian directions
was applied to seeking the stable structure. The whole
system was relaxed to ground state by MS method to get
the lowest grain boundary energy. The calculated twin
boundary energy using current atomic potential is
330 mJ/m* for {1012} type and 215 mJ/m? for {1011}
type separately (comparing with 262 mJ/m’> and
225 mJ/m’ in Ref. [28] using a different potential). The
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models we used for each simulation are slightly different
in size. Roughly speaking, the models are around
75 nm x 100 nm X 2.5 nm in three dimensions, and the
shortest one is in the PBC direction.

3 Results

3.1 Interaction between moving {1012} TB and

static 1/3 (1120){1010} prismatic screw dislocation

The model with a moving {I012} TB and a static
1/3(1120){1010} prismatic ~ screw  dislocation s
established in Fig. 1(a). As shown in Fig. 2, when the
applied strain is below 2.5%, the stress increases linearly
with the strain, and the whole system is under an elastic
response. When the strain is beyond 2.5%, the TB begins
to move, indicated by the fluctuation of the plastic flow
stress. The free move of TB is accomplished by the
nucleation, gliding and escape of TD dipole in this
modeling system. Under the applied shear strain, TD
dipoles nucleate spontaneously on the TB, and then the
two TDs in each dipole glide in the opposite directions to

the free surfaces and escape from them. When the TB
moves close to the dislocation (B), the intersection point
of the prismatic plane and the interface becomes the
nucleation site of TDs. After two new TDs (one dipole)
formed at this site and glided separately in opposite
directions (C), the twin interface and the dislocation are
attached together. The TB is pinned here along with a
linear increase of the shear stress of about 0.04 GPa, then
it touches dislocation core. The stress increase in this
process shows that the screw dislocation plays as an
obstacle to the TB migration.

Subsequently, there are three individual TDs
involved in the further interaction process. From (C) to
(D), the strain keeps growing of approximately 0.3%
without any change of atomic configuration, until the
first TD dipole nucleates near the dislocation core and
then one TD moves towards the screw dislocation and
interacts with it (D). It is observed that the interaction
between the TD and the dislocation totally changed the
geometric character of dislocation (E), converting the
original prismatic screw dislocation to a basal one on the
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Fig. 2 Stress—strain curve and corresponding atomic configurations of moving {1012} TB interacting with static 1/3(1120){1010}

prismatic screw dislocation (4—J)
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other side of the twin interface. Soon afterwards in F, the
second TD nucleates at the site where the basal screw
dislocation located, and moves to the right shortly. After
the minor stress decreases due to the nucleation and
movement of these two TDs, system maintained the
configuration in F for 0.3% strain increasing,
accompanied by an increase of stress from 0.04 GPa to
its peak of 0.57 GPa. In G, the third TD nucleates and
moves to the left side of the TB, and the dislocation
converts to its final configuration, which is still a basal
defect on the TB (H) with a screw component of
1/3(1120) , same as the static dislocation before the
interaction. According to Ref. [29], the TD on {1012}
TB only has a Burgers vector of A(1011), where A is
0.0883 using the current potential, but does not affect the
Burgers vector balancing. This is because all the three
involved TDs remain their Burgers vectors, and the
Burgers circuit check around the defect straightly proves
that there is no edge component in the product. The basal
screw dislocation does not show mobility under current
shear stress along the {1011} direction. At the strain of
about 6%, the line defect is finally detached from the
moving TB (J), accompanied by TDs movement (/).

In the whole process of the {012} TB moving
towards the static screw dislocation and then passing it,
TDs nucleation and movement play an important role in
this TB—dislocation interaction. After the free moving,
TB meets the static dislocation. New TD dipoles nucleate

0.50
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steadily at the site where the screw dislocation locates.
Subsequently, three individual TDs interact with the
original prismatic screw dislocation directly, and convert
it to a basal screw dislocation with an extended core.

3.2 Interaction between static {1012} TB and
moving 1/3 (1120){1010} prismatic  screw
dislocation
In this simulation, the {l012} TB is kept static,

while the 1/3(1120){1010} prismatic screw dislocation

moves towards it, as shown in Fig. 1(b). The result is
significantly different from that of the moving TB model
in section 3.1. It can be seen in Fig. 3(4—D) that the
screw dislocation goes through the TB under the shear
strain load, converting its slip plane from prismatic to
basal. This result is exactly the same as the prismatic-
slip—basal-slip (PS-BS) transmission process in metal Ti

that SERRA and BACON have described [18].

