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ARTICLE INFO ABSTRACT

Keywords: During interaction between a Mg;,Al;, precipitate and a migrating {1 0 1 2} twin boundary, a deflection on the
Twin-precipitate interaction precipitate has been reported and interpreted as a result of twinning shear. However, in the experimental re-
Magnesium ports, important features of twin boundaries that deviate from classical twinning behavior have been neglected.

Atomistic simulation To better understand how such deflection is produced, in this work we performed atomistic simulations on

interaction between precipitates and a moving twin boundary. Detailed analyses of lattice transformation during
twinning, the evolution of the precipitate-matrix interfacial structure and the evolution of displacement of se-
lected atoms of the precipitate were conducted. The results show that although the magnitude of twinning shear
equals zero, deflection can still occur when the twin boundary is passing the precipitate. Such deflection is
inversed during interaction as a result of relaxation to the precipitate caused by basal-prismatic transformation
which generates a tensile strain along the c-axis of the parent. When the precipitate is partially engulfed by the
twin, the portion in the parent and the portion in the twin experience different strain state, giving rise to the

deflection which has nothing to do with the theoretical twinning shear.

1. Introduction

Magnesium (Mg) is the lightest structural metal which has a high
specific strength due to its low density. Mg and its alloys have huge
potential for engineering applications, for example, automotive in-
dustry to reduce the energy consumption [1-4]. Mg-Al-Zn alloys are the
most common commercial materials, in particular, Mg-3Al-1Zn (AZ31)
alloys have frequently been used as model alloys for fundamental re-
search [5,6]. To increase the strength of these alloys, precipitation
hardening is a main approach. Precipitates of metallic compounds
produced through aging from solid solutions impede the movement of
dislocations in the crystals [4,7-9]. Mg has a hexagonal close-packed
(HCP) structure in which basal slip and {1012}{(1011) extension
twinning are the two easy deformation modes in Mg [6,10-14].
Therefore, precipitates strengthening for Mg should consider the in-
teractions of precipitates with both dislocations and migrating twin
boundaries. However, precipitate hardening of Mg alloys is far less ef-
fective than that of Al alloys which has face center cubic (FCC) struc-
ture. This has been attributed to two possible reasons: (1) the disloca-
tions do not effectively shear the precipitates because of the spacing is
not small enough between the precipitates, thus, the strengthening ef-
fect is limited [15]; (2) The morphology of both discontinuous and

continuous precipitates in Mg-Al-Zn Mg alloys are plate-like Mg;,Al;»
B-phase, and the primary orientation relationship with the matrix is the
Burgers orientation relationship (OR), which is
(000 1)pgl(011)p, [2T T 0]pgll[111]p [7,16-19]. The precipitate plates
are parallel to the basal plane of the matrix, and thus less effective to
block the basal slip which is the easiest deformation mode in Mg alloys
[20].

Interactions between precipitates and dislocation slip have been
studied through both computational simulations and experiments. Liao
et al. [21,22] studied the interactions of Mg;,Al;> B-phase with basal
and prismatic slip in Mg using molecular dynamic (MD) simulations.
They found that when a basal dislocation impinges on a precipitate, it
can pass the precipitates without generating a dislocation loop or cut-
ting into the precipitate. In contrast, a prismatic dislocation can shear
through the particles. By using the Orowan looping mechanism, Robson
et al. [8,9,23] calculated the hardening effect from precipitation [20].
They showed that the shape and habit plane of the precipitate have an
effect on the mechanical asymmetry in Mg alloys. Rod-like precipitates
along the c-axis are more effective impeding dislocation slip by in-
creasing the critical resolved shear stress (CRSS) of dislocation slip,
than plate-like plates that are parallel to the basal plane.

