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Abstract

Twin boundary plays a significant role in plastic deformation and consequently affects
the mechanical properties of Mg alloys. In this work, the intersectant interfaces of {1011}-
-{1012} double twin in deformed magnesium alloy were characterized employing high-
resolution transmission electron microscopy (HRTEM). The result indicates that {1011} twin
boundary entirely departs from the theoretical twinning plane near the interaction site, while
{1011} plane of matrix and twin is parallel and {1011} twin boundary is composed of {1011}
coherent twin boundary and {0002} || {1011} basal-pyramidal (BPy) boundaries away from
interaction site. Furthermore, the boundary interacted by {1011} and {1012} is decorated by
BP/PB boundary, and {1012}-{1011} twin interaction results in a high-angle asymmetrical
tilt boundary at the interaction site. Correspondingly, the microstructural features related to

the interactional incidents are discussed.

Key words: Mg, twinning, twin-twin interaction, HRTEM

1. Introduction

Recently, magnesium (Mg) alloys have drawn inter-
est for their potential application as structural com-
ponents in the aerospace and automotive industries
because of their outstanding properties, such as low
density and high specific strength [1-3]. However, their
widespread application has been limited because of
their limited room temperature formability and strong
directional anisotropy [4, 5]. As twinning for HCP-
-structured Mg can accommodate plastic strain along
the c-axis and provide additional independent shear
systems, it can play a vital role in determining the
mechanical behavior, such as formability and strength
of wrought Mg products [6, 7]. The twins in the de-
formed Mg alloys mainly include {1012} tension twin
and {1011} compression twin [8]. Twin boundary of-
ten plays a significant role in plastic deformation and
ultimately controls the mechanical properties of Mg
and Mg alloys [9, 10]. Therefore, the interfacial struc-
ture of twin and twin-twin interactions has attracted
much attention in recent years [11-15].

It is reported that the {1012} twin boundary con-

*Corresponding author: e-mail address: ggxi@cqut.edu.cn

**Corresponding author: e-mail address: jingzhang@cqu.edu.cn

sists of {1012} coherent twin boundary and basal-
prismatic (BP/PB) boundary, and {1011} twin
boundary is composed of {1011} coherent twin bound-
ary, {0002} | {1011}basal-pyramidal (BPy) bound-
aries, {1011} || {0002} pyramidal-basal (PyB) bound-
aries and {1010} || {1013} prismatic-third pyramidal
(P3Py) boundaries [16-19]. Recently, according to ex-
perimental observation and crystallographic analysis,
Zhu et al. reported that the interaction between two
co-zones {1012} and {1011} could result in tilt bound-
aries, with the boundary plane either basal-plane or
prismatic-plane tilt about the [1210] direction [20]. It
should be noted that {1012} twin can nucleate from
{1011} twin boundary when basal dislocations pile
up and lead to stress concentration at one {1011}
twin boundary in our previous work [21]. After the
{1012} twin nucleates from one {1011} twin bound-
ary, it will grow up from {1011} twin or matrix. If
{1012} twin grows up from {1011} twin, it will in-
teract with {1011} twin. In this case, {1011}-{1012}
double twin will be formed and the {1011} twin is a
matrix of {1012} twin [22, 23]. It should be noted that
the voids and cracks are prone to form adjacent to the
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intersectant interfaces of {1011}-{1012} double twin.
However, until now, there has been little work on the
structural feature of {1011}-{1012} double twin and
the interactional behavior of {1011} twin and {1012}
twin, especially at an atomic scale.

It is the purpose of this study to apply transmis-
sion electron microscopy (TEM) and high-resolution
TEM (HRTEM) to explore the structure when {1012}
twin interacts with {1011} twin. The HRTEM ob-
servation shows that boundary interacted by {1012}
and {1011} twin consists of BP/PB boundary and a
high-angle asymmetrical tilt boundary from {1012}-
-{1011} twin interaction at the interaction site. We
find that {1011} twin boundary deviates remarkably
from the {1011} plane, and the intersection angle be-
tween {1011} planes of matrix and twin is measured to
be ~ 10° near the interaction site, while {1011} plane
of matrix and twin is parallel and {1011} twin bound-
ary is composed of {10T1} coherent twin boundary
and {0002} || {1011} basal-pyramidal (BPy) bound-
aries away from the interaction site. In view of this
direct observation, the evolution of the twin bound-
ary is discussed.

2. Material and procedures
2.1. Material

A hot-rolled AZ31 (nominal composition Meg-
-3wt.%Al-1wt.%Zn) thick plate with a strong basal
texture was used in this investigation.

2.2. Processing

The specimens with the dimensions 30 mm X
30mm x 31mm (RD x TD x ND) were machined
from the center of rolled plate. Here, RD, TD, and
ND refer to the rolling direction, transverse direction,
and normal direction, respectively, of the initial plate.
The compressive strain of 5.5 % in parallel to RD and
re-compressive strain of 14.5 % in parallel to 45° of the
RD and ND were applied to the block. The compres-
sion tests were carried out on a CMT6305-300 uni-
versal testing machine at a strain rate of 0.001s~! at
room temperature.

