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Solute atoms segregation to the interfaces, such as grain boundary or twin boundary, often plays a critical
role in modulating the properties of a metallic alloy. Deformation induced segregation to the interfaces
has been a subject of significant research, since this is one of the key issues to fully understand the
deformation mechanism and microstructure evolution in service of engineering materials. By means of
the high-resolution aberration-corrected scanning transmission electron microscopy (STEM), we report
the investigations of segregations to symmetrical boundaries, kink boundary (KB) and twin boundary
(TB), in the Mg-Zn-Y alloys containing long period stacking ordered (LPSO) phases subjected to a
compression at room temperature. We found that Zn atoms preferentially segregate to the deformation-
induced symmetrical KBs in the LPSO structures and sandwiched Mg layers, while only a small amount of
Y atoms concentrate at KB in LPSO structure. These enriched atoms may be in a random distribution,
form nanoscale clusters or in a periodic pattern. Furthermore, solute atoms would rather decorate the
segment of coherent TBs than enrich the overlapped TBs. Based on the direct atomic observations, the
segregation mechanisms to the featured microstructures are proposed.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Owing to the good mechanical properties, magnesium-
transition metal (TM)-rare earth (RE) alloys containing long-
period stacking ordered (LPSO) phase have received consider-
able attentions [1-5]. The volume fraction, orientation and dis-
tribution of the LPSO structure in an Mg alloy play a significant
role in modulating the mechanical performance [6—8]. Extensive
effort has been made to understand the deformation mechanism
of this kind of Mg alloys [4—7,9—14]. Deformation kink in the LPSO
structure is one of the major deformation mechanisms respon-
sible for the high strength and good ductility both at room tem-
perature and high temperatures of the Mg alloys [5—7,9,10,14,15].
The origin of deformation kink in the LPSO phase is known to
result from the synchronized slip of basal dislocations [5], and it
has also been reported to originate from a progressive rotation of
the lattice by avalanche generation of pairs of dislocations on the
basal plane [7]. Deformation twinning, another important defor-
mation mode in these Mg alloys, might be suppressed by strong
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interaction with LPSO structures or SFs enriched with Zn/Y atoms
[5,9,13].

Segregation of solute atoms in Mg alloys to interfaces, e. g., grain
boundary (GB) and twin boundary (TB), during deformation also
has a significant impact on their mechanical properties. For
example, Gd atoms or clusters were found to segregate to GBs in the
Mg-Gd alloys after cold rolling and aging or hot extrusion, which is
beneficial to the weakening of the basal texture of the Mg alloys
[16,17]. Gd and Zn atoms were observed to periodically decorate the
coherent TBs in the dilute Mg-Gd/Zn alloys after deformation and
annealing, pinning the TB and subsequent strengthening the ma-
terials [ 18]. Zn/Y atoms also tend to concentrate at stacking faults in
the Mg-Zn-Y alloys during hot deformation [19]. The interfaces
segregation is usually reported to play a critical role in tailoring the
mechanical performance of materials. The GB segregation can
either strengthen the materials by lowering the movement of GBs
[20], stabilizing the nanometer materials [21], and improving the
ductility [22], or weaken the materials via GB brittleness [23].
However, there is little knowledge about the segregation of solute
atoms at the deformation-induced interfaces, kink boundaries
(KBs) and twin boundaries (TBs), in the Mg-Zn-Y alloys with the
LPSO structures. The recent developed aberration-corrected
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scanning transmission electron microscopy (STEM) enables us to
acquire the microstructure and chemical feature of the interfaces at
the atomic-scale [16,18,24,25].

It is the purpose of this study to apply the aberration-corrected
STEM technique to investigate the segregation of Zn/Y atoms at
the deformation-induced KB and TB of an Mg-Zn-Y alloy. We
unraveled the distribution and chemical features of solute atoms
which segregated along KB in LPSO structures and sandwiched Mg
layers. We also characterized the microstructure of TBs that
interacted with SFs enriched with Zn/Y. Based on the direct ob-
servations, the segregation mechanism is discussed and a physical
model is then proposed. This result may provide new insights into
the boundary segregation of Mg alloys during deformation at
room temperature.

