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ABSTRACT ARTICLE HISTORY
Twinning plays important role in plastic deformation of Mg Received 1 December 2019
alloys. However, it is difficult to obtain full information on Accepted 24 May 2020
twinning structures through transmission electron microscope
observations. Here, we developed a new method to reconstruct M e

- X . = g alloys; twinning;
the three-dimensional structure of a twin boundary. The {1012} <0 lactron
twin was observed from three directions, i.e. the [1120], [2021], microscope; three-
and [4223] zone axes, in order to establish the atomic model of dimensional structure of twin
the boundary. Additionally, we propose that the observed boundary
directions for {1071} and {1013} twins should be [1123] &
[1011] and [2111] & [5143], respectively.

KEYWORDS

1. Introduction

Owing to their hexagonal close-packed (hcp) structure, only two independent
basal slip systems can be activated in Mg alloys at room temperature, which is
insufficient for homogeneous deformation according to the Von Mises criterion
[1-6]. In order to achieve stable plastic deformation, twinning is often employed
as another important deformation mechanism [7-12]. It has been reported that
there are three main systems of deformation twinning in Mg alloys, including
{1011}<1012>,, {1012}<1011>, and {1013}<3032>, twins [13,14]. Among
these, the {1011}, and {1012}, twins are frequently observed when the c-axis
is under compressive and tensile deformation, respectively [15]. In order
to understand their in-depth deformation and strengthening mechanism,
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high-resolution microstructural characterisation is necessary to determine the
spatial crystal structure of twins [16-20].

There are several techniques to study the crystal structure of interfaces, such
as electron backscattered diffraction (EBSD) [21-23], atom probe tomography
(APT) [24,25], and transmission electron microscopy (TEM) [26,27]. The
EBSD and APT techniques are designed for investigating the misorientation
and chemical composition, respectively, while the most promising technique
to study the lattice structure of interfaces is no doubt the TEM combined with
its energy-dispersive X-ray spectroscopy (EDS) system, which has ultra-high res-
olution on the atomic scale. However, TEM can provide only two-dimensional
(2D) projection images, which is insufficient to determine the three-dimensional
(3D) structure of interfaces [28]. Particularly, the analysis becomes more difficult
and complicated, when the interfaces are segregated by solute atoms [29-31].
Therefore, first-principle calculations have usually been employed to assist the
reconstruction of 3D lattice structure of interfaces. According to density func-
tional theory (DFT) calculation, the solute atoms prefer to segregate at positions
that have the lowest segregation energy (Es,,) [28,32], which may support analy-
sis of TEM experiments. However, first-principle calculations are not only time-
consuming but also it is hard to avoid mistakes during establishment of the
super cells. Therefore, more detailed experimental results are desirable.

In this work, we developed a new method to reconstruct the 3D lattice struc-
ture of coherent twin boundaries in an Mg alloy. As an example, the {1012}, twin
boundary was observed along the zone axes of [1120],, [2021], and [4223],,
which provided three atomic-scale images. In addition, we discuss how to
expand this method to study the 3D structure of other types of twin boundaries,
such as the {1011}, and {1013}, twins. This method might shed light on the
reconstruction of 3D structure of interfaces via experimental TEM images.
Moreover, the investigation of interfacial segregations can probably be improved
with the help of this novel method.

2. Material and methods

The NZ30 K with composition Mg-3.03Nd-0.24Zn-0.49Zr (wt. %) was used for
twin structure characterisation in this work, because Mg containing rare-earths
usually exhibits more irradiation resistance than pure Mg during TEM obser-
vation [33]. Ingots were prepared in an electric-resistant furnace under a mixed
protective gas of CO, and SF6 with a volume ratio of 100:1. The details of alloy
preparation have been reported in Ref. [34]. The as-cast ingots were homogenised
at 540°C for 10 hours, followed by water quenching to room temperature. Tensile
specimens were cut into dog-bone-shaped specimens with a gauge length of
10 mm, width of 2.5 mm, and a finally polished thickness of 1.5 mm. A tensile
deformation of 15% was performed on an electromechanical universal testing
machine (LFM-20kN) with a strain rate of 2 x 107> s~ at room temperature.
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Cross-sectional TEM specimens were cut from the rolling sheet and gently
polished to a thickness of ~ 25 um. Perforation by ion milling was carried
out on a cold stage (~ —30°C) with low-angle (<3.5°) and low-energy ion
beam (< 3 keV) [35]. Atomic-resolution TEM observations were conducted
on an aberration-corrected transmission electron microscope (FEI Titan G2
60-300) operated at 300 kV. For simplicity, the atomic-scale HAADF-STEM
images were Fourier-filtered using Gatan Digital Micrograph. The model of
the atomic structure and the corresponding simulated diffraction pattern (DP)
were obtained using the software Crystal-Maker.