2.3. Microstructural characterization

For TEM analysis, a cross-sectional TEM speci-
men was taken from the deformed sample. Then, the
samples for TEM and HRTEM observation were ob-
tained by mechanical polishing and ion thinning using
a precision ion polishing system (GATAN, PIPS II-
-691). Subsequently, the interfacial structure of {1011}~
-{1012} double twin was examined with FEI Tecnai
F20-G2 transmission electron microscope operating at

Fig. 1. Typical TEM morphology of {1011}-{1012} twin

interaction in deformed Mg alloy. Selected area electron

diffractions inserted in the left upper corner and left lower

corner confirm {1011} and {1012} twin orientation rela-

tionship, respectively. The electron beam is parallel to the

[1210] direction. The boundary interacted by {1011} and
{1012} twin is marked by green lines.

300 kV. The initial microstructure of the alloy and a
more detailed description of the experimental process
can be seen in our previous study [21].

3. Results
3.1. TEM observation

Figure 1 displays the typical bright-field TEM mi-
crograph of deformed AZ31 alloy. Obviously, the twins
are in contact with each other, and crossed twin pat-
terns are formed in deformation microstructure. The
twins are referred to as twin ¢ (¢ = 1, 2). The red and
green dashed lines represent the contours of twin 1 and
twin 2. The selected area electron diffraction (SAED)
pattern viewed along the [1510] zone axis of the area
as indicated by the black circle across the boundary
(depicted by red dashed line) is inserted at the left up-
per corner. The mirror spots appear with respect to
{1011} planes, suggesting that twin 1 is regarded as
{1011} twinning orientation relationship. SAED pat-
tern viewed along the [1210] zone axis of the area as
indicated by the white circle across the boundary (de-
picted by green dashed line) is inserted at the left lower
corner. The figure shows that the mirror spots appear
with respect to {1012} planes, suggesting that twin 2
corresponds to {1012} twin. It is interesting to note
that {1011} twin is a matrix of {1012} twin, and the
boundary between twin 1 and twin 2 is the {1012}
twin boundary. Furthermore, the boundary between
twin 2 and the matrix of twin 1 is depicted by a black
dashed line.
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Fig. 2. High-resolution transmission electron microscopy
showing microstructural features far away from the inter-
action site. The {1011} coherent boundaries are denoted
by blue lines, and {0002} || {1011} basal-pyramidal (BPy)
boundaries are indicated by pink lines.

3.2. HRTEM observations

To understand the boundary structure away from
the interaction site, one region marked with black rect-
angular box 1 is selected to perform HRTEM charac-
terization. The HRTEM image of position 1 is pro-
vided in Fig. 2. In this picture, the basal planes and
the {1011} twin boundaries are edge-on since the im-
age is taken along [1210] zone axis. The traces of
(0002), {1011}, {1011}, and {1010} planes of {1011}
twin are displaced in the right lower corner. It can
be seen that the twin boundary is incoherent and
presents a faceted structure. The twin boundary con-
tains straight terraces and a step-like interface. Ac-
cording to the orientation analysis, the straight ter-
races (depicted by solid blue lines) correspond to the
theoretical {1011} coherent twin boundaries, while
steps (depicted by solid pink lines) are parallel to
{0002} || {1011} boundaries. In this case, the misori-
entation between the basal planes of matrix and twin
is theoretically 124°.

To understand the boundary structure at the inter-
action site, the other region marked with black rect-
angular box 2 is chosen to execute HRTEM observa-
tion. Figure 3 provides an HRTEM image of position
2. In the HRTEM image, the traces of (0002), {1011},
{1012}, and {1010} planes of {1011} twin and the
traces of (0002), {1011} and {1010} planes of matrix
are displayed in the left upper and right lower corner,
respectively. It can be seen that the boundary between
{1011} and {1012} twin is extremely incoherent and
decorated by steps (indicated by solid red lines) at the
interaction site. According to the orientation analysis,
the steps are parallel to BP/PB boundaries. As can
be seen, near the interaction site, the {1011} plane of

Fig. 3. High-resolution transmission electron microscopy

showing microstructural features at interaction site. The

{1012} coherent twin boundaries are marked by yellow
lines, and BP/PB boundaries are colored in red.

{1011} twin and matrix is not parallel and included
angle between {1011} plane of {1011} twin and matrix
is 10°.

Moreover, the misorientation angle between the
basal planes of {1011} twin and matrix is 134°, rather
than theoretical 124°. This suggests that {1011}
twin boundary deviates prominent from its theoret-
ical twinning plane. It is worth noting that the atomic
image is more blurred than those far away from the
interaction site. This may be originated from the
high lattice distortion stemming from local high-stress
concentration, as reported by some previous studies
[24-27]. In addition, the interaction between {1011}
and {1012} results in a high-angle asymmetrical tilt
boundary at the interaction site (marked with a white
ellipse), and the misorientation angle is 38°.

