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A B S T R A C T

Interrupted tensile testing along the normal direction of a rolled AZ31 magnesium plate was conducted at
various strain levels from 6% to 15.5%. Prior to deformation the specimens were annealed for grains to coarsen
such that multiple twin variants in one grain can be activated and interaction between variants can be better
resolved. The grain structure and texture evolution were then examined via electron backscatter diffraction. The
results reveal that multiple primary {101̅2}P twin variants inside individual grains grow and impinge, forming
profuse boundaries of 60° 011̅0 orientation relationship. These boundaries are close to {112̅2} 112̅3̅ twin re-
lationship, however, they are not formed by twin nucleation and are only a product of interaction between the
primary twins. The morphology of these special boundaries are highly irregular. Atomistic simulations were
performed to understand such interaction, and the results show that such 60° 011̅0 boundaries have limited
mobility. Thus, a primary twin variant is able to grow at the expense of other primary twin variants. Our
experimental results also show that {101̅2} twinning is active throughout the deformation until the specimens are
fractured. As the strain increases, secondary {101̅2}S twins are activated inside the primary twins. As the strain
further increases to near fracture, {101̅1}S secondary twins are activated inside the primary twins, followed by
activation of tertiary {101̅2}T twins inside the {101̅1}S secondary twins, a process known as −{101̅1} {101̅2} double
twinning. The formation of irregular 60° 011̅0 boundaries and the sequential twinning at large strains shed new
light on the twinning mechanism in Mg and other hexagonal close-packed metals.

1. Introduction

Deformation twinning plays a crucial role in mechanical properties
of hexagonal close-packed (HCP) magnesium (Mg) and its alloys that
are the lightest structural metals and have received tremendous atten-
tion in recent years [1–4]. Wrought Mg alloys present strong basal
texture in which the grains are oriented such that the basal planes are
perpendicular to the normal direction (ND) of the rolled sheet/plate, or
parallel to the extrusion direction (ED) of the extrudate. When loaded
along the direction parallel to the basal planes, Mg presents tension-
compression asymmetric yielding [5–7], because deformation twinning
is activated when a tensile load is applied along the c-axis or a com-
pressive load is applied perpendicular to the c-axis of individual crys-
tals. In these cases, the stress-strain curves show typically an S-shape
that consists of a low stress stage followed by a stage with a drastically
increased hardening rate, and a final, relatively high stress stage in
which non-basal dislocation slip dominates the deformation [8–10].

Multiple twinning modes can be activated in deformation of HCP
metals. For Mg, the reported twinning modes include {101̅2} extension

twinning, {101̅1} and {101̅3} contraction twinning [11–13], {112̅1}

twinning [14,15], as well as “double twinning”, i.e. {101̅1}-{101̅2},
{101̅3}-{101̅2} and {101̅2}-{101̅2} twinning modes [16–19]. The most
common twinning system is {101̅2} 101̅1̅ which is called “extension
twinning”. Extensive experimental observations have shown that this
twinning mode presents a wide range of anomalous properties entirely
departing from classical twinning [20–22]. When {101̅2} twinning is
activated, the parent lattice is reoriented theoretically by 86.3°, but
experimental observations revealed that the misorientation angle does
not have a unique value and varies around 90° [22].

Multiple {101̅2} twin variants can be activated in a grain. For Mg,
Nave and Barnett [23] classified the misorientation relationship into
three types: 7.4° 112̅0 (this relationship was called “co-zone” twin
variants by Yu et al. [24] because the variants share the same zone axis
112̅0 ), 60° 011̅0 and 60.4° 178̅0 [25]. It should be noted that the
misorientation angles in these relationships are only theoretical values.
As stated above, the actual misorientation angles can appreciably de-
viate from these values due to the non-classical characteristics of this
particular twinning mode [22]. When different variants impinge,
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interaction between variants ensues. Twins of the same variant in a
grain can merge when the twin boundaries meet. But twins of different
variants interact when they impinge and the growth of the impinging
variants slows down [26]. Yu et al. [24] studied co-zone twin-twin
interaction in a Mg single crystal. It was shown that one variant does
not transmit across the twin boundary of the other. But when two
variants with different zone axis interact, one variant may transmit into
the other under some special loading [25]. In contrast, Morrow et al.
[27] observed that twin-twin interaction may accelerate the motion of
the twin-twin interface by using in-situ transmission electron micro-
scopy (TEM).

