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Anomalous basal stacking faults have frequently been observed inside {1012} twins in deformed hcp metals. In
this work, we report transmission electron microscopy observation of basal stacking faults inside {1011} twins.
These stacking faults present similar characteristics to those inside {1012} twins. To reveal the formation mecha-
nism, we performed atomistic simulations. The results show that the stacking faults are not mediated by partial
dislocations. Lattice transformation analysis based on classical twinning theory shows that very large atomic shuf-
fles (~0.16 nm) perpendicular to the twinning shear are required for twinning and responsible for the formation of

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Stacking faults (SFs), as a type of planar defects in crystalline metals,
are mostly related to the glide of partial dislocations. They are often ob-
served in plastically deformed metals [1] or irradiated materials [2]. En-
ergetically, a partial dislocation is more favorable over a full dislocation
due to lower energy barrier for gliding on close-packed crystallographic
planes. As a result, an SF is formed behind a leading partial. Then a
trailing partial is formed to erase the SF. Thus, the balance between the
stacking fault energy (SFE) and the mechanical energy of the two partial
dislocations determines the equilibrium width of the SF [1]. In general,
the equilibrium width d is inversely proportional to the SFE [1].

For hexagonal close-packed (hcp) metals, although the basal SFE is
relatively low, the equilibrium width of a basal SF generated by Shock-
ley partials is only 1-3 nm [3], which is uneasy to be identified by the
conventional transmission electron microscopy (TEM). However, sever-
al TEM studies on the microstructure of deformed hcp metals suggested
that a special type of basal SF with a width that is two or three orders of
magnitude larger than the equilibrium width of basal SF can be formed
[4-7], especially inside {1012} twins [8-12]. Experimental and simula-
tion studies have been carried out to understand the mechanism of such
anomalous SFs [4-11]. Song and Gray [8-10] suggested that the forma-
tion of such anomalous SFs inside {1012} twins is related to the move-
ments of a large number of atoms involved in twin growth rather than
partial dislocations. They defined these SFs as “partial stacking faults”
because only every other basal plane on one side of an SF are displaced,
which differs from I (produced by Frank partials) and I, (produced by
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Shockley partials) SFs. Zhang and Li [11] performed TEM observations
and atomistic simulations of basal SFs, and their results showed that
the formation of the anomalous SFs inside {1012} twins is related to in-
coherent twin boundary (TB) migration involving large atomic shuffles.
These SFs may interact with dislocation slip and influence the mechan-
ical property of hcp materials [11,13].

In addition to {1012} twinning, {1011} twinning has been observed
in hcp metals [14,15]. This twinning mode is usually activated at higher
stresses and have been related to fracture during plastic deformation
[16,17]. Thus, interesting questions arise: Can such anomalous basal
SFs also be formed inside {1011} twins? If yes, what is the mechanism
responsible for the formation? Are there similarities to those basal SFs
inside {1012} twins? To date, there have not been direct experimental

studies on basal SFs inside {1011} twins.

The purpose of the current work is to carefully examine basal SFs in-
side {1011} twins in deformed hcp metals, by performing TEM observa-
tions and atomistic simulations. Indeed, high density basal SFs were
observed. A possible mechanism responsible for the formation of such
SFs is proposed.

Two hcp metals, Mg-3%Al-1%Zn (AZ31) magnesium alloy and pure
cobalt, were investigated in this study. Tension samples were cut from
the hot-rolled AZ31 magnesium alloy sheet with strong basal texture,
and tensile deformation was performed parallel to the rolling direction
(RD) at room temperature at a quasi-static strain rate of 10~> s~ ! until
fracture. TEM samples were taken at the vicinity of the fracture surface
by electrical discharge machining (EDM). Then the samples were
thinned by grinding followed by low temperature ion milling. Subse-
quently, the TEM observations were carried out on a JEM-2100 electron
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microscopy with a voltage of 200 kV. Microstructure of dynamically de-
formed Co samples (strain rate ~ 10° s~ ') was also examined by TEM
and the experimental details can be found in [18].

To understand the deformation mechanisms, we performed atomis-
tic simulation of tensile deformation of single crystal Mg using an Em-
bedded Atom Method (EAM) [19,20] type potential for Mg [21].
Recently, Modified EAM (MEAM) [22] potentials for Mg have been de-
veloped by Wu and Curtin [23] for better accuracy of SFE. The system
contains ~300,000 atoms with dimensions of 26 x 17 x 16 nm. The sys-
tem temperature was maintained at 10 K. Free surfaces were applied to
all dimensions. The system was relaxed for 10,000 time steps (30 ps) be-
fore straining. A tensile load was applied along the 1210 by moving one
end of the box at a displacement rate of a/10000 (ag = 0.321 nm is the
lattice parameter of Mg) per time step, corresponding to a strain rate of

8.0 x 108 s~ ! while the other end was fixed. The time step size was 3.0 fs.