4. Discussion

As mentioned above, the interfacial structure fea-
tures significantly differ at the interaction site and
away from the interaction site. Such structure fea-
tures must influence the macroscopical performance
of Mg alloys. Therefore, it is crucial to understand
the underlying mechanism of the twin-twin interac-
tion. It should be emphasized that deformation mi-
crostructure in the alloys was introduced by a 5.5 %
RD pre-compression and a 14.5% RD and ND 45° re-
compression. {1011} twin first nucleates in the grain
when the alloy is compressed along RD, and a number
of basal dislocations would be activated in the matrix
when re-compression along 45° of RD and ND is ap-
plied to the alloy, as demonstrated in a previous study
[21].

Moreover, during the re-compression process, these
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Fig. 4. Schematic diagram showing interaction process: {1011} twin boundaries are denoted by a solid blue line. The
boundary interacted by {1011} and {1012} twin is colored by a yellow line. Capital letter “B” represents basal dislocation
in the matrix and “b” represents {1012} twinning dislocation.

basal dislocations will interact with the {1011} twin
boundaries. However, the number of dislocations that
could be absorbed by {1011} twin boundary is limited.
When the number of dislocations reaches the limit, a
new {1012} twin nucleus can be formed in some po-
sition at one twin {1011} boundary due to differences
in local stress [21, 28]. Then, it will grow up and inter-
act with {1011} twin, since the migration of {1012}
twin boundary is attributed to the gliding twinning
dislocations [29, 30].

To better understand the {1011}-{1012} twin in-
teraction and microstructural evolution, a schematic
illustration of the interactional process is shown in
Fig. 4. For simplicity, blue and yellow solid lines rep-
resent the incoherent {1011} twin boundary and the
boundary between {1011} and {1012}, respectively.
The basal planes of matrix, {1011} twin, and {1012}
twin are denoted by brown, green, and pink solid lines.
Herein, dislocations are denoted as “1” symbols, and
their gliding directions are expressed by the black ar-

rows. It can be seen in Fig. 4a because local stress is
different; a new {1012} twin nucleates from {1011}
twin boundary and serves to relax the stress con-
centration when the number of basal dislocations ab-
sorbed by the twin boundary reaches a certain thresh-
old, as reported by previous research [21]. Accompany-
ing the glide of the twinning dislocations along {1012}
twin boundary, the twin grows up from {1011} twin
and interacts with {1011} twin as depicted in Fig. 4b.
At the interaction site, {1012} twinning dislocations
will pile up because {1012} twinning dislocations glide
are not favored at {1011} twin boundary. Therefore,
it is concluded that BP/PB boundary will be formed
due to the pile-up of {1012} twinning dislocations at
the interaction site, and the {1012} twinning dislo-
cations still pile up at the tip of {1012} the coher-
ent twin boundary and BP/PB boundary as depicted
in Fig. 4c. This is confirmed by the HRTEM image
shown in Fig. 3. Meantime, it should be pointed out
that {1012} nucleates from one {1011} twin bound-
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ary located at the top left corner because local stress
is different. However, the number of basal dislocations
still pile up at the other {1011} twin boundary lo-
cated at the lower right corner of the image. There-
fore, the large deviation of {1011} twin boundary from
{1011} twinning plane results from an accommoda-
tion of strain near the interaction site. In addition,
it should be mentioned that the interaction between
{1012} and {1011} twin results in a high-angle asym-
metrical tilt boundary at the interaction site (denoted
by a solid black line). The misorientation angle be-
tween the basal planes across the tilt boundary is
38°, which is consistent with the experimental image
in Fig. 3. Upon further strain, more BP/PB bound-
aries are formed at the tip, result in boundary between
{1012} and {1011} decorated by BP/PB boundaries,
and it is approximately perpendicular to {1011} twin
boundary, as depicted in Fig. 4d. This implies that
{1012} twin does not consume {1011} twin upon fur-
ther strain, which may result in the voids and cracks
adjacent to the intersectant interfaces.

5. Conclusions

In summary, the interactions between {1012} and
{1011} twin in AZ31 Mg alloy have been investigated
by TEM and HRTEM, revealing the microstructural
features at the interaction site and away from the in-
teraction site. The main conclusions can be drawn as
follows:

1. {1011} twin boundary consists of {1011} coher-
ent twin boundary and {0002} || {1011} boundaries
away from interaction site. In addition, the misori-
entation angle between the basal planes of twin and
matrix is theoretical 124° away from the interaction
site.

2. Boundary between {1012} and {1011} is deco-
rated by BP/PB boundary at the interaction site, and
actual {1011} twin boundary can deviate remarkably
from the {1011} plane by about 10° near the inter-
action site. Moreover, the significant deviation is pro-
posed to result from strain accommodation.

3.{1012}-{1011} twin interaction results in a high-
-angle asymmetrical tilt boundary at the interac-
tion site, and the misorientation angle across the tilt
boundary is 38°. Furthermore, it is proposed that the
boundary between {1012} and {1011} decorated by
BP/PB boundaries is approximately perpendicular to
{1011} twin boundary upon the further strain.
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