Most recently, the 60° 011̅0 boundaries between twin variants
were reported in deformed Mg by a number of researchers [28–33].
Mokdad et al. [14] reported that the co-zone twin-twin interaction re-
sults in ladder-like twinning structure while the interaction between the
non-co-zone twin variants leads to twin branching. These interactions
between different variants were also observed and analyzed by Hong

et al. [34] and they suggested the nucleation of twin variants is gov-
erned by the Schmid law. It is worth noting that crystallographically,
the misorientation relationship of this type of boundaries is very close
to {112̅2} 112̅3̅ twinning (58.4° 011̅0 ) that has been observed only in
HCP metals such as titanium and zirconium but not in Mg [35–37].
Most of these previous reports were conducted at low strain levels.

To better understand the interaction between different twin var-
iants, this work investigates the twinning behavior at high stain levels
up to fracture, with a focus on the formation and evolution of the 60°
011̅0 boundaries between twin variants during plastic deformation of
a Mg alloy with a relatively large grain size which enables nucleation of
multiple twin variants inside individual grains and interaction between
them. The results obtained shed new light on deformation behavior of
wrought Mg alloys.

2. Methods

The 76mm thick (~ 3.0 in.), commercial hot-rolled AZ31B Mg plate
(Metalmart International, Inc.) with a chemical composition (wt%) of
2.60Al-0.9Zn-0.37Mn (Mg the balance) was used in this study. The
AZ31B samples were annealed in a tube furnace at 500℃ for 24 h in an
inert argon atmosphere followed by immediate water quenching.
Specimens for tensile tests were then machined, with a gauge length of
25mm, a thickness of 4mm and a width of 6mm. The longitudinal
direction of the dog-bone specimens is along the normal direction (ND)
of the rolled plate. An Instron load frame with a loading capacity of
25 kN was used to conduct the tensile tests, which were carried out in
strain-control mode at a strain rate of 10−4/s at ambient temperature.
The specimens were deformed to four strain levels: 6%, 8%, 11% and
15.5% (fracture). Samples for electron backscatter diffraction (EBSD)
scans were cut from the tensioned specimens and the sample surface
perpendicular to the loading direction was prepared for EBSD scans.
The samples were ground mechanically down to 1200/4000 grit
number on SiC sand papers, followed by electrochemical polishing with

Fig. 1. Initial texture and grain structure of (a) as-rolled AZ31 alloy; (b) After annealing at 500 °C for 24 h; (c) Pole figure of the specimen after annealing.

Fig. 2. Stress-strain curve under monotonic tension along the normal direction
(ND) of the AZ31B rolled plate after annealing. The red dots denote the strain
levels at which the tension test was interrupted for EBSD analysis.
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a solution of 5% nitric acid, 0.5% perchloric acid and 94.5% ethanol at
20 V for ~ 20 s. EBSD scans were conducted on a JEOL 7100F field
emission scanning electron microscope (SEM) with an Oxford HKL
Channel 5 instrument. An acceleration voltage of 20 kV, a working
distance of 25mm, and a step size of 0.5–1.0 µm were used.

To further investigate the mechanism of interaction between twin
variants, atomistic simulations were also conducted. The embedded
atom method (EAM) [38,39] potential for Mg-Al binary system was
used. This EAM potential was well developed by Liu et al. [40] and has
been used in numerous atomistic simulations of Mg and Mg alloys
[12,41]. A single crystal was first constructed with a dimension of
57×33×26 nm3, containing a total number of atoms about 2.12
million. The system was relaxed before an external tensile strain was
applied along the c-axis of the crystal. Free surfaces were applied to all
three dimensions. The tensile strain was generated by moving the atoms

on the left surface layer at a constant displacement rate of 0.01 nm per
femtosecond, corresponding to a strain rate of 1.7× 1011/s which is
typical for atomistic simulations. The temperature was maintained at
100 K during simulation.

3. Results

3.1. Experimental observations

The initial grain structure of the as-rolled AZ31 plate is shown in the
inverse pole figure (IPF) map (Fig. 1a). After annealing, the average
grain size increases from ~ 35 µm to ~ 120 µm (Fig. 1b). As shown in
Fig. 1c, the annealed specimen displays a typical basal texture with the
basal pole of most grains orientated around the ND.

The stress–strain curve under monotonic tension along the normal

Fig. 3. EBSD analysis of the annealed specimen at the strain of 6%. (a) IPF map. The parent (in red) is being consumed by extension twin variants. (b) Band contrast
map. (c) Pole figures. (d) Misorientation angle distribution. High density {101̅2} twin boundaries with a misorientation angle of ~ 86° are observed. A small peak
around 60° with zone axis 011̅0 can also be seen, corresponding to the red boundaries in (b). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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direction (ND) of the rolled plate after annealing is shown in Fig. 2. The
deformation behavior presents an S-shaped curve which is typical of
wrought Mg alloys with a strong basal texture. The tensile tests were
interrupted at four strain levels: ε=6%, 8%, 11% and 15.5%, which
are denoted by the red dots on the stress-strain curve. Then the speci-
mens were examined with EBSD.