In addition to precipitate/dislocation interaction, interaction
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between precipitates and TBs may play another important yet less un-
derstood role in the hardening behavior of Mg alloys and other HCP
metals. In classical twinning theory, TB migration is generally mediated
by twinning dislocations on the twinning plane [11,12]. The twinning
dislocations generate the required simple shear which is homo-
geneously distributed over consecutive twinning planes, resulting in a
shape change. It can be expected that precipitates will interact with
migrating TBs [8,24,25]. Gharghouri et al. [25] performed transmission
electron microscopy (TEM) observations on interaction between a
{1012}(1011) twin and Mg,,Al,, precipitates. They found that the
Mg,7Al; 5 particles can be totally engulfed by the twin without being
sheared. Experiments also observed that large precipitate can entirely
arrest twin growth [25], and a precipitate can be sheared inside a twin
[26,27]. Recently, Liu et al. [28] studied twin-precipitate interaction
using in-situ TEM on micro-pillars. They observed that the dispersed
particles (rods or basal plates) are ineffective in suppressing TB mi-
gration. Wang et al. [29] also observed similar behavior that pre-
cipitates in a Mg-5Zn alloy cannot suppress twinning during micropillar
compression. Li et al. [30] simulated interaction between a {101 2}
twin and a Mg;,Al;, precipitate using atomistic simulations, and
showed that the particle was not sheared as the TB passed through, and
twin growth was not mediated by twinning dislocations. Recently, Li
and Zhang showed that the magnitude of {1 0 1 2} twinning shear cannot
be any finite value but zero by using lattice correspondence analysis
[31], which is able to account for the anomalous properties of this
particular twinning mode.

Fig. 1 shows an example of twin-precipitate interaction reported by
Geng et al. [32]. The TB is passing the precipitate and a deflection of
the precipitate can be observed. This deflection was interpreted as a
result of twinning shear. In this figure, the parent basal plane was in-
dicated by the white dashed line. Although the misorientation angle is
~86°, if we add the trace of the {101 2} twinning plane (the yellow
line) to this micrograph, immediately, two important features can be
observed. First, the TB is incoherent and departs from the twinning
plane. Second, although the TEM micrograph was taken right on the
zone axis, the TB appears to be a rather wide band of extinction of
contrast which clearly indicates the TB is not edge-on as it should be.
This implies that the TB is not sharing the same zone axis with the
twinning plane, which should not happen in classical twinning theory.
Thus, a homogeneous simple shear, which is required in classical
twinning, cannot occur on the twinning plane or on the TB. Then a
question arises: what causes the deflection of the precipitate?

To answer this question, in this study, we closely examine how a
plate-like Mg,,Al;» precipitate interacts with a moving {1012}(101 1)
TB on the atomic scale when a tensile load is applied along the c-axis of
the parent crystal. Lattice correspondence analysis is used to analyze
the lattice transformation such that the interaction mechanism can be
better resolved and understood. The results provide new insight on the

Twin boundary

Fig. 1. The observed deflection of a precipitate when a twin boundary (TB) is
passing (with permission of Elsevier) [32]. Notably the TB departs from the
twinning plane (the solid yellow line) and not edge-on although the mis-
orientation angle was ~86° and the TEM image was taken right on the zone
axis. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 2. The relaxed configuration of the atomistic simulations. Two plate-like
Mg,Al;» precipitates (Mg in white; Al in blue) were embedded inside the Mg
parent (in red). A {1012} twin shown in yellow. In the parent, a prismatic
plane (in pink) and two basal planes (in purple) were pre-selected for structural
analysis. Three layers of Mg atoms of the parent at the Mg/Mg,,Al;, interface
were colored in green. The color patterns were retained throughout the simu-
lations such that structural evolution can be better analyzed. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

deformation behavior of Mg-Al-Zn alloys.

2. Simulation method

The atomistic simulation was performed by using XMD molecular
dynamics simulation package. Embedded atom method (EAM) [33]
interatomic potentials developed by Liu et al. [34,35] was used for the
simulations. The visualization tool Ovito [36] was used for analyzing
the simulation data.