Fig. 1(a) displays a typical bright-field TEM micrograph of a {1011}
twin in the deformed AZ31 at a relatively low magnification. The electron
beam is nearly parallel to the 1210 zone axis. Selected area electron dif-
fraction (SAED) was performed at location 1 which comprises both the
parent and the twin. The corresponding SAED pattern is shown in Fig.
1(b), which clearly indicates the {1011} twin orientation relationship.
Inside the twin (Fig. 1(a)), a high density of basal SFs can be observed.
These SFs may cross the whole twin with a width more than 500 nm.
These basal SFs are similar to those basal SFs observed inside {1012}
twin [11]. SAED was also performed at location 2 (see Fig. 1(a)) which
is inside the twin, and the diffraction pattern is shown in Fig. 1(c). As in-
dicated by the arrow, streaking along the [0001] direction (i.e. the c-axis)
can be observed. This indicates that these SFs are indeed on the (0002)
basal planes of the twin. It is worth noting that the width of these basal
SFs is two to three orders of magnitude wider than the equilibrium
width (1-3 nm) of the basal SFs produced by Shockley partials in magne-
sium alloy [3]. These basal SFs can cross the whole twin with both ends
anchored at the opposite TBs, or terminate inside the twin, similar to
those basal SFs observed inside {1012} twins [11].

Basal SFs were not only observed in deformed Mg, but also in de-
formed cobalt inside {1011} twins, as shown in Fig. 2(a). The electron

beam is along the 1210 zone axis. At a relatively low magnification, dif-
fraction contrast of basal SFs can be observed as straight lines that are
parallel to the trace of the basal plane. The diffraction pattern of the
twins taken at the twinning boundary is shown in the inset. The basal
SFs may cross the whole twin as well, with a width over hundreds of
nanometers. Fig. 2(b) displays an HRTEM micrograph near the TB. It
can be observed that one end of the basal SFs are anchored at the TB.

The above TEM and HRTEM observations indicate that anomalous
basal SFs can, indeed, be generated inside {1011} deformation twins in
hcp Mg and Co. These basal SFs have similar characteristics to those in-
side {1012} twins. In the following, we present atomistic simulation re-
sults to resolve the mechanism responsible for the formation of these
anomalous basal SFs.

Under the tensile strain, {1011} twinning was activated, as shown in
Fig. 3(a) and (b). Notably, during twin nucleation and growth, a number
of anomalous basal SFs were formed inside the {1011} twin, as shown in
Fig. 3(a). In these plots, common neighbor analysis [24] was used to dis-
play structures that deviate from the ideal hcp structure which is repre-
sented by the red atoms. The TBs, which are denoted by the gray atoms,
coincide with the {1011} plane. The SFs are denoted by the green atoms
which lie on the basal plane of the twin. It can be seen that the two ends
of the SFs are connected to the TBs, thus these SFs cross the whole {101
1} twin. As the tensile strain increases, the SFs grow wider as the TBs mi-
grate and the twin thickens. During twin growth, both ends of the SFs re-
main anchored at the TBs, as shown in Fig. 3(b). As a result, these basal
SFs always appear across the whole twin as the width increases. At the
intersections of the SFs and the TBs, one-layer steps can be observed.
The two-layer steps are partial zonal twinning dislocations [16,25]
which can glide over the one-layer steps without interaction. It can
also be seen that the basal SFs may terminate inside the {1011} twin
while the other end is connected to the TB. This scenario occurs when
a defect is generated inside the twin and the anomalous basal SF is actu-
ally terminated at the defect. Our simulation results are highly consistent
with our TEM observations.

The anomalous basal SFs shown in Figs. 3 and 4 differ from those
basal SFs created by the glide of Shockley partial dislocations in that a
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Fig. 1. (a) A bright-field TEM micrograph shows high density of basal stacking faults inside a {1011} deformation twin in a deformed AZ31 magnesium alloy. The electron beam is nearly
parallel to the 1210 zone axis. (b) Selected area electron diffraction pattern taken from the circled region 1 in (a), indicating the {1011} twin orientation relationship. (c) A diffraction
pattern for the circled region 2 in (a). The presence of streaking indicated by the white arrow indicates that the stacking faults are on the (0002) basal plane.
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Fig. 2. (a) A bright-field TEM micrograph shows high density of basal stacking faults inside a {1011} twin in deformed cobalt. The selected area electron diffraction pattern (the inset) was
taken from the twinning boundary (zone axis 1210). The basal planes of twin and matrix are indicated by the white lines. (b) HRTEM image shows the region near the twinning boundary

in (). Basal stacking faults inside the {1011} twin are indicated by the arrows.

two-layer fcc stacking (...ABC...) is generated near the SFs. In contrast, a
three-layer fcc stacking (...ABCA...) is generated near an SF by a Shockley
partial and a global displacement vector can be defined [5,26]. Anoma-
lous basal SFs have frequently been observed inside {1012} twins both
in experiment and simulation studies of hcp metals [8-11]. Zhang et al.
[11] showed that such SFs are closely related to incoherent TB migration.
Li and Zhang [27] has recently argued based on shuffling theory that {10
12} twinning mode is accomplished solely by atomic shuffling and no
shear is involved [28]. For Mg, the maximum magnitude of atomic shuf-
fles can be as large as ~0.1 nm [27]. Such large shuffles may cause atoms
to land on faulted positions during incoherent TB migration [11]. There-
fore, anomalous basal SFs are closely related to large atomic shuffles that
are required for specific twinning modes.