The IPF map of the annealed specimen at the strain of 6% is shown
in Fig. 3a. The red patches are the parent crystals that are being con-
sumed by the primary {101̅2} 101̅1 extension twins which are displayed
in dark blue, light blue, cyan and green. From the hexagonal units that
are superimposed on the twin variants, we can see that at least five
different twin variants have been activated inside the parent grains. To
identify the types of the boundaries in terms of misorientation and
rotation axis, band contrast map is plotted in Fig. 3b. The {101̅2} ex-
tension twin boundaries are marked in blue. Another type of boundaries
are plotted in red, satisfying 60 ± 5° misorientation with a rotation
axis 011̅0 . Fig. 3c shows the pole figure (PF) of Fig. 3a. If we compare
this pole figure with the original before tensile deformation (Fig. 1c), it
can be seen that, actually all the possible {101̅2} twin variants have been
activated (the discrete spots around the big circle on the 0002 pole).
Fig. 3d shows the misorientation angle distribution. The outstanding
peak near 90° misorientation corresponds to the {101̅2} twin boundaries,
most of which are between the primary {101̅2} twins and the parent
crystals. Also can be seen is the peak near 60° and these boundaries
correspond to the red boundaries in Fig. 3b, which has a rotation axis of
011̅0 .

In Fig. 3a, three regions, denoted by the black circles 1, 2 and 3, are

selected for further EBSD analysis of twin variants. Fig. 4a shows {101̅2}
twin variants in region 1. Three {101̅2} twin variants, V1 (101̅2) (in
green), V2 (011̅2) (in dark blue), V3 (1̅102) (in cyan) can be observed. It
can be seen that the V2 needle impinges into V1. Two kinds of
boundaries can now be better resolved in the band contrast map
(Fig. 4b): the blue {101̅2} boundaries of the primary twins, and the red
boundaries where the primary twins impinge. The (0002) pole figure of
the parent crystal and the twin variants are shown in Fig. 4c. We can see
that the parent is transformed to three twin variants, each of which is
reoriented by ~ 90° with respect to the parent with a zone axis of
112̅0 . To better reveal the misorientation relationship, 3D hexagonal
lattice units for the parent, V1, V2 and V3 primary twin variants are
plotted in Fig. 4d. The misorientation relationship between the neigh-
boring twin variants satisfies 60° 011̅0 , and the corresponding mis-
orientation angle between basal planes of the twin variants are 120°.
Point-to-point misorientation angles along the black line in Fig. 4b are
measured and plotted in Fig. 4e. It can be clearly seen that the interface
between two impinging twin variants has a misorientation angle close
to 60°.

In addition to {101̅2} primary twins that are activated in the parent
grains, secondary {101̅2} twins are also activated inside the primary
twins, as shown in Fig. 5a and b, which are the circled region 2 and 3 in
Fig. 3a, respectively. In these two scenarios, secondary {101̅2} twinning
is activated despite the stress condition strongly disfavors the secondary
twins. It can also be seen that at this strain level (ε=6%), the density of
the secondary twins is not high. Thus, {101̅2} primary twinning dom-
inates the plastic deformation, as reported by Chen et al. [42]. The pole

Fig. 4. {101̅2} twin variants analysis in the circled region 1 in Fig. 3a. (a) Three variants V1, V2 and V3 can be observed. (b) Band contrast map. The misorientation
angle along the black line are measured. (c) Pole figure showing how the parent is transformed to the three variants. (d) Unit cells for the parent, V1, V2 and V3
primary twin variants. The misorientation between the neighboring twin variants satisfies 60° 011̅0 . (e) Misorientation angles measured in (b). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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figures and the hexagonal lattice units clearly show the sequence of
twinning. If we compare the band contrast map with the IPF map in
Fig. 3, it can be readily seen that the red boundaries also include the
boundaries between the parent and the secondary variants. The mis-
orientation angle between parent and the secondary twins is also ~ 60°
with a zone axis of 011̅0 . However, because the secondary twins are
only formed inside the primary twins, and the parent grains are being
consumed by the primary twins, few 60° 011̅0 boundaries are formed
between the parent crystals and the secondary {101̅2} twins.