There are two details which should be mentioned.

The first detail is indicated that the original prismatic

dislocation temporarily switches to a new prismatic plane

after it goes through the TB (C). With the increase of the
strain, however, this new prismatic dislocation will
finally convert to a basal dislocation (D). This temporary
prismatic dislocation configuration is a transition state
from the original prismatic to the basal dislocation. We
suppose that this transition state is caused by the
complicated local stress environment at the intersection
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site where the dislocation meets the TB, since the rigid
body which applies the shear strain into the system is
mainly in the matrix region as shown in Fig. 1(b).
Furthermore, as indicated in Fig. 4, although the
dislocation meets the TB at the wide space (solid line) as
it is reported in Ref. [15], the outgoing slip system in this
work merges into narrow glide plane (dash line). The
basal dislocation as the product in this work does not
follow exactly the rules concluded for Ti and Mg [15].

Fig. 4 Comparison of dislocation trajectory

The second detail is the dissociation mechanism of
the basal-core dislocation (£ and F). In E, we observed
that there is a basal stacking fault (SF) between the
leading and trailing partial dislocations. From the
geometrical analysis, both the leading partial and the
trailing partial have screw and edge components. For the
leading partial, it is not easy to distinguish the existence
of screw components. But if we carefully compare the
displacement in (1120) direction between atoms 4 and
B in F, it is still clear that the leading partial indeed
separates two atoms away in (1120) direction. The
dissociation is described by

1/3¢1120) — 1/3(1010)T +1/3¢01 10)" (1)

where superscript “T” means that the vector is in the
twin grain. The length of the basal SF is so short that it
merely extends only one lattice constant. Due to the
relatively high basal SF energy of 12.4 meV/A® for this
potential, the energy provided by the external loading is
just enough for the dislocation dissociation on the basal
plane, incapable of supporting a long SF. From the linear
increase of stress between strains 0.2% and 0.8% in
Fig. 3, we can tell that driving a prismatic screw
dislocation through {1012} TB needs a lot of energy.
Thus, the dislocation is stuck at the interface during the
linear increase of stress. Before the contact, the gliding
of screw dislocation reflects itself on the periodical
oscillation of strain—stress curve, which is magnified in
Fig. 3 where configurations 4 and B are also denoted.
Because the stress in Fig. 3 is taken from the mean value
of the whole system while not from dislocation gliding
plane, it continuously goes up as the total elastic strain
increases, especially considering the TB and twinning
itself as strong inhibition to elastic strain. Therefore, one

does not see Peierls stress in Fig. 3. But the calculated
stress is still reasonably at the same order of the Peierls
tress [30]. Moreover, after the dissociated dislocation on
basal plane slipped out the model (after configurations C
and D), the stress increases linearly again when strain is
larger than 0.9% (to 0.47 GPa in this figure).

3.3 Interaction between static {1011} TB and
moving  1/3(1120){1010} prismatic  screw
dislocation

We changed TB from {1012} to {1011} to see
what is different when it interacts with the same screw
dislocation as mentioned in section 3.2. Unlike the result
of {1012} TB, the moving prismatic screw dislocation
cannot pass the {1011} TB. Instead, it is absorbed and
subsequently dissociated into TDs (b, 2hy) on the
{1011} TB (C and D). This result is consistent with
previous researches on other hcp metals [15]. The two
TDs nucleated at the interface have the same screw
component of Burgers vector of 1/6 (1120) (E in Fig. 5)
which is visualized by atom displacements along the
dislocation line. But these two TDs also have opposite
edge components, which is equal to l/2p(10”)<TOl§),
where p"%"V is a function of c¢/a as WANG et al
stated [27]. With the increasing loading, one of them
becomes sessile (D). The initial spacing between these
two TDs is approximately 9A, reflecting that the strain
energy introduced by the screw dislocation is
transformed into the interaction scaled by the
corresponding force between these two TDs. Similar to
simulations of {1011} TB in magnesium and
titanium [ 15, 27], we did not observe (b, 44y) TD either.