The initial simulation system was constructed as shown in Fig. 2.
The dimension of the system is 25 X 32 X 35nm which comprises a
total number of 1,237,500 atoms. A pre-existing TB was constructed.
The atoms of the {1 0 1 2} twin are colored in yellow, and those atoms of
the parent are colored in red. The TB is a basal/prismatic interface that
has been observed extensively in TEM and simulations [31,37]. In low
magnification TEM observations [32], TBs tend to be close to the
twinning plane due to their lower TB energies. But in high resolution
TEM (HRTEM) observations [31], TBs are still composed of nanoscale
basal/prismatic interfaces. Two plate-like B-phase precipitates were
placed in the Mg matrix. Each precipitate has a thickness ~ 2.0 nm with
an aspect ratio ~ 10. The plate plane of the precipitates is parallel to the
basal plane of the parent. The left precipitate is located about 8 nm
away from the TB. The distance between the bottom surface of the left
precipitate and that of the matrix is about 8 nm. For the right pre-
cipitate, it resides about 20 nm away from the TB, and the distance
between the bottom surface of the right precipitate and that of the
matrix is about 6 nm. The orientation relationship between the pre-
cipitates and the matrix satisfies the Burgers OR. We color three layers
of matrix Mg atoms which are at immediate vicinity to the precipitates.
The structure of these interfacial layers will be analyzed in great detail
such that a high clarity can be achieved.

Additionally, in the Mg parent, atoms on a double-layered or
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Fig. 3. As the tensile strain increases, the twin boundary (TB, indicated by the
white line) starts to migrate toward the parent. Note that the moving TB does
not coincide with the {1 0 T 2} or {1012} twinning planes. At this point the TB has
not impinged on the left precipitate, but the precipitate is already slightly bent
due to the elastic strain.

corrugated prismatic plane are colored in pink, whereas atoms on a
single-layered basal plane are colored in purple. The color patterns of
the system were maintained throughout the simulations, such that any
structural evolution in these colored regions can be definitively re-
vealed and analyzed.

Free surface conditions were applied to the whole system. During
the simulation, the temperature was maintained constant at 10 K. The
time step size was 3.0fs. Before the tensile strain was applied, the
system was relaxed for 20,000 time steps (60 ps). During straining, the
right surface was fixed, and the left surface was moved at a constant
rate corresponding to a strain rate of ~2 x 108571,

3. Results

As the tensile strain increases, the pre-existing TB starts migrating
toward the parent, and this process is shown in Fig. 3. The TB migration
begins at both the top and bottom surface of the simulation system, as
indicated by the white lines. The middle section of the TB remains still.
Notably, the migrating TB sections evolve into a mixture of segments of
basal/prismatic interfaces, i.e. incoherent TB, and segments parallel to
the {101 2} twinning plane, i.e. coherent TB. By incoherent, we mean
that the TB does not match the {1 01 2} twinning plane, and it can be
seen that the TB can be either parallel or perpendicular to the basal
plane of the matrix. The {1 0 I 2} twinning plane should make an angle
of 43.15° with the parent basal plane, theoretically. If we closely ex-
amine the purple atoms that are pre-selected in one of the parent basal
plane, it can be clearly seen that the originally flat parent basal plane
now partially transforms to a zigzag prismatic plane. The already
transformed segments are parallel to the untransformed segment. At
this point, the TB is approaching the left precipitate but not in contact
yet. However, we can observe that the precipitate is already slightly
bent, due to the elastic strain.

As the tensile strain further increases, the TB impinges upon the
precipitate. However, the impingement does not hinder the twin
growth. As seen in Fig. 4, as the parent is transforming into the twin, the
precipitate is gradually surrounded by the twin while the TB propagates
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Fig. 4. Interaction between the precipitate and the TB. The TB is halfway
through engulfing the left precipitate. During interaction, a deflection on the
precipitate can be seen, as indicated by the displacement of d, i.e. the top and
the bottom half of the precipitate are displaced non-uniformly.

into the parent. Note the TB is still composed of basal/prismatic seg-
ments, nearly coherent segments and a few one-layer basal/prismatic
steps. The bottom half of the precipitate is now embedded inside the
twin. Also, as the TB moves up along the precipitate/matrix interface,
the bottom half of the precipitate, which was slightly bent (Fig. 3), now
recovers almost to its straight position. However, the overall shape of
the precipitate remains distorted, in the sense that the top half of the
precipitate is displaced to the right in reference to the bottom half. Two
solid, yellow lines are drawn to indicate the uneven displacement from
top to bottom which causes a deflection on the precipitate.