Further increase in strain leads to increase of twin volume fraction
as the primary twins grow thicker, impinge and eventually coalescence.
As the strain was increased to 8%, most of the parent grains are con-
sumed by {101̅2} primary twinning, as shown in Fig. 6a. Only small
patches of parent grains (in red) can be seen at this strain level. Three
primary twins, i.e. PT1, PT2 and PT3, can be identified from the hex-
agonal lattice units that are superimposed on the crystals. As denoted
by the black arrows, small, lenticular-shaped PT2 pieces (in dark blue)
are surrounded by the PT1 (in light blue). Concomitant with the in-
teraction between the primary twins, more {101̅2} secondary twins (in
green and in white) are activated inside the primary twins, as indicated
by the white arrows. As a result of the interaction between the primary
twins, the density of 60° 011̅0 boundaries increases, as shown in the
band contrast map (Fig. 6b), compared with Fig. 3b. In the pole figure
(Fig. 6c), more and more spots appear near the big circle of the (0002)
pole due to the primary twins. Spots of secondary twinning can also be
seen. Fig. 6d shows the misorientation angle distribution at the strain of
8%. Clearly, the intensity of the peak near 60° significantly increases if
compared with Fig. 3d.

As the strain increases to 11%, nearly all the parent grains have
been twinned, as shown in Fig. 7a. Small patches in red are the leftover
of parent grains that have largely been consumed by the primary twins.
At this strain level, the primary twinning has been saturated. Mean-
while, a rather high density of {101̅2} secondary twins are formed inside
the primary twins, as indicated by the black and white arrows. The

interaction between the primary twins and the formation of secondary
twins can be better viewed in the band contrast map (Fig. 7b). The red
lines unambiguously delineate the boundaries between the primary
twins, and the blue lines denote the {101̅2} boundaries between the
primary and secondary twins. An important feature in Fig. 7a and b is
that the 60° 011̅0 boundaries are highly irregular. The pole figure
(Fig. 7c) shows that the parent grains are nearly totally twinned, and
clustered spots with high intensities appear around the big circle of the
(0002) pole. The misorientation angle distribution (Fig. 7d) displays a
high peak around 90°, which mainly comes from the secondary twins
inside the primary twins. The intensity of 60° 011̅0 boundaries further
increases with increasing strain.

The boxed region in Fig. 7a is further analyzed in Fig. 8 to better
understand the highly irregular 60° 011̅0 boundaries. As shown in
Fig. 8a, three primary twin variants PT1, PT2 and PT3 are activated.
Secondary twins ST1 are formed inside the primary twin PT1, and an-
other secondary twin ST2 is formed inside PT2. The pole figure in
Fig. 8b shows the parent is transformed to the three primary twin
variants by a rotation of ~ 90° around the 112̅0 zone axis. From the
band contrast map in Fig. 8c, it can be found that the boundaries in red,
i.e. 60° 011̅0 boundaries, are a result of the interactions between
primary twins. These boundaries are highly irregular, suggesting strong
interaction between twin variants. The boundaries in blue are either the
interface between primary twin and the parent or the interface between
secondary twin and primary twin.

As the tensile strain was increased to the level of fracture (~
15.5%), the parent grains are totally twinned, as shown in Fig. 9a–c.
The scanned region is near the fracture surface. Twin-like, lenticular
domains, alternating in purple and in cyan, can be observed in the in-
terior of the twinned grains. These domains are 60° 011̅0 boundaries
between the primary twins, as seen in the band contrast map (Fig. 9b),
and these boundaries are rather profuse inside the parent grains. From
Fig. 9b, inside the twinned grains, 60° 011̅0 boundaries are pre-
dominant. Aside from the lenticular morphology, there are also 60°

Fig. 5. {101̅2} twin variant analysis in the circled region 2 and 3 in Fig. 3a. (a) The cyan is a primary twin (PT) and the light green is a secondary twin (ST) which is
formed inside the PT. (b) A primary twin (in blue) and two secondary twins (in brown) that are formed inside the PT. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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011̅0 boundaries that appear to be highly irregular. Notably, at this
strain to failure, −{101̅1} {101̅2} double twins can now be observed. The
boundaries of these double twins are plotted in cyan, which satisfy
38 ± 5° 112̅0 misorientation relationship. As shown in the mis-
orientation angle distribution (Fig. 9d), the intensity of 60° 011̅0

boundaries decreases. Still a small peak near 90° can be seen due to
secondary twinning that occurs inside the primary twins. A new peak
around 40° appears, corresponding to −{101̅1} {101̅2} double twinning.
However, these double twins are formed inside the primary {101̅2}

twins. Thus, the actual twinning sequence from the beginning of plastic
deformation should be as following: first, primary {101̅2} twins are ac-
tivated in the parent grains, then secondary {101̅1} contraction twins are
activated inside the primary {101̅2} twins, then tertiary {101̅2} twins are

activated inside the {101̅1} secondary twins, i.e.
− −{101̅2} {101̅1} {101̅2}P S T triple twinning.