2. Experimental procedure

The casting procedure of the Mgg7;Zn;Y; (at.%) alloy is described
in Ref. [5]. Specimens with the dimensions ® 4 x 8 mm> were cut
from the ingots by electrical discharge machining, and the
compression direction was parallel to the long axis of the speci-
mens. The compression experiments were carried out at room
temperature and a strain rate of 1.0 x 1073 s~! in a Gleeble-1500
thermal simulation machine. Transmission electron microscopy
(TEM) samples parallel to the compression direction were sliced by
a linear precision saw. The samples were then ground using variant
grit silicon carbide papers, and finally ion milled by Gatan 691
precision ion polishing system. Fine ion milling was done at 4 keV
for 10 min, 3 keV for approximately 20 min and then 1 keV for
20 min, with an incident angle of 4.5°, in order to largely reduce the
thermal effect of ion milling on the structure of TEM samples
[26,27]. The voltage and incident angle used here are much lower
than the typical condition, thus one can expect that the tempera-
ture rise of the TEM samples should be efficiently minimized and its
effect could be negligible. The microstructural and chemical in-
vestigations were performed parallel to the compression axis.
Atomic-resolution high-angle annular dark field (HAADF) obser-
vation was conducted on an aberration-corrected scanning trans-
mission electron microscope (STEM) operated at 300 kV, FEI
Titan>™ G? 60—300 TEM. The probe convergence is 25 mrad which
yields a probe size of less than 0.1 nm. And associated energy
dispersive X-ray spectroscopy (EDS) is employed to analyze the
chemical features of interfaces in the Mg-Zn-Y alloys. The EDS
spectrum or mapping in this work is carried out with a probe size of
approximately 0.3 nm in diameter. Two dimensional (2D) graphs
via Matlab display the intensity values of EDS mapping of Mg, Zn
and Y elements, in order to further demonstrate the distribution of
the solute atoms.

3. Experimental results

3.1. Microstructural characteristics of the Mgg7ZnY> alloy before
deformation

The typical SEM microstructure of the Mgg7Zn;Y> alloy is shown
in Fig. 1a. The LPSO structures exhibit brighter contrast due to the
enrichment of Zn/Y atoms, while the matrix shows darker contrast.
The LPSO structures with a width of hundreds to thousands of
nanometers are usually present in the form of a strong sketch,
which play a significant role in improving the mechanical proper-
ties of the Mgg7Zn1Y> alloy [5]. Meanwhile, profuse stacking faults
(SFs) enriched with Zn/Y atoms or lamellar LPSO structures in the
matrix are parallel to the basal plane of Mg, as shown in Fig. 1b.
These planar structures probably block the propagation of defor-
mation twin due to the strong interaction between SFs and twins in

Mg alloys [13]. The LPSO phases and SFs in as-cast Mg-Zn-Y alloys
are thoroughly documented to contain AB'C'A building block,
where the Zn/Y are enriched in the B’ and C’ planes [28—30] and Y
atoms are recently proved to be also in A planes in Mg-Zn-Y alloys
[31,32] and Mg-Al-Gd alloys [33,34]. We performed an EDS analysis
with the sub-nanometer probe and figured out the chemical nature
of the LPSO structure and SFs, as shown with the inset in Fig. 1b. The
line profile demonstrates that both Zn and Y are remarkably
enriched at the B’ and C’ layers. In particular, the quantity of Y atoms
is more than that of Zn in AB'C'A blocks, which is consistent with
the results reported in RS P/M Mgg7Y2Zn; alloys [28,35]. It is
worthwhile to mention that the SFs in this work especially repre-
sent the SFs enriched with Zn/Y atoms, which are similar to ¥’ phase
formed after ageing for a long time in Mg-RE-Zn alloys [36,37] as far
as the stacking sequence and solute atoms segregation are taken
into account.

