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Deformation twinning operates via twinning dislocations gliding on a specific twinning plane and along a
specific twinning direction. As a consequence, a twin variant is supposed to retain its identity and unable
to transform into other variants. However, we demonstrated that for the {1012} deformation twinning in
magnesium, one twin variant can transform towards its conjugated variant in response to the external
applied loading via the participation of prismatic-basal interface migration. We term such transformation
as cross-transition of deformation twinning, which is expected to broaden the understanding of twinning

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

According to classic twinning theory, deformation twinning
(DT) operates via twinning dislocations successively gliding on
atomically adjacent twinning planes, and shears the material along
a certain twinning direction and twinning plane [1-5]. Given a cer-
tain twin variant, it usually develops into a straight lamella with
its boundary, i.e. the twin boundary (TB), generally parallel to the
twinning plane, and cannot transform into other twin variants.
The straight TBs that are strictly parallel to the twinning plane
are widely observed in metals with face-centered cubic structure
[6-9]. However, for the {1012} DT, a very common DT mode in
hexagonal close-packed (hcp) metals, its TB usually exhibits irreg-
ular morphology, which means that {1012} TB is not necessarily
parallel to twinning plane [10-19]. Detailed characterization shows
that the irregular {1012} TB is usually composed of {1012} coher-
ent twin boundary (CTB) and basal/prismatic (BP) interfaces [13—
17,19]. In the past few years, there have been many efforts to study
the mechanism of {1012} DT and to explain the unusual twinning
behaviors, but a consensus has not emerged [20].

The BP interfaces migrate via basal-prismatic transformation,
which was called as unit-cell-reconstruction (UCR) by Liu et al.
[13]. Since the UCR can result in a {1012} twinning-like 90° of
orientation relationship, here we use the term “90° twin” to refer
the resulted lattice by UCR. As shown in Fig. 1a, the consequence
by UCR can be regarded as that the matrix (blue) rotates 90°
around [1210] to become the “90° twin” lattice (red). The (1012)
twin variant has mirror symmetry with matrix about the (1012)
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CTB, which is equivalent to a 93.7° rotation around [1210]. Thus,
the orientation difference between (1012) twin and “90° twin” by
UCR is a 3.7° rightward rotation. Similarly, the orientation differ-
ence between (1012) twin and “90° twin” is a 3.7° leftward rota-
tion. Such 3.7° of difference between {1012} twin and “90 ° twin”
is small and thus can be accommodated elastically, which allows
the coexistence of {1012} CTB and BP interfaces [21,22]. Further-
more, molecular dynamics simulations show that both (1012) and
(1012) CTBs can simultaneously develop from a single BP segment
and coexist on the boundary [13,23]. One typical result is shown
in Fig. 1b. This suggests that BP interface can serve as a bridge
to connect conjugated {1012} TBs. Inspired by such phenomenon,
we propose that one {1012} TB can transform into its conju-
gate counterpart, ie. TB—BP—TBpjygare- AS a Tesult, one {1012}
twin variant can probably evolve into its conjugated variant. Such
tWin—twinggpjugate transition is termed as cross-transition of DT.
Considering that the orientation difference between (1012) and
(1012) twin variants is only 7.4° (7.4° = 93.7°-86.3° = 2 x 3.7°),
we expect that the cross-transition of {1012} DT can occur by ro-
tating the twin volume, as illustrated in Fig. 2. A (1012) twin ex-
ists in a pillar with its axis along [1010],qrix» the twin volume tilt
rightward by 3.7° due to the twinning shear (Fig. 2a). The twin-
induced tilt will cause a lateral shift of the pillar top, Dl'op. If this
pillar is subjected to an external applied loading that tilts the pil-
lar to right (e.g. a compression with its loading direction not ex-
actly parallel to the pillar axis but pointing to the lower right),
consistent with the tilt direction produced by the initial (1012)
twin, then this twin is expected to grow in a normal way, i.e. the
(1012) CTB moves forward without changing its shape (Fig. 2b-d).
Instead, if the applied loading tilts the pillar to left, in the same
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Fig. 1. (a) Schematics illustrating the resultant lattice orientation by UCR, (1012) and (1012) DT. (b) MD simulation result showing both (1012) and (1012) CTBs can
simultaneously develop from a single BP segment [13] (For interpretation of the references to color in this figure, the reader is referred to the web version of this article).
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Fig. 2. Schematics illustrating the normal growth and cross-transition of {1012} DT. (a) Initial bicrystal containing a (1012) twin variant. The bold arrow indicates the c-axis
of the twin. (b-d) The normal growth of (1012) twin under an applied loading that tilt the pillar to right. (e-g) Transition from (1012) twin to (1012) twin under an applied