Analyses of the twin variants in the circled region 1 and 2 in Fig. 9a
are shown in Figs. 10 and 11, respectively. The variants of secondary
{101̅2} twinning can form 60° 011̅0 boundaries as well, as shown in
Fig. 10a–e. Two secondary twins that are nucleated inside the primary
twin grow and impinge, forming the red boundary in Fig. 10b. The pole
figure (Fig. 10c) and the unit cells of the twin variants (Fig. 10d) clearly
show the misorientation relationship between the twin variants. The
misorientation angles along the black line in Fig. 10b are ~ 60° and ~
90°, corresponding to the red boundary between the two secondary
twin variants and the blue boundaries between the primary and the
secondary twins. One example of the crystallographic relationship in

Fig. 6. EBSD analysis of twin variants in the annealed specimen as the strain was increased to 8%. (a) IPF map. (b) Band contrast map. The red boundaries are 60°
011̅0 type. (c) Pole figures. (d) Misorientation angle distribution. Note the density of 60° 011̅0 boundaries increases with increasing strain. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the − −{101̅2} {101̅1} {101̅2}P S T triple twinning is shown in Fig. 11a–c.
The {101̅1} secondary twin inside the primary twin has been trans-
formed to the {101̅2} tertiary twin.

3.2. Simulation results

In the following, we show simulation results to better understand
the interaction between {101̅2} twin variants on the atomistic level.
{101̅2} twin nucleation and interaction between variants are shown in
Fig. 12a–f, in time sequence. Fig. 12a shows a snapshot of the Mg single
crystal before twin nucleation is activated. Only a portion of the system
is displayed. As the tensile strain increases, multiple twin variants are
activated (Fig. 12b). In these plots, common neighbor analysis (CNA)
[43,44] was used to display the structures inside the system. For in-
stance, the HCP structure is plotted in red; FCC in green (the basal

stacking faults inside the twins); and atoms on the surfaces and
boundaries in white. We denote two primary {101̅2} twins as Variant 1
and 2 which nucleate and grow inside the parent (Fig. 12b), and focus
on the interaction between these two variants. As the tensile strain
further increases, Variant 1 grows into Variant 2 and expands at the
expense of Variant 2 (Fig. 12c and d). As the straining continues
(Fig. 12e and f), the portion of Variant 2 in the upper right corner is
almost consumed by Variant 1. While Variant 2 grows toward the left,
Variant 1 further expands and consumes Variant 1, as indicated by the
yellow arrows.

The orientation relationship between Variant 1 and 2 is analyzed in
Figs. 13 and 14. Fig. 13a shows a magnified view of the interfacial
region of Variant 1 and 2. The basal plane of Variant 2 is perpendicular
to the figure plane. Then, the slice is rotated around the [0002] of the
parent by ~ 60°, such that the basal plane of Variant 1 is perpendicular

Fig. 7. EBSD analysis of twin variants in the annealed specimen as the strain was increased to 11%. (a) IPF map. The red patches are leftover of the parent that has
not twinned. (b) Band contrast map. (c) Pole figures. (d) Misorientation angle distribution. The peak around 90° mainly comes from the secondary twins inside the
primary twins. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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to the figure plane (Fig. 13b). Clearly, the boundary between Variant 1
and 2 in Fig. 13a is a twist boundary and mobile in our simulations. A
side view of the boxed region in Fig. 13b is shown in Fig. 14. The zone
axis of Variant 1 and 2 can be readily identified as 11̅00 , and the angle
between the basal planes of the two variants is ~ 60°. Thus, the
boundaries between the twin variants are all 60° 011̅0 type, which is
consistent with our experimental results.

Our atomistic simulations show that 60º 011̅0 boundaries between
{101̅2} twin variants have limited mobility under external strain, espe-
cially at large strains close to fracture.