3.2. Deformation kink in the LPSO structure/SFs and Mg layers

Deformation kink is one of the major deformation mechanisms
for the LPSO structures in Mg-Zn-Y alloys [4,5,7]. As shown in
Fig. 2a, the optical micrograph shows that the compression-
induced deformation kinks in the LPSO structures range from 1 to
5 um in width, and in the meanwhile kinks also occur in the
neighboring Mg matrix, marked by upward and backward arrows,
respectively. The low magnification HAADF-STEM image, as seen in
Fig. 2b, further demonstrates the multiple nano-scaled kinks
penetrate the LPSO structures, SFs and the sandwiched Mg layers.
This observation is in accordance with the kink produced upon
compression at 573 K [5]. It proves that the deformation kink in the
LPSO structures could propagate into Mg interlayers and neigh-
boring Mg grains at various deformation temperatures. M. Yama-
saki et al. reported that three kinds of deformation kinks could be
produced during deformation, <12 10>, <0001>, <11 00> and <01
10> rotation-type kink [38]. In this work, we focused on investi-
gating the solute segregation of <12 10> rotation-type symmetrical
deformation kink by using atomic-resolution HAADF-STEM.

Fig. 3a shows a low magnification STEM image of a symmetrical
deformation kink in LPSO structures and the sandwiched Mg layers,
recorded along [112 0] zone axis of Mg. The misorientation of basal
planes of the deformation kink is about 78°. It is well known that
the HAADF-STEM technique provides atomic number (Z) contrast
with the intensity in proportion to Z'7~1° [39,40]. The brighter
contrast along KB thus implies that heavier atoms segregate at KB
both in LPSO phase and Mg interlayers during deformation. The
high resolution STEM images of KB, framed by rectangles b, c and
d in Fig. 3a are displayed in Fig. 3b—d. Apparently, heavier atoms
segregate to the KB in the LPSO phase, as denoted by arrows in
Fig. 3b. This scenario is more obvious in the interface of LPSO and
Mg layers, as shown in Fig. 3c. The heavier atoms segregate at the
KB in the Mg-enriched planes but are deficient in the Zn/Y-enriched
planes of LPSO structures, marked by solid and open arrows in
Fig. 3¢, respectively. Likewise, the heavier atoms are in a random
distribution at KB in sandwiched Mg layer of 6 nm (Fig. 3c) and that
of 100 nm in thickness (Fig. 3d). Nie et al. has in fact demonstrated
that analogous symmetrical KBs with other misorientation angles
in LPSO structure of Mg-Zn-Y alloy exhibit brighter contrast [41].
This strongly implies that the solute atoms tend to be enriched in
the KB during deformation.

The solute atoms along the KB are also present in the form of
nanoscale clusters or in a periodic pattern in the samples natural
annealing for 10 months, as shown in Fig. 4. The symmetrical KBs
exhibit bright contrast in the low magnification STEM images,
Fig. 4a—c, suggesting that the KBs are rich of heavier atoms. Fig. 4b
is a high magnification of KB marked with b in Fig. 4a, demonstrates
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Fig. 1. (a) A low magnification SEM image showing the microstructural characteristics of the Mg-Zn-Y alloy before compression. The area in brighter contrast is basically composed
of LPSO and SFs, while the darker areas correspond to Mg matrix. (b) The basal plane of the LPSO structures is parallel to that of Mg matrix; The SFs also occur in the basal planes.

e [1120]

Fig. 2. (a) Optical micrograph showing the features of the Mg-Zn-Y alloy compressed at room temperature. The deformation kinks in the LPSO phase are marked with upward
arrows; while the kinks in the Mg matrix are indicated with downward arrows. (b) An HAADF-STEM image showing the multiple kinks in the LPSO structures, in SFs and in the
sandwiched Mg layers. The basal planes of the Mg layers are denoted with the solid lines, and KBs are marked with the dotted lines.