Eventually, the left precipitate was totally engulfed by the twin as
the TB migrates and impinges upon the second precipitate, as shown in
Fig. 5. It is obvious that the engulfed precipitate remains deflected,
however, the degree of deflection is less than that in Fig. 4 as denoted
by the reduced value of d, indicating that as the TB is moving up along
the precipitate/matrix interface, the precipitate is recovering from the
deflection. The TB is still composed of nearly coherent interface and
incoherent basal/prismatic interface while migrating.

As the TB migrates far away from the engulfed precipitate, the de-
flection is largely recovered, and the shape of the precipitate is almost
restored to the straight position (Fig. 6). Careful examination reveals
that the thickness of the precipitate is slightly increased, but the height
is slightly reduced. This is due to the fact that when a tensile strain is
applied along the c-axis of the parent, an extension is created along the
c-axis, but a contraction is also created simultaneously in the direction
perpendicular to the c-axis. This is the very reason why {101 2} twin-
ning mode is oftentimes called “extension twinning”. This effect can be
clearly observed from the cosmetic change of the top and bottom sur-
faces of the system.

4. Analysis and discussion
4.1. Inversion of deflection during TB migration
Before we analyze precipitate-TB interaction, it is necessary to ex-

amine the mechanism of {101 2} twinning. The analysis is shown in
Fig. 7a—c which clearly presents how the parent lattice is transformed to
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Fig. 5. The TB entirely passes through the left precipitate. Note that the left
precipitate remains deflected after the TB no longer in contact with the pre-
cipitate, but the deflection is not as large as in Fig. 4.

18 Parent

Fig. 6. The TB interacts with the precipitate on the right. Note that the de-
flection on the left precipitate almost disappears. The width of the left pre-
cipitate slightly increases.

the twin lattice. Fig. 7a shows a magnified view of the pre-selected
parent basal plane (in purple) and the parent prismatic (in pink), and
the pre-selected three-layer parent basal planes (in green) that are in
contact with the precipitate before straining. It can be clearly seen that,
when the TB is traversing through the parent, the initially single-
layered basal plane of the parent now becomes the double-layered
prismatic plane of the twin; whereas the initially double-layered pris-
matic plane of the parent now becomes the single-layered basal plane of
the twin (Fig. 7b). An important characteristic of this lattice transfor-
mation is that, the green atoms which are initially the basal planes of
the parent, are also all transformed to the prismatic planes of the twin
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Fig. 7. Lattice transformation analysis during {1 0 1 2} twinning. (a) A selected
area of the parent after relaxation. The parent basal is a flat atomic plane and
the prismatic is a rumpled one. (b) When the TB migrates toward the pre-
cipitate, the flat basal turns into the rumpled prismatic, whereas the rumpled
prismatic turns into the flat basal. (c) After the selected area is totally twinned,
the pink prismatic plane of the parent transforms to the basal plane of the twin.
The purple basal plane of the parent transforms to the prismatic plane of the
twin. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