Figure 5(a) shows the stress—strain curve of this
interaction. Note that the curve does not start from zero
stress because the initial defects (screw dislocation) are
introduced in the modeling system. This stress—strain
curve implies that the interaction between the screw
dislocation and the {1011} TB does not need such high
stress as the screw dislocation interacts with the {1012}
TB. Actually, the screw dislocation will be absorbed
spontaneously within a distance of about 6 A as proved
in Ref. [18], which means that this pure displacive
mechanism has little energy barrier to overcome. To
determine the barrier of this pure displacive mechanism,
we employed nudged elastic band (NEB) [31,32] method
to extract two frames from discrete strain load as the
initial and final state of the interaction. For a better
description of this “stress-driven” process [17,33—35],
the final state was unloaded to the same stress
environment as the initial state has. The result shown in
Fig 5(b) indicates that the barrier is less than 0.05 eV
under stress of 0.038 GPa, which is at the same level of
system thermal energy of approximately 0.025 eV at
300 K.
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Fig. 5 Stress—strain curve (a), nudged elastic band (NEB) results (b), and corresponding atomic configurations of {1011} TB
interacting with moving 1/3(1120){1010} prismatic screw dislocation (4—E)

4 Comparison and discussion

As an important part of polycrystalline bulk
material plasticity, interactions between dislocations and
TBs have been studied. The interaction mechanism we
found here when a moving {1012} TB interacts with a
static screw dislocation is quite interesting, because it
reveals the contribution of TDs. Free movement of TB is
accomplished by the nucleation and movement of TDs,
and total three TDs are involved in the interaction
processes. When TB is static and the screw dislocation is
moving, the PS—BS transmission is found after the screw
passes the TB, which is quite different from the case of a
moving TB. From Figs. 6(a, b) we could see the
difference between two 1/3 (1120) basal
dislocations, separately produced in these two cases. In
the moving dislocation case, basal screw dislocation
splits into two Shockley partials which are both on the
same (0001) plane, as they usually do. In the moving TB
case, the two partials of the basal screw dislocation do

SCrew

not lie on the same (0001) plane. They have opposite
pyramidal components on {1011} plane as shown in
Fig. 6.

Figure 7 shows the comparison of stress—strain
curves of the moving TB and moving dislocation models
for the interactions between the {IOTZ} TB and the
1/3(1120){1010} prismatic screw dislocation. It can be
seen that due to the high mobility of prismatic screw
dislocation, the stress threshold of dislocation passing
through {1012} TB is below 0.4 GPa. Much of the
stress needed in the moving-dislocation case is required
by the PS—BS transmission when the screw dislocation is
stuck at the interface, indicated by the range 4 in Fig. 7.
While for the moving-TB case, the energy accumulation
from contacting to detaching is apparently much smaller
(<0.1 GPa, indicated by range B in yellow). The linear
increase of the stress to around 0.54 GPa (blue curve) is
for TD dipole nucleation on a defect-free TB. In practice,
{1012} TB would not be defect-free, it always has TDs
at the interface or TD nucleation site such as triple
junctions. So, the motion of TB could be achieved at
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lower stress than the blue curve as shown in Fig. 7. For
{1011} TB interacting with the same screw dislocation
described in sections 3.3, we could clearly see the pure
displacive mechanism when the screw dislocation is
absorbed spontaneously by the TB. Particularly, NEB
calculation illustrates that the attraction of the TB for the
screw dislocation is lying on the extremely small energy
barrier of the absorption mechanism.

5 Conclusions

1) For the interaction of a moving {1012} TB with
a static 1/3(1 150){10T0} prismatic screw dislocation,
the screw dislocation can be finally detached from the
moving TB and changed to a basal screw dislocation by
successively nucleated TDs. The Burgers vector of the
product is the same as the prismatic one. TDs nucleation
and movement play an important role in the TBs
migration and interaction of TB and dislocation.

2) For the interaction of a static {1012} TB with a
moving  1/3(1120Y{1010}  screw dislocation, the
situation is different. The prismatic screw dislocation

converts into a basal one which dissociates into two
partial dislocations and an extremely short SF between
them. The different results obtained from the moving TB
model and the moving dislocation model imply the
contribution of the mobile TDs on the interaction
mechanism of TB and dislocation.

3) If we change the TB from {1012} to {1011}
in the moving dislocation model, the interaction
mechanisms are totally different. The moving
1/3(1120){10 10} prismatic screw dislocation is absorbed
by the static {1011} TB and then dissociated into two
TDs left on the TB. The stress—strain curve implies that
the interaction between the screw dislocation and the
{1011} TB does not need such high stress as the screw
dislocation interacts with the {1012} one. The
minimum energy pathway revealed by NEB method
demonstrates the attraction between the screw
dislocation and the {1011} TB.
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