that 4—8 heavier atoms tend to form a nanocluster in the Mg layers,
recorded along [112 0] direction. However, the segregation of atoms
possibly blur the microstructure of KB in the SFs, as denoted by the
arrow. Moreover, the heavier atoms may periodically decorate the
60° KB of Mg layers sandwiched in the lamellar LPSO structures, as
illustrated in Fig. 4d. The periodic bright dots distributing along KB
represents the columns enriched with Zn/Y. Interestingly, this case
is the same as the microstructural feature of the periodic segrega-
tion of Gd/Zn atoms in {101 1} TB [18]. Note that the {101 1} twin
angle of Mg is 61.9°. Therefore, the solute atoms tend to segregate at
special sites along the symmetrical TB or KB of approximately 60°.
This unique microstructure of the produced boundaries would
minimize strain energy and even the total system energy [18]. Thus
solute atoms prefer to segregate to the deformation-induced KB,
irrespective of the misorientation angle. The difference is the
various configuration of solute atoms along local KB, which should
be intimately related to the local KB's microstructure.

3.3. Chemical feature of kink boundary in LPSO structures and SFs

To identify the solute atoms, we carried out the EDS analysis on
the symmetrical KB along [112 0] zone axis. Fig. 5a shows a typical
deformation KB in LPSO structures and Mg layers. The EDS mapping

demonstrates the segregation of Zn at the KB both in LPSO struc-
tures and in the sandwiched Mg layers, as illustrated in Fig. 5b, but
the contrast of Y atoms along KB cannot be clearly discerned. The
diameter of segregation is approximately 2 nm at KB. The intensity
values of Fig. 5b were further displayed in 2D graphs via Matlab, as
shown in Fig. 5c. It certifies that no obvious concentration gradient
of solute atoms was detectable from the KB to the LPSO structures
laterally in basal planes. Specifically, a small amount of Y atoms are
proved to be enriched at KB in LPSO structure but no Y atoms
concentrate at KB in Mg layers, denoted by solid and open arrows in
Fig. 5¢, respectively. Fig. 6 shows the segregation feature along the
KB in the intergrowth microstructure of SFs and Mg layers, which is
analogous to the phenomenon along KB in the LPSO structures and
Mg layers. Zn atoms apparently aggregated to the KB in the SFs and
Mg layers, with about 2 nm in width, presented in Fig. 6b. No
obvious Y atoms segregated to the KB even at the intersection of KB
and the SFs, denoted by solid arrow in Fig. Gc. This is a little
different from the concentration of Y atoms at KB of LPSO
structures.

We further surveyed solute atoms spectra at the center of KB
and the neighboring region in LPSO structure or SFs, about 10 nm
departing from the KB, denoted by white and yellow arrow in
Figs. 5b and 6b. The amount of solute atoms is listed in Table 1. Here,
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Fig. 3. (a) A low magnification HAADF-STEM image showing the kink bands in the LPSO structures and Mg layers. Note that the KBs exhibit bright contrast. (b—d) High magni-
fication STEM images corresponding to the areas framed with “b”, “c”, “d”, respectively, in (a). Note that all of the KBs in LPSO and Mg layers display brighter contrast, implying that

the KBs are decorated with heavier atoms.

8%5—Lpso Oks_1psor Srpsor Olpsor Okp_sr, and 65 are introduced to
represent the amount of Zn and Y atoms at KB or in LPSO/SF near
KB. The content of Zn atoms at KB of LPSO structures and that of SFs,
about 20.8 + 4.5 at% and 8.0 + 2.1 at.%, respectively, are much
higher than the solubility of Zn in Mg matrix (~2.4 at.%). It can be

found that 625 ;pso is approximately 3 times of 67ns,, while 6%z ;pso

is almost the same as 0)pso, Where 67, and 0)pso are much the
same as those in the original LPSO structures before deformation.