loading that tilts the pillar to left.

direction with the tilt produced by (1012) twin variant, then the
initial (1012) twin is expected to transform into (1012) twin to
accommodate the applied loading. If (1012) twin directly trans-
forms into (1012) twin, this process is equivalent to rotate the
twin by 2 x 3.7° in one step. However, if the (1012) twin first
becomes “90° twin” (rotating 3.7°), then becomes (1012) twin (ro-
tating another 3.7°), this transformation can thus be accomplished
by two easier steps. Therefore, we surmise that the cross-transition
should be operated with the assistance of a BP interface as an in-
termediate, i.e. (1012) CTB—BP— (1012) CTB. As can be seen from

Fig. 2e-g, once BP and (1012) CTB form, the pillar will tilt left
and the orientation of the whole twin volume will deviate from
the initial orientation of (1012) twin variant. We refer this stage
as a transition stage. After the whole twin becomes (1012) vari-
ant, the pillar will tilt leftward for 3.7° and the cross-transition is
completed.

A group of in-situ transmission electron microscope (TEM)
compression tests on submicron magnesium single crystal pillars
are performed to verify the occurrence of cross-transition. The
pillars are compressed by a diamond punch and the pillar length
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Fig. 3. A (1012) TB normally migrates when Dlunch is in the same direction of the D!'op (positive). (a) and (b) Snapshots captured from in-situ movie showing the migration

of a (1012) TB. gis (1011)qrix. Viewing direction, ~[1210]. Inset in (b) is the SAED captured at the TB. The pillar’s left surface in (b) is depicted by a white kinked line. (c)
The corresponding engineering stress-strain curve. The positions corresponding to (a) and (b) are arrowed on the curve.

direction is set to ~[1010]. Compression along ~[1010] in mag-
nesium will activate {1012} DT [24]. The Schmid factors for the
(1012) and (1012) twin variants in each pillar are listed in Table
S1. The in-situ experiments are monitored under a view direction
along [1210]. Sample preparation method can be found in our pre-
vious works [13,25]. Before compression, we purposely moved the
punch laterally with large steps and quick speed by piezo control.
This makes the punch keep moving laterally during compressive
loading (can be regarded as “inertia” effect of the punch). As a
result, a non-uniaxial compression with both lateral and vertical

displacement of the punch (Dl'mnch and D;meh) can be performed

on the pillar, which will tilt the pillar along the direction of D'l‘mmh.
The movement trace of the punch is shown by tracking a marker
on the punch (Supplementary Movies 1 and 2). The sign of Dlllmnch
is designated as positive or negative when it is in the same or

opposite direction to the twin-induced D! respectively. When

top’
the Dgunch is positive, the loading will tilt the pillar to a direc-

tion in consistent with the existed {1012} twin and the TB can
normally migrate, similar to the situation of Fig. 2b-d. Instead, if
the Dl;lmn o IS negative, the loading will tilt the pillar to a direction
in consistent with the conjugated twin, then cross-transition is
expected to occur, similar to the condition of Fig. 2e-g. Fifteen
tests were conducted. The results can be classified into two
groups. For the 8 tests with positive Dgumh, the TB normally
migrates with no cross-transition occurs; while in the rest 7 tests
with negative D'I‘m e CrOSs-transition occurs, as summarized in
Figs. S1 and S2.