3. Results and discussion

Figure 1 shows the TEM image and corresponding atomic model of a {1012},
twin viewed from the [1120], zone axis. In this direction, the twin plane is
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Figure 1. Microstructure of the {1012}, twin observed from [1120], zone axis: (a) bright-field
TEM image, (b) HRTEM image, (c) two-dimensional atomic model (d) simulated DP.
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perpendicular to the screen and the neighbouring grains of parent and twin
share the same zone axis. This type of structure is suitable for high-resolution
transmission electron microscope (HRTEM) observation, because it is able to
obtain the atomic structure on both sides of the interface in a single image
[19,36]. Figure 1(a) shows a low-magnification bright-field image of the twin.
A ‘willow leaf shaped lamellar band with a width of ~ 80 nm is observed,
which is the typical morphology of deformation twins [29]. The inserted DP
indicates that there are two sets of co-axial DPs, and the angle between their
{0001}, planes is ~ 86°. Figure 1(b) shows an HRTEM image of a {1012},
twin, in which the orange dash line represents the twin boundary. It is clear
that the neighbouring sides of the twin boundary are mirror symmetrical and
have an angle of ~ 86° between the {0001}, planes. Based on the TEM obser-
vation, a 2D atomic model of a {1012}, twin viewed from the [1120], zone
axis is established, as shown in Figure 1(c). The yellow spheres represent the
atoms in the twin boundary, and the red and blue spheres represent the
atoms in the parent and the twin grains, respectively. To distinguish the
different basal layers in Mg, the atoms in layer B are represented by light red
and blue spheres. Assisted by the detailed structural information in the 2D
atomic model, an accurate lattice structure of the twin boundary is recon-
structed. As marked in Figure 1(b,c), the interplanar spacing of {0001}, (d,) is
2.6 A, which is half of the length of the lattice constant ¢ (~ 5.2 A). Figure 1
(d) shows the simulated DP of the atomic model, which coincides with the
experimental pattern in Figure 1(a).

It is known that the spots in a DP represent a series of crystal planes perpen-
dicular to the observation screen, such as the (0001),, (1010),, and (1012),
planes in the DP obtained from the [1120], zone axis [36]. In other words,
the zone axes, which have a spot indexed by (1012), in the DP, are probably
the best candidates for additional HRTEM observation to obtain more structural
information of the twin. Figure 2(a) shows a low-magnification bright-field
image of the {1012}, twin viewed from the [2021], zone axis. A morphology
of lamellar band is observed in the bright-field image, which is similar to the
twin viewed from the [1120], zone axis. As marked by the orange circle in
Figure 2(a), there are two overlapping diffraction spots indexed by (1012), in
the DP, which indicates that the parent and twin grains share the same twin
plane of (1012),. Different from the DP obtained from the [1120], zone axis,
the typical low-index crystal planes perpendicular to the screen in this direction
are the {1012}, planes. The angle between the {1012}, planes of the parent and
the twin grain is ~ 107°, as marked in Figure 2(a,b). Note that, this angle cannot
represent the misorientation of the twin boundary, because there are three
equivalent {1012}, crystal planes in the HCP lattice. Figure 2(b) shows an
HRTEM image of a (1012), twin boundary, in which the interface is marked
by an orange dash line. The atomic structure on the two sides of twin boundary
also exhibits a mirror symmetrical relationship, and the interplanar spacing of
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Figure 2. Microstructure of the {1012}, twinning in NZ30 K alloy observed from the [2021], zone
axis:(a) he bright-field TEM image, (b) HRTEM image, (c) 2D atomic model, and (d) simulated DP.

{1012}, (d,) is 1.6 A. Figure 2(c) shows a 2D atomic model of the twin viewed in
this direction. Owing to the narrow atomic spacing (~ 0.078 nm), it is hard to
distinguish the two atomic columns marked by the black circles in the model.
Thus, an atomic spot in the HRTEM image (Figure 2(b)) is actually associated
with two atomic columns. This phenomenon is also found in other materials,
such as the HRTEM image of Si crystal viewed from the [011] zone axis, in
which the dumbbell-shaped atomic columns are difficult to distinguish and
appear as one atomic column [37]. The simulated DP shown in Figure 2(d)
coincides with the experimental result.