(Fig. 7c). This suggests that the strength of the precipitate-matrix in-
terface is not strong enough to prevent the green basal planes from
being transformed by the twinning process. As a result of twinning, the
initial Burgers OR is no longer satisfied. A recent calculation [38] of
interfacial energies between Mg and Mg;,Al; 5 shows that, the Burgers
OR produces a low energy, semi-coherent interface; after twinning, the
interfacial energy is almost doubled and the interfacial structure be-
comes more disordered.
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Fig. 8. (a) An enlarged view of the deflected precipitate when the TB is inter-
acting with it. To the green atoms on the left side, two shear steps can be seen,
as indicated by the two yellow arrows. (b) Common neighbor analysis of the
structure in Fig. 8a. HCP structure is colored in red and FCC is in green which
indicates the presence of basal stacking faults. Structures other than HCP and
FCC are colored in white and blue. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Because the initial misorientation angle between the parent and the
twin equals 90° (Fig. 2) rather than the theoretical value of 86.3°, the
{1012} twinning planes of the parent and the twin do not coincide.
This indicates that the invariant plane strain (IPS) condition for de-
formation twinning [31,39] is not satisfied. The IPS condition requires
that (1) the twinning plane be structurally undistorted during twinning;
(2) the actual TB coincide with the twinning plane. Extremely in-
coherent TBs in {101 2} twinning have been observed extensively in
experiments and simulations [31,38,39]. For a typical example, Liu
et al. [28] revealed with in-situ TEM observations that the mis-
orientation angle can indeed equal 90° when a single crystal Mg spe-
cimen was deformed in tension along the c-axis. The 90° misorientation
angle excludes any possible twinning shear during the twinning process
[31]. Then why the precipitate was deflected by the moving TB?

Next, we magnify the boxed area in Fig. 4, and the structure is
shown in Fig. 8a. The deflection can now be better resolved. As

Computational Materials Science 154 (2018) 472-480

indicated by the two yellow arrows, two shear steps can be seen from
the green atoms, indicating that dislocation slip in the matrix occurred
during deformation. It is necessary to analyze the nature of these matrix
dislocation, such that the real cause of the deflection on the precipitate
can be determined. Fig. 8b shows common neighbor analysis [40,41] of
dislocations and stacking faults. Atoms in perfect HCP structure are
shown in red, and atoms of FCC structure are shown in green. Atoms of
other structures are shown in white and blue, for example, atoms at the
dislocation core and the precipitates. It can be seen that, basal dis-
locations are activated during twinning, despite that the Schmid factor
of the basal slip is close to zero.

The nucleation process of the basal dislocations at the TB is shown
in Fig. 9a-d. It is clear that the migration of the TB in the simulation
completely departs from the classical planar growth which should be
exactly on the twinning plane mediated by twinning dislocations. In
Fig. 9a, two segments of TBs are approaching each other, and the region
in between has not been twinned. In the boxed region, green atoms,
which are basal stacking faults, can be observed. As the two TB seg-
ments approach each other, another basal dislocation is formed, as
indicated by the dashed box in Fig. 9b. Eventually, the two TB segments
merge, and two fully developed basal stacking faults and the associated
partial dislocations can be seen (Fig. 9c—d). The basal dislocations
disappear at the matrix-precipitate interface as they glide and reach the
interface. After twinning, the basal plane of the twin is now nearly
parallel to the loading direction. Thus, the Schmid factor of the basal
dislocations is nearly zero. Also, because the basal dislocations are
mostly edge-type, the shear stress on the basal plane from the stress
field of dislocations is nearly zero. Therefore, these basal dislocations
have little effect on the deflection of the precipitate.

To further reveal how the precipitate is deflected during interaction
with the migrating TB, we provide a series of images of the precipitate
in time sequence, as shown in Fig. 10a—f. It can be observed that during
precipitate-TB interaction, the shape of the precipitate constantly
changes as the TB progressively engulfs it. Several interesting features
can be seen. First, from Fig. 10c—d, the deflection of the precipitate is
inversed. After the inversion, as the TB is moving upward and more and
more of the precipitate is being engulfed by the twin, the deflection
reduces. After the precipitate is entirely engulfed and most of the parent
is twinned, the deflection is largely recovered. Notably, the precipitate
becomes slightly wider (Fig. 10f) due to the extension along the parent
c-axis produced by {101 2} twinning.