A typical example of TB normal migration is demonstrated in

Fig. 3 and Supplementary Movie 1. In this test, the D;“:unch is along
[0002] 45 (towards right in the figure). A (1012) twin formed in
top part of the pillar after the stress reached ~320 MPa (Fig. 3a),
corresponding to the strain burst and stress drop on the stress-
strain curve (Fig. 3c). This (1012) twin caused a rightward p!

top’
in the same direction of the Dl‘mnch (positive). During further com-
pression, the twin grew via the downwards migration of the lower
TB (Fig. 3b). When the TB reached the root part of the pillar, we

retreated the punch. Interestingly, we found that detwinning oc-

curred during unloading even when the flow stress was not down
to zero (Supplementary Movie 1). When the TB migrated back-
wards, no dislocation was observed neither in the twin nor in the
matrix. A possible reason for such detwinning is the elastic back
stress resulted by the geometrical constraint of pillar root. During
the entire testing, this TB was almost parallel to (1012) with no
obvious change of boundary shape and orientation. Selected area
electron diffraction (SAED) pattern acquired at the TB shows that
the (1012) spots of twin and matrix are overlapped, indicating a
(1012) twin relation and this TB is thus a (1012) TB. The shear
strain produced by this (1012) twin variant caused a right tilt of
the twinned volume with respect to the un-twinned volume. This
can be reflected by the ~5° angle between the left surface of the
twin and matrix, as marked by the kinked line in Fig. 3b.

A typical example of cross-transition is demonstrated in Fig. 4

and Supplementary Movie 2. In this test, the Dgumh is along

[0002],marrix (towards left in the figure). During compression, a
(1012) twin formed in top part of the pillar when the stress
reached ~350 MPa (Fig. 4a). Similarly, strain burst and stress
drop corresponding to the twin formation (Fig. 4e). Note that this

(1012) twin should cause a rightward Dl'op, in the opposite direc-

tion of the Dl}Lunch (negative). The (1012) TB first normally migrated
downwards (Fig. 4b). When the TB reached the middle part of pil-
lar, a segment of TB along (1012) appeared at the right end of the
TB (Fig. 4c). From this moment on, the twinned volume starts to
tilt leftwards (Supplementary Movie 2). At the same time, the cor-
responding flow stress suddenly increased to ~410 MPa (Fig. 4e).
As shown in the inset of Fig. 4c, the arrangement of the two TBs
gave rise to a V-shaped morphology. Note that the tip of the V-
shaped TB (V-tip) is blunt as outlined by the red dashed line in
the inset. Such blunt segment should be composed by BP inter-
faces, which bridges the left and right TB segment. Then, the right
TB segment gradually elongated during continuous loading, leading
to the left movement of the V-tip. In Fig. 4d, the V-tip fast moved
to the central axis of the pillar, corresponding to a load drop. Since
twin nucleation can also lead to load drop, we carefully analyzed
the in-situ movie and postmortem characterizations to confirm that
no new twin formed. In this compression test, only part of the
(1012) TB has transited into (1012) TB, therefore the twin should
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Fig. 4. Cross-transition of DT when D‘['mnch is in the opposite direction of the Dl‘up
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be in a transition state as referred in Fig. 2f. After the TB migrated
to the root part of the pillar, we continuously compressed the pil-
lar, which led to a dramatic increase of flow stress (Fig. 4e), and
the left part of the V-shaped TB (the (1012) segment) deviated
from (1012) plane and become horizontal. The loading was then
retreated.