Figure 3 shows the microstructure of the (1012), twin viewed from a third
zone axis, namely [4223],. In this direction, the twin plane is also perpendicular
to the viewing screen. As shown in Figure 3(a), the morphology of the (1012),
twin in the low-magnification image from the [4223], direction is the same as
that seen along the zone axes of [1120], and [2021],, which exhibit a ‘willow
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Figure 3. Microstructure of the {1012}, twinning in NZ30 K alloy observed from the [4223], zone
axis:(a) bright-field TEM image, (b) HRTEM image, (c) 2D atomic model, and (d) simulated DP.

leaf” shaped structure. The inserted DP indicates that the (0110), plane is the
typical low-index crystal plane that is perpendicular to the screen. The interpla-
nar distance of the (0110), planes is d,=2.8 A, and the angle between the
(0110), planes of the parent and the twin grains is ~ 140°, as shown in Figure
3(b). This proves again that only the angle between the (0001), planes can rep-
resent the misorientation of interfaces. In other words, the index of crystal plane
must be selected as (0001), during the misorientation investigation via EBSD
[38,39]. Figure 3(c) shows the 2D atomic model of the twin established accord-
ing to the experimental results. Similar to the images in Figure 2(b,c), an atomic
spot in the HRTEM image is actually composed of two columns as marked by
the black circles in Figure 3(c). The atomic spacing in this direction is ~
0.134 nm, which is slightly larger than the limit of ideal resolution. However,
it is still difficult to distinguish the two columns, because the sample thickness
and electron beam setting cannot satisfy the ideal condition during the TEM
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experiment. As shown in Figure 3(d), the DP was simulated to prove the accu-
racy of the 2D model. Based on the 2D models from the directions [1120],,
[2021], and [4223],, a 3D model will be established in the future, providing a
more detailed spatial structure.

It is difficult to obtain a 3D crystal structure of the interface from only a
single projection of aTEM image, even if the resolution reaches the atomic
scale [36]. To determine the accurate lattice structure of the {1012}, twin
boundary, a method which reconstructed the 3D microstructure based on
three 2D HRTEM images along the zone axes [1120],, [2021], and [4223],
is developed in this work, as shown in Figure 4(a). The principle of this
method is similar to the three orthographic views in engineering drawings.
However, in order to keep the twin plane perpendicular to the screen, the
directions of observation cannot have an orthogonal relationship. As shown
in Figure 4(b), all the three-zone axes are in the same lattice plane, i.e. the
{1012}, twin boundary. The angles between the [1120], zone axis to the
[2021], and [4223], zone axes are 38° and 67°, respectively. The zone axes
are independent of each other, which provide the essential information for
the 3D structure reconstruction. This method is beneficial to determine the
detailed structure of each atomic column at the twin interface, especially for
studying the 3D structure of twin interfacial segregation [40]. As mentioned
above, the tilt method of the sample stage should be unique, keeping the
zone axes in the twin plane. As a consequence, the observed zone axes in
the {101. 1}, and {1013}, twins are different from those in the study of the
{1012}, twin boundary. The additional suggested zone axes for {1011}, and
{1013}, twins are [1123], & [1011], and [2111], & [5143],, respectively.

W2
hj, %f?ﬂ_ ~-aﬁﬁiﬂl

: 0
BTN

6 o
[1120 Qf’ [4223]

o‘ Layer A 0 e Layer B (@ Twin interface

Figure 4. Three-dimensional model of the {1 01_2}u twin_boundary: (_a_) atomic model and (b) illus-
tration of lattice model with zone axes of [1120],, [2021], and [4223],..
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4, Conclusions

In summary, we have developed a novel method for accurate charactisation of the
{1012}, twin boundary, which reconstructs its 3D structure via atomic-resolution
TEM observations along multiple zone axes, such as [1120],, [2021], and [4223],..
The directions of the [2021],, and [4223],, zone axes are tilted by 38° and 67° in the
(1012), plane from the direction of [1120],, respectively. In addition, the specific
zone axes for 3D reconstruction of {1011}, and {1013}, twins using this method
are [1123], & [1011], and [2111], & [5143],, respectively.
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