To better understand the evolution of the shape of the precipitate,
we selected three atoms in the top, middle and bottom of the pre-
cipitate, and recorded the positions of these atoms versus simulation
time. The displacements of these three atoms were plotted and shown in
Fig. 11. Each of the displacement curves presents three stages. First, a
constant increase in displacement despite the undulation. This corre-
sponds to the elastic deformation when the whole system is being
stretched in tension along the c-axis of the parent. Second, a sudden
drop in displacement. This corresponds to the initiation of TB migra-
tion, which gives rise to a relaxation in the system. Third, the dis-
placement increases again, and this corresponds to the elastic de-
formation after the relaxation. Now the behavior of deflection on the
precipitate can be well understood. For the bottom half of the pre-
cipitate, because TB migration first initiates near the top and bottom
surfaces of the system (Fig. 3) and migrates faster toward the pre-
cipitate in the bottom half (Fig. 4), the selected atom in the bottom
experiences the relaxation to the elastic strain when the TB approaches
the precipitate. This relaxation causes the bottom half of the precipitate
shifts in the direction opposite to the external strain (Fig. 3). This is the
initial deflection observed on the precipitate (Fig. 10b). As the TB in the
lower half of the system migrates, interacts and then partially engulfs
the precipitate, the elastic strain picks up again because the twinned
region is now being strained by the external load. This causes the dis-
placement of the atoms in the bottom quickly increases as the external
strain increases. In contrast, for the selected atom in the middle, the
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Fig. 9. Nucleation of basal slip at the TB. (a) Basal dislocations are nucleated at the TB (indicated by the dashed box). (b) Another basal dislocation is activated when
the two TBs join. (c) The basal dislocations move toward the precipitate. (d) Fully developed basal stacking faults of the basal dislocations. Meanwhile, basal slip also

nucleate at the right Mg/precipitate interface.

relaxation lags behind because TB migrates faster in the loading di-
rection and slower in the vertical direction. This behavior is seen in the
red’ curve in Fig. 11. When the blue curve and red curve cross over, i.e.
the displacement of the bottom atom is increasing whereas the dis-
placement of the middle atoms is rapidly decreasing, this corresponds
to the inversion of the deflection of the precipitate (Fig. 10c—d). For the
selected atoms in the top, the relaxation further lags behind (the green
curve). After the precipitate is entirely engulfed by the twin, the dis-
placement of the top atom picks up again and this corresponds to the
recovery of the deflection (Fig. 10e).

The above analysis reveals that the deflection on the precipitate
when a migrating TB is interacting with the precipitate is purely a result
of sequential elastic deformation - relaxation by twinning - elastic
deformation. No twinning shear is involved. In the following, we dis-
cuss in detail how these events interplay during precipitate-TB inter-
action.

4.2. Absence of twinning shear

To explain the increase in stress for twinning with increasing vo-
lume fraction of Mg;,Al;5 in Mg alloys, Barnett et al. treated a growing
twin as a “super dislocation loop” [42,43]. This idea is similar to the
proposition of “geometrically necessary twins” by Sevillano [44] who

! For interpretation of color in Figs. 9-11, the reader is referred to the web
version of this article.
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treated a twin as a “super dislocation” by assuming a homogeneous
simple shear on the twinning plane. As seen from the extensive ex-
perimental and simulation reports, {1012} TBs are extremely in-
coherent and thus a homogeneous simple shear is unlikely to happen on
the twinning plane. Because the Orowan loop mechanism fails to pro-
vide a good explanation to the precipitation hardening on twinning,
Robson [45] considered the effect of precipitates on the internal stress
during twin propagation in Mg. The Eshelby model [46-48] was used to
evaluate the internal stress for an embedded precipitate with different
shape and habit plane. The misfit strain and stresses around the particle
were calculated. The strain incompatibility between the twin and the
precipitate produced a back stress, and this misfit strain was accom-
modated by the deformation of matrix and the elastic deformation of
the precipitate. More recently, Fan et al. [49] investigated the pre-
cipitate hardening effect in terms of precipitate geometry on twinning
via atomistic simulations by assuming twinning dislocations on the
highly incoherent TBs.