By contrast, 04 o is about 2 times of ¢%¢. The amount of Y atoms
detected in SFs or intersection of KB and SFs evaluated is much
lower, so it was not included here. It has been reported that the
segregation level of solutes at GBs induced by high-pressure torsion
varies from one GB to another [42]. This is proposed to be due to the
difference in structural characteristics of various GBs, which im-
plies the determination of GBs' structure to the solute segregation.
In analogous, the solute level of segregation along the KB of LPSO
structures and SFs would be affected by the microstructures of
various KBs.

3.4. Solute atoms segregation along partially coherent {101 2} twin
boundaries

Fig. 7 shows the microstructural feature of {101 2} TB which
interacted with SFs during compression. Fig. 7a and b are the bright
TEM image and corresponding STEM image of the deviated {101 2}
TB. The image in Fig. 7b is rotated about 35° relative to that in

Fig. 7a. By doing so, the SFs in the matrix are vertical. The TB ex-
hibits weak contrast in TEM mode, while shows bright contrast in
the STEM mode, as denoted by arrows in Fig. 7b. We carried out EDS
mapping to analyze the chemical feature of TB here. As inserted in
Fig. 7b, Zn atoms segregated at TB while no obvious Y atoms could
be detected in the interested region, framed by a red rectangle.
Furthermore, TB crossed over the profuse SFs (the vertical lines in
Fig. 7b) without apparent deviation or steps. Fig. 7c—e are the
atomic resolution STEM images of the TB marked by a white rect-
angle in Fig. 7b, indicating Zn atoms periodically segregated into
the coherent segments of {101 2} TB. The inset fast flourier trans-
formation (FFT) pattern in Fig. 7c clarified the misorientation angle
between the basal plane in matrix and that in twin is about 95.9°.
This twin angle deviated from the ideal twin angle of {101 2} twin,
e. g. 86.3°, which originated from the strong interaction between
dense SFs and deformation twin [13]. The above periodic segrega-
tion of Zn/Y atoms does not occur in a particular section of the TB.
Note that such a section is within a pair of SFs, 8 nm apart from each
other, denoted by the arrow in Fig. 7d. The inset in (d) is a high-
resolution STEM image showing a combination of TBs and basal-
prismatic (BP) interfaces. The TB consists of {101 2} coherent TBs
with Zn/Y segregations and the BP interfaces free of Zn/Y atoms
segregations, denoted by red and green circles, respectively. It is
worthwhile to note that the configuration of solute atoms in the TB
is significantly different from periodic distribution of Gd/Zn in the
coherent twin boundaries (CTB) in Mg dilute alloys after aging [18],
which may be indicative of metastable state of solute atoms along
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Fig. 4. (a) HAADF-STEM image showing the KBs with brighter contrast in the LPSO structures and in the Mg layers in the samples natural annealed for 10 months. (b) High
magnification HAADF-STEM image of the area indicated with “b” in (a). The brighter atoms (namely, the heavier atoms) tend to form clusters along the KBs. (c) HAADF-STEM image
showing a KB with brighter contrast in the LPSO structures and in the Mg layers. (d) High magnification HAADF-STEM image of the area indicated with “d” in (c). The brighter atoms
preferentially segregate to specific atomic sites along the KB, and the distribution of the solute atoms shows a periodic array.

Fig. 5. (a) An HAADF-STEM image of a typical symmetrical KB of LPSO structures and Mg layers; (b) EDS chemical maps corresponding to the framed area in (a), clearly show the
segregation of Zn atoms along KB both in LPSO structures and in Mg layers; (c) 2D intensity maps of Mg, Zn and Y elements corresponding to (b) via Matlab, further clarify the Zn
segregation along KB. Note that a little bit contrast of Y atoms exhibits along KB in LPSO structures, while no contrast in Mg layers, marked by a solid arrow and an open arrow in (c),
respectively.