Detailed information of atomic shuffling for {1011} twinning, howev-
er, is not available in the literature. Bilby and Crocker [29], Christian and
Mahajan [16] schematically showed some atomic shuffles in their works.
But their analysis is incomplete. In the following, we analyze the
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shuffling based on lattice correspondence which is a central feature in
deformation twinning.

According to the classical twinning theory [16,29], a plane of the par-
entis transformed to a plane of the twin, and a one-to-one lattice corre-
spondence can be uniquely established for each twinning mode [30]. Li
and Ma [25] showed that in {1011} twinning, the basal plane, i.e.
(0002)p of the parent is transformed to the pyramidal plane, i.e.
{1011} of the twin. Such a transformation is consistent with the calcu-
lations based on the classical twinning theory [30]. Thus, we can analyze
the shear and shuffle in detail by analyzing the lattice transformation.

Fig. 4 shows the structure of a {1011} plane. The viewing direction is
along the normal direction of the {1011} plane. This pyramidal plane has
a double-layer structure in which atoms are located on two slightly sep-
arate planes. The double-layer structure is represented by the red and
the blue atoms. On top of the {1011} plane, a hexagonal basal plane (rep-
resented by the hollow green atoms) is superimposed. At the bottom
layer, the atoms of the two planes perfectly coincide along the zone

Fig. 3. Atomistic simulations of basal stacking faults across a {1011} twin. (a) Basal stacking faults (in green) inside a {1011} twin. The twin boundaries are colored in gray, and the red
atoms are situated in perfect HCP lattice positions. (b) As twinning proceeds and the TB (in gray) migrates, the basal SFs (in green) grow wider with both ends anchored at the TBs. Some of
the SFs may terminate inside the {1011} twin. (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. 4. Transformation of a (0002) basal plane to a {1011} plane during {1011} twinning.
The double-layer structure of a {1011} plane is shown by the blue and red atoms which are
actually located on two slightly separate planes. A basal plane (denoted by the hollow
green circles) is superimposed on top of the {1011} plane to show that shuffles as large
as 1ag (ao is the lattice parameter of Mg, i.e. 0.321 nm) are required for atoms at layer 2
and 3 during twinning. The red arrows indicate the shear and the black arrows indicate
the shuffles. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

axis 1210. At layer 4, the green atoms are sheared directly to the twin po-
sitions without the need of shuffling, and the shear is represented by the
red arrows. Thus, the twinning dislocation is a four-layer or a two-layer
zonal dislocation [16]. Because a twinning shear is an affine shear [16],
layer 1, 2 and 3 should experience the same homogeneous shear (indi-
cated by the red arrows). The magnitude of the red arrows at individual
layers is proportional to the distance from the bottom layer. At layer 1,
the green atoms are sheared along the twinning direction, then they
must slightly shuffle backwards to reach the twin positions denoted by
the red atoms. At layer 2, the green atoms are first sheared along the
twinning direction, then they must shuffle by a large distance 1ag ~ 0.1
6 nm (ag is the lattice parameter of Mg, which equals 0.321 nm) to reach
the twin positions denoted by the blue atoms. The magnitude of this
shuffle is about five times the magnitude of the elementary twinning dis-
location on each twinning plane. It is worth noting that the shuffling di-
rection is nearly perpendicular to the twinning direction. A similar
scenario applies to the green atoms at layer 3, but a component against
the twinning direction has to be involved in the shuffling.

The analysis in Fig. 4 clearly indicates that very large and complex
shuffles are required to complete the lattice transformation. However,
at layer 2 and 3, the shuffling direction indicated by the black arrows is
not the only option. If the green atoms at layer 2 or 3 shuffle opposite
to the black arrows, a basal SF will be created inside the {1011} twin.
This could happen as a result of disruptions that lead to atoms landing
on the faulted positions. Basal SFs were also reported by Fan and El-

Awady [12] in their atomistic simulations. Ostapovets and Serra [31] ob-
served similar SFs in their simulation of {1011} twinning and they
showed that a Burgers circuit can be drawn around the one-layer steps.
However, according to Song and Gray [8], only half of the atoms on one
side of an SF are displaced and no global displacement vector can be
defined.

To conclude, high density, anomalous basal SFs inside {1011} twins
in deformed hcp metals were observed by TEM. These basal SFs may
cross a whole twin and grow as TBs migrate and present similar charac-

teristics to basal SFs inside {1012} twins. Atomistic simulations reveal
that these basal SFs are not mediated by partial dislocations. Lattice cor-
respondence analysis shows that very large atomic shuffles (~0.16 nm)
in the direction nearly perpendicular to the twinning shear are required

for {1011} twinning. Such large shuffles may cause atoms to land on

faulted positions during twinning, leading to basal SFs inside {1011}
twins without the glide of partial dislocations.
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