As shown in the initial configuration of the system (Fig. 2), the
misorientation angle equals 90°. Thus, no homogeneous simple shear
should occur on the theoretical {1 0 1 2} twinning plane. This can also be
seen from the extremely incoherent actual TB in the simulations. The
pre-selected and colored parent basal and prismatic planes (Figs. 3 and
4) corroborate that, the twinning process is accomplished by the
transformation of parent basal to twin prismatic and parent prismatic to
twin basal. This lattice transformation prohibits a homogeneous simple
shear from occurring on the twinning plane. As seen in Figs. 3 and 7,
after lattice transformation, the parent basal is parallel to the twin
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Fig. 10. Evolution of the shape of the precipitate during interaction with the TB. (a) The relaxed structure of the precipitate before straining. (b) The precipitate is
deflected before in contact with the TB. (¢) The TB is halfway through the precipitate. (d) The deflection is inversed as the strain further increases. (e) The deflection
is being recovered as the TB is engulfing the precipitate. (f) The precipitate largely recovers after the TB entirely passes through. Note the precipitate becomes slightly
wider due to the extension along the parent c-axis produced by {1 01 2} twinning.
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Fig. 11. Evolution of the displacements along the loading direction of three
atoms which are at the top, middle and bottom of the precipitate. The time at
which the displacement starts to drop indicates relaxation caused by {101 2}
twinning. These atoms reach the minimum at different times.

prismatic and the parent prismatic is parallel to the twin basal, thus, the
magnitude of twinning shear must be zero, because any non-zero
twinning shear would destroy the two parallelisms [31].

To further reveal the nature of zero twinning shear, we highlight the
pre-selected green atoms of the parent and focus on the interfacial
structure (Fig. 12). In these plots, the precipitate is removed such that
the inner surfaces of the green frame of the matrix are shown. Before
straining (Fig. 12a), the exposed vertical surface is the basal plane of
the matrix. When twinning is happening (Fig. 12b), the basal plane is
transformed to the prismatic plane of the twin, however, the surface
remains flat despite the double-layered structure of the prismatic plane.
In other words, no shear strain produced by a homogeneous simple
shear can be observed. The theoretical magnitude of twinning shear

Fig. 12. Structural evolution of the matrix when the precipitate is removed. (a)
The relaxed structure before straining. (b) When the TB is interacting with the
precipitate. No trace of twinning dislocations can be identified on the wall of
green atoms. (c) After the TB passes through and the precipitate springs back,
no trace of twinning dislocations can be observed. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

equals 12.9% which is fairly large. Such a large magnitude of twinning
shear would produce an observable shear strain on the green surface.
After the precipitate is entirely engulfed by the twin (Fig. 12c), the
deflection of the precipitate is largely recovered, and no shear strain
can be observed as well.

{1012}{(1011) twinning is oftentimes called “extension twinning”
in the literature. For HCP metals with c/a ratios (L) less than /3, this
twinning mode is activated when a tensile load is applied along the c-
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axis of the parent or when a compressive load is applied perpendicular
to the c-axis; in contrast, it is not activated when an external load is
applied in reversed directions [10]. This unidirectionality stems from
the fact that this particular twinning mode generates an extension along
the c-axis when the parent lattice is reoriented by ~90° around the
zone axis of the parent and twin basal planes [10,31,37]. After twin-
ning, the parent basal is transformed to the twin prismatic. But, the
interplanar spacing of the prismatic plane equals %\/3 ag (ao is the lattice
parameter). Compared to the original interplanar spacing of the basal
plane which equals %-/Lao, an increase in the interplanar spacing is
produced by twinning along the c-axis of the parent. The increase
equals:

€= \/an—l'ao _
Aao

J3-4
2

(€8]

Thus, when A < /3, a positive, tensile strain is produced along the
c-axis of the parent. This conclusion seems to be the same as the well-
known “J/3 criterion” proposed by Yoo [50] which is based on the
theoretical twinning shear reverses its sign at 1 = +/3. Our analysis is
based on the lattice correspondence which shows no homogeneous
simple shear should be involved. Thus, when {1 01 2} twinning occurs,
due to the extension produced along the c-axis of the parent by lattice
reorientation, a relaxation occurs when the TB starts migrating
(Fig. 11). Such a strain accommodation process is fundamentally dif-
ferent from a plastic strain generated by dislocation glide on the slip
plane which produces microscopic displacements in the crystal that
induce either a tensile or a compressive strain macroscopically.