4. Discussion

4.1. Contribution of sequential twinning to deformation

With the heat treated AZ31 specimens that have relatively large
grain size, and the interrupted tensile testing, we reveal a sequence of
twinning activities with a much clearer picture. It should be pointed out
that similar twinning behavior was also observed in the as-rolled spe-
cimens without heat treating. It can be expected that the observed se-
quence of twinning activities should happen in rolled Mg and Mg alloys
with a strong basal texture under tension along the ND. As suggested by
the name of “extension twinning”, {101̅2} twinning creates an extension
along the c-axis when a single crystal is pulled along the [0002], and a
contraction in the direction perpendicular to the [0002,45] when the
hexagonal lattice is reoriented by ~ 90° by twinning. This twinning
process entirely differs from a shear deformation on an invariant plane,
i.e. the twinning plane which is required to be structurally undistorted
in the classical twinning theory [46]. According to recent works [28,45]
the {101̅2} twinning plane cannot retain invariant during twinning.
Thus, the Schmid law, which can only be applied to plastic deformation
in which a shear is involved, is not applicable for this particular

twinning mode, as shown in numerous experimental observations of
non-Schmid effect [16,47]. Mu et al. [48] reported that the migration of
the primary twin is not governed by Schmid law but controlled by strain
accommodation, i.e. the variant that requires the least activation of the
difficult slip systems in the adjacent grain spreads more extensively
than the others. This criterion not only applies to the primary twin, but
also works for the secondary and tertiary twin. From the pole figure in
Fig. 3c, all the possible {101̅2} twin variants have equal probability to be
activated when a specimen is loaded along the ND. As a result, im-
pingement between the twin variants takes place all over the parent
grains during deformation.

The stress-strain curve (Fig. 2) looks very similar to that of an ex-
truded specimen when compressed along the extrusion direction (ED)
[42]. However, the deformation modes that are activated at different
stages can be very different. When compressed along the ED, extension
twinning is activated and dominates the low stress stage deformation
[42], but often only one most favorable twin variant dominates in a
grain in most cases (activation of multiple variants is possible and de-
pendent on the location where a specimen is sampled from the ex-
trudate). Although nucleation of a favorable twin variant can be at
multiple locations inside a grain, these twins of the same variant grow
and merge when they meet and form a larger twin. Thus, interaction
between primary twins is expected to be much less conspicuous in ex-
truded specimens. As shown by [30], {101̅2} secondary twins can also be
activated inside the primary twins in an extruded AM30 alloy as strain
increases. Although such secondary twins are disfavored by the stress
condition, they can still be activated by the fact that two strain com-
ponents are generated by {101̅2} twinning mode and the contraction
component perpendicular to the c-axis may contribute to strain ac-
commodation as well if the stress is sufficiently high [45].

If we compare the IPF maps and the band contrast maps (Figs. 3,
6–9) with the stress-strain curve (Fig. 2), it can be readily seen that in

Fig. 8. Twin orientation analysis in the boxed region in
Fig. 7a. (a) Three primary twin variants PT1, PT2 and PT3
are observed. Secondary twins ST1 are formed inside PT1,
and another secondary twin ST2 is formed inside PT2. The
3-D unit cells are superimposed to show the orientation
relationship between the different variants. (b) Pole figure
showing how the parent is transformed to the three pri-
mary twins and how the primary twins are transformed to
secondary twins. (c) Band contrast map. The boundaries in
red are a result from the interaction between primary
twins, these boundaries are highly irregular. (For inter-
pretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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the rolled specimens, {101̅2} twinning is active until fracture. This is
rather different from the current understanding that {101̅2} twinning is
mostly activated during the low stress stage deformation and saturates
around 6–7% plastic strain. It has been believed that, non-basal dis-
location slip systems such as prismatic and pyramidal slips are activated
at higher stresses. Because the critical stresses for activating these non-
basal slip systems are much higher (a factor of three to two orders of
magnitude higher [49]) than that of basal slip, these slip systems sig-
nificantly contribute to the unusually high hardening rate [5]. Ad-
ditionally, twin-slip interaction may also contribute to the high hard-
ening rate [50,51]. However, the most recent work by Wu et al. [10]
suggested that elastic deformation, which comes from the twinned
parent grains, should be counted as an important contributor as well.
This premise is plausible because after twinning saturates in extruded
Mg specimens, the stress may be lower than the critical stresses for the
non-basal slip systems, but the basal slip system is disfavored by the

loading condition. Earlier work by Lou et al. [52] assumed that the S-
shaped stress-strain curve (Fig. 2) can be approximately described by
two yield surfaces: low stress yielding which is caused by {101̅2} twin-
ning, and high stress yielding which corresponds to activation of non-
basal slip. Thus, contribution of non-basal slip and twin-slip interaction
to the abnormally high hardening rate may be not as significant as
thought before. Most recent study by Chen et al. [53] on the stress-
strain behavior of extruded AZ31 shows that indeed, the contribution of
twin-slip interaction to hardening is negligible.