To ascertain the identity of the as-transited twin, we charac-
terized the as-deformed pillar (Fig. 4f and 4g). The right part of
the lower TB is almost parallel to (1012) plane and the left part is
approximately parallel to the (1010)qix. SAED pattern acquired
at right TB shows that the (1012) spots of twin and matrix are

overlapped (Fig. 4h), indicating a (1012) twin relation. Therefore,
the right TB segment should be a (1012) TB. The SAED pattern ac-
quired at the left TB shows a split of both (1012) spots and (1012)
spots (Fig. 4i), indicating that BP interfaces dominate the left seg-
ment of TB [13]. There is almost no dislocation in the twin vol-
ume, as well as in the place near the lower TB (marked by the red
dashed box of Fig. 4g). The twin tilts left by ~ 4° with respect to
the matrix, as reflected by the kinked line in Fig. 4f. Based on the
above evidences, we identify that cross-transition occurred, despite
the initial (1012) TB hasn’t completely transformed into (1012)
TB.
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To recap, we experimentally demonstrated that the cross-
transition of {1012} DT can occur when the loading tilts ini-
tial (1012) twin to a direction in consistent with the conjugated
(1012) twin. The cross-transition is a progressive and continuous
process achieved by the generation and elongation of (1012) TB
from the initial (1012) TB, as well as the simultaneously rota-
tion of the twinned volume. During the cross-transition, two con-
jugated {1012} CTBs and BP interfaces coexist on a single TB. In
our observation, there are no dislocations near the TB, which im-
plies the orientation differences across the conjugated {1012} CTBs
and BP interfaces should be accommodated elastically. For a sub-
micron pillar, such elastic strain can be released by the free surface
since the pillar’s specific surface area is large. As the elongation of
(1012) TB, the V-tip gradually moved away from the pillar surface.
As a result, the elastic strain is expected to increase, which could
be the reason for the slight increase of flow stress between “b” and
“c” in Fig. 4e.

There is a hint that cross-transition can occur in bulk materials
as well. Cayron found that, in a deformed bulk single crystal mag-
nesium, one {0112} twin lamella can have two types of long TB
segments: one is parallel with (0112) and the other is parallel with
(0112) [26]. He also observed that the orientation in such twin
lamella was not uniform: the orientation relationship across the
(0112) segment is approximately a (0112) twin relation, and that
across (0112) segment is approximately a (0112) twin relation.
This phenomenon is similar with the cross-transition observed in
the present work. This suggests that cross-transition may occur in
bulk scale materials, and may potentially contribute to the forma-
tion of {1012} TB with irregular morphology in polycrystalline Mg
alloys and other hcp metals.

Note that DT cross-transition is fundamentally different with
secondary twinning and twin-twin interaction, even though the
latter two cases can also change the identity of twin. The sec-
ondary twinning is that DT occurs within the primary twin vol-
ume. The primary twin volume can even be totally consumed by
the secondary twin. However, such phenomenon that a secondary
twin forms from the primary twin was not observed in our ex-
periments. For the twin-twin interaction, it usually occurs by one
twin impinging on another twin. Such interaction often forms a
T-shaped morphology, which is different from the V-shaped mor-
phology caused by cross-transition. If the two twins share the
same (2110) axis, i.e. co-zone twin-twin interaction, a low an-
gle tilt grain boundary should be created between the two twins
[27,28]. But according to the postmortem characterizations (Fig. 4f
and 4g), there is no such low angle grain boundary in both twin
and matrix, indicating that no twin-twin interaction occurred in
our experiments.

In summary, based on the unique {1012} TB structure and the
twinning mechanism in hcp metals, we propose that when the
performed deformation cannot be accommodated by an existed
{1012} twin but by its conjugated twin variant, cross-transition
will occur to accommodate further deformation, which is then ver-
ified by in-situ TEM tests on magnesium pillars. Our work implies
that a {1012} twin in hcp metal is very flexible in response to
applied loading, which is expected to affect the twin morphology
during deformation.
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