Unlike other known twinning modes in FCC, BCC and HCP metals,
{1012}(1011) twinning mode does not have a unique value of mis-
orientation angle [51-53]. For Mg, the misorientation angle can deviate
from 90° for a few degrees [39]. The theoretical misorientation angle
equals 86.3°, which produces nearly coherent, low TB energy structures
[54]. The multiple values of the misorientation angle preclude any
possibility of a homogeneous simple shear on the twinning plane
[55,56]. According to the classical twinning theory, a twinning mode
can only have a unique value of magnitude of twinning shear. Li and Ma
[37] first reported that this twinning mode is accomplished by atomic
shuffling and no twinning dislocations should be involved. More re-
cently, Li and Zhang [31] showed that the lattice correspondence
analysis based on the assumption in the classical twinning theory that
the twinning plane must be an invariant plane gives rise to exactly the
lattice transformation shown in Fig. 7. They further showed that given
such a lattice transformation, the {1 0 1 2} twinning plane cannot remain
invariant during twinning. Thus, no homogeneous simple shear can
happen on the twinning plane. When the misorientation angle deviates
from 90° for a few degrees, the generated tensile strain along the c-axis
is slightly (less than 1%) smaller than the case of 90°. No matter what
misorientation angle is, the contribution to the tensile strain comes
from Eq. (1), rather than from the “twinning shear” which equals zero
irrespective of the misorientation angle.

If there were a twinning shear acting on the precipitate, such a
twinning shear would have to be carried by twinning dislocations on
consecutive twinning planes. If these twinning dislocations could not
cut into the precipitate, we would expect to observe dislocation loops
around the precipitate, but this is not the case in experimental ob-
servations. If the twinning dislocations could cut into the precipitates,
the precipitate would be deformed permanently, but this is not the case
either. In fact, in experimental observations, such deflections can al-
ways be fully recovered [25,57].

The above analysis well explains how and why a precipitate deflects
when a migrating TB is interacting with it. The portion of a precipitate
that is embedded inside the parent and the portion that is embedded
inside the twin experience different strain state. For the portion that is
engulfed by the twin, an extra tensile strain component produced by the
lattice reorientation is acting on it; but for the portion that is still em-
bedded inside the parent, such a component is absent. This difference
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leads to the deflection of the precipitate during interaction. After the
precipitate is completely engulfed by the twin, the difference in strain
state vanishes and the deflection is recovered consequently. Although
such a deflection can be most conveniently and intuitively interpreted
as a result of twinning shear and the resultant twinning dislocations
inside the framework of the classical twinning theory, the non-classical
nature of this particular twinning mode should not be neglected, as
reported in Fig. 1 and many other experimental observations. The un-
ique twinning mechanism for {1012}{1011) mode can provide a
better understanding of the deformation behavior of Mg and Mg alloys.

5. Conclusions

In this work, we performed atomistic simulations to investigate the
origin of deflection of a Mg;,Al;> precipitate during interaction be-
tween the precipitate and a moving {1 0 1 2} TB. Following conclusions
can be reached:

(1) A precipitate can be entirely engulfed by a twin. During precipitate-
TB interaction, no twinning shear and twinning dislocation are in-
volved.

(2) Deflection occurs during precipitate-TB interaction, although the
magnitude of twinning shear equals zero. Such deflection is a result
of lattice reorientation which produces a tensile strain along the c-
axis of the parent, rather than a shear strain on the twinning plane.
When a precipitate is partially engulfed by a twin, the portion in the
parent and the portion in the twin experience different strain state,
giving rise to the deflection of the precipitate. Such deflection is
purely elastic. When the precipitate is entirely engulfed by the twin,
the difference in strain state vanishes and the deflection is re-
covered.

During precipitate-TB interaction, the deflection of the precipitate

can be inversed due to the fact that twinning causes relaxation to

the precipitate, as a result of basal-prismatic transformation be-
tween the parent and the twin.

(3)
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