In contrast to extruded Mg, the scenario in our rolled specimens is
quite different. At the low stress stage, multiple primary twin variants
have been activated and interaction between these variants contributes
to hardening already. As the primary twinning saturates around 7%
strain, the stress is not sufficiently high to activate the non-basal slip
systems. The secondary {101̅2} twinning is activated inside the primary
twins at this intermediate stress level. Bian et al. [54] found that the

Fig. 9. EBSD analysis of the annealed specimen after fracture (~ 15.5% strain). (a) IPF map. The unit cells are superimposed to show the orientation relationship
between twin variants. (b) Band contrast map. (c) Pole figures. The specimen is totally twinned. (d) Misorientation angle distribution. The red boundaries in (b) are
60° 011̅0 type. The green boundaries are produced by the following twinning sequence: first, primary {101̅2} twins are activated in the parent grains, then secondary
{101̅1} contraction twins are activated inside the primary {101̅2} twins, then tertiary {101̅2} twins are activated inside the {101̅1} secondary twins, i.e.

− −{101̅2} {101̅1} {101̅2}P S T triple twinning. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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{101̅2} secondary twin which is formed inside the primary twin has non-
Schmid behavior. In our work, the activation of the {101̅2} secondary
twinning is probably due to the internal local plastic strain concentra-
tion caused by the interaction between {101̅2} primary twins. Jain et al.
[55] studied the {101̅2} secondary twinning behavior in an AZ80 alloy at
77 K, they suggested the appearance of the secondary twinning may
serve as an accommodation mechanism to maintain strain compatibility
and contribute to plastic deformation. Between 8% and 11% strains
(Fig. 2), secondary extension twinning continues. Meanwhile, interac-
tion between the primary twins becomes stronger as the primary twins
grow, impinge and engulf one another (Figs. 6–7). Moreover, elastic
deformation of the twinned parent grains contributes to the overall
strain. As a result of the combined effect of these three contributors, the
transition from the low stress stage to the high stress flow stage presents
a superficially high hardening rate. During the final flow stage, sec-
ondary twinning continues but subsides. Non-basal slip systems are
activated when the stress is sufficiently high. As the strain increases to
near fracture, {101̅1} secondary twins appear inside the {101̅2} primary
twins. Then the {101̅1} secondary twins are twinned and transformed
into {101̅2} tertiary twins, i.e. −{101̅1} {101̅2} double twinning. The

double twinning transforms the mobile {101̅1} twin boundaries into
immobile 38° 112̅0 boundaries, and this leads to local stress con-
centration and localized plastic flow at these immobile boundaries, and
eventually final fracture ensues [56].

4.2. 60° 011̅0 boundaries and twin-like domains

In this work, high density 60° 011̅0 boundaries were first observed
in the specimen that was deformed to fracture, i.e. Fig. 9. These
boundaries were so intriguing that we initially hypothesized that the
lenticular, twin-like domains inside the parent grains were
“{112̅2} 112̅3̅ twins” that have not been observed in Mg. However, after
we carefully examined the highly irregular morphology of these
boundaries which totally depart from coherent twin boundaries, a
question arises as to how these boundaries were generated. This ques-
tion prompted us to perform the interrupted tensile tests at different
strain levels as shown in Fig. 2. Our results clearly indicate that the
twin-like domains are formed due to the interaction between {101̅2}

primary twin variants. Twin-like domains were reported by Li et al.
[57] when an as-cast pure Mg specimen was compressed to failure.

Fig. 10. Misorientation analysis of the circled region 1 in Fig. 9a. (a) Two {101̅2} secondary twins inside a primary twin. (b) The band contrast map. Misorientation
angles are measured along the black line. (c) The pole figure. (d) Unit cells of the twin variants. (e) Misorientation angles along the black line in (a). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Misorientation analysis of the circled region 2 in Fig. 9a. (a) − −{101̅2} {101̅1} {101̅2}P S T triple twinning. A −{101̅1} {101̅2} double twin is formed inside of a
primary extension twin. (b) Pole figure. (c) Unit cells of the twins.
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After fracture, EBSD analysis revealed unusual lenticular domains that
are neither {101̅2} nor {101̅1} twins. The orientation relationship satisfies
60° 011̅0 based on calculations from the Euler angles obtained in EBSD.
Thus, the results obtained in this work shed new insight on the for-
mation of the twin-like domains in specimens with large grain sizes.

The simulation results in this work (Fig. 12) show that the boundary

Fig. 12. Twin-twin interaction in atomistic simulations. (a) A single crystal Mg
is strained in tension along the [0002]. (b) {101̅2} twin variant 1 and 2 form. (c)
Variant 1 grows into variant 2. (d) Variant 1 expands at the expense of variant
2. (e) Variant 2 in the upper right corner is almost consumed by variant 1. (f)
While variant 2 grows toward the left, variant 1 further expands and consumes
variant 1, as indicated by the yellow arrow.

Fig. 13. Orientation relationship between variant 1 and 2. (a) A magnified view
of variant 1 and 2. The basal plane of variant 2 is perpendicular to the figure
plane. (b) the slice is rotated around the [0002] of the parent by ~ 60°, such
that the basal plane of variant 1 is perpendicular to the figure plane. Clearly, the
boundary in Fig. 12 is a twist boundary and mobile. A side view of the boxed
region is shown in Fig. 14.

Fig. 14. Side view of the boxed region in Fig. 13. The zone axis of variant 1 and
2 can be readily identified as 11̅00 , and the angle between the basal planes of
the two variants is ~ 60° (or 120°).
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between two {101̅2} primary twin variants inside a parent grain indeed
has limited mobility. From the crystallography [46], if the boundary
plane is parallel to {112̅2}, the orientation relationship is simply
{112̅2} 112̅3̅ twinning mode, but this twinning mode has not been ob-
served in Mg. Most of the 60° 011̅0 boundaries in our experiments and
simulations are highly incoherent.

Notably, as revealed by the simulation results (Fig. 12), the limited
mobility of the 60° 011̅0 boundaries due to interaction between {101̅2}
primary twin variants rules out the possibility that {101̅2} twinning is
mediated by “twinning dislocations” for the following reasons. First, as
shown in Figs. 3 and 6, as well as in Fig. 12, the {101̅2} twin boundaries
are rather incoherent during twin growth, consistent with numerous
experimental observations [22,58] and simulations [59–61]. In Fig. 12,
when two variants impinge, Variant 1 grows at the expense of Variant
2. When this occurs, a “twinning dislocation” would no longer glide on
the twin boundary, instead, on an interface that the two crystals no
longer satisfy the original twin relationship. However, a twinning dis-
location can only glide on a specific twinning plane and lattice corre-
spondence is uniquely defined by the twinning Burgers vector for each
twinning mode [46]. Second, if two impinging variants were mediated
by “twinning dislocations”, the twinning dislocations on two different
twinning planes would interact to form a dislocation lock which would
be immobile and thus twin boundary migration would be halted by the
dislocation reaction. For one example, when a twinning Burgers vector
along the 101̅1̅ {101̅2} interacts with another twinning Burgers vector
along the 011̅1̅ {011̅2}, the dislocation reaction creates a new Burgers
vector of 112̅2̅ which is not on either twinning planes and thus im-
mobile. Recently, Mokdad et al. [14] studied the formation of the twin-
twin boundaries by in-situ EBSD, and interesting observations con-
sistent with ours were reported, such as a twin variant is able to grow at
the expense of the other and a twin variant can branch out when in-
teracting with the other variant. Along with many other anomalies,
these observations cannot be explained by the “twinning dislocation”
theories. Nevertheless, further investigations, especially in-situ experi-
mental observations are needed to further understand the structure and
mobility of this type of boundaries.

5. Conclusions

We conducted interrupted tensile tests on a rolled AZ31 Mg alloy
with a relatively large grain size (~ 120 µm) at different strain levels.
The following conclusions can be drawn:

(1) Twinning is active throughout plastic deformation until the speci-
mens are fractured. Profuse, highly irregular 60° 011̅0 inter-var-
iant boundaries are formed as a result of interaction between dif-
ferent primary {101̅2} twin variants. Although these boundaries are
very close to {112̅2} 112̅3̅ twin relationship, they are not {112̅2} twin
boundaries and are only a product of twin variants interaction.

(2) Atomistic simulation results show that the 60° 011̅0 boundaries
can indeed be formed by interaction between primary twin var-
iants. Notably, these boundaries have limited mobility as revealed
in simulations. These results indicate that {101̅2} twinning cannot be
mediated by “twinning dislocations”. However, more research is
needed to better understand the properties of this type of bound-
aries and their effect on the deformation behavior of Mg alloys.

(3) During deformation, multiple primary {101̅2}P twin variants are first
activated inside the parent grains. These primary twin variants
grow and impinge, forming boundaries with 60° 011̅0 orientation
relationship. As the strain increases, secondary {101̅2}S twins are
activated inside the primary twins. Near fracture, {101̅1}S secondary
twins are activated inside the primary twins, followed by activation
of tertiary {101̅2}T twins inside the {101̅1}S secondary twins, i.e.

−{101̅1} {101̅2} double twinning.
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