182 X.H. Shao et al. / Acta Materialia 118 (2016) 177—186

Fig. 6. (a) An HAADF-STEM image of a typical symmetrical KBs in the SFs and Mg layers; (b) EDS chemical maps of the marked region in (a), illustrate the enrichment of Zn along KB
both in SFs and Mg layers; (c) 2D intensity maps of Mg, Zn and Y elements corresponding to (b) via Matlab. Compared to the case in Fig. 5, only Zn atoms could be detected along KB

both in SFs and in Mg layers.

Table 1

The amounts of Zn and Y atoms at KB or in the vicinity of LPSO structure and in SFs,
denoted by a white and yellow arrow, respectively, are evaluated based on the
surveying spectra of EDS mapping in Figs. 5 and 6.

KB & LPSO LPSO KB & SF SF
Zn (at. %) 20.8 £4.5 6.5+ 15 8.0+ 2.1 4.5+ 0.5
Y (at. %) 84 +44 8.1+21 a ?

2 No obvious Y could be detected at KB at SFs and also in SFs.

deformation-induced TB. Fig. 7e shows a random distribution of
solute atoms along the TB, compared with those along TB in Fig. 7¢
and d. Such a disorder should be a resultant from the interaction of
TB with two units of SFs. This was confirmed by the inserted FFT
pattern which shows the local misorientation angle of matrix and
twin is up to 102.5°. The large deviation of TB from the {101 2} twin
plane has been observed in pure Mg [43] and pure Co [44,45],
which is explained based on the dislocation theory. In our case, this
is additionally accounted for the interaction between TB and SFs.

3.5. No segregation along overlapped twin boundaries

Fig. 8a is a TEM bright field image of a 200 nm-wide matrix
enclosed in a {101 2} deformation twin, and the selected area
electron diffraction (SAED) pattern is inserted. A great many black
lines shown in Fig. 8a represent profuse SFs enriched with Zn/Y in
the DT and matrix [5]. The corresponding low magnification STEM
image of the matrix and DT is presented in Fig. 8b, with a small
rotation. The weak contrast of the TB may indicate that there is
almost no Zn/Y segregation along TB, which is confirmed by atomic
resolution STEM images. In addition, the rumpled SFs in matrix
and twins are continuous and without large deviation. Fig. 8c and
d are the high resolution STEM images of the regions marked by ¢
and d in Fig. 8b, showing the stacking sequence and chemical
distribution of Zn/Y elements in the matrix and at TB. Fig. 8c in-
dicates that solute atoms didn't segregate along {101 2} over-
lapped TBs between SFs, about 10 nm in length. The overlapped TB
presented here is indeed not sharp at the atomic level due to
interaction between SFs with deformation twin [13], which is
slightly different from the fully coherent TB [18]. Note that the Zn/
Y atoms are at ABAB stacking sequence in the twin. This agrees well
with reorientation of the SFs enriched with Zn/Y atoms during

twinning at 300 °C [13]. It should be mentioned here that the
stacking sequence of Zn/Y atoms is the key feature to distinguish
the matrix (AB’C’A) and twin (ABAB) in this kind of Mg alloys. This
clarified that the matrix and twin could be uniquely distinguished.
From a deformation mechanism point of view, the solute atoms
(Zn and Y) can be used to probe the progress of matrix into
deformation twin. Fig. 8d demonstrates the atomic steps in the
original segments of SFs, with 2—6 basal planes height (marked by
arrows), associated with dislocations with ¢ Burgers vector, as
shown by “T”. This implies that non-basal dislocations were acti-
vated in the Mg-Zn-Y alloys during deformation at room temper-
ature, which was due to the increase of activation energy of basal
dislocations [14].

4. Discussion
4.1. Mechanisms of segregation of solute atoms at the KBs

As demonstrated above, the solute atoms in Mg-Zn-Y alloy may
be in a random distribution, form nanoscale clusters or be in a
periodic pattern along symmetrical deformation-induced KB, as
shown in Figs. 3 and 4. This strongly suggests that solute atoms
prefer to segregate along these KBs upon deformation, in combi-
nation with the KBs in LPSO structures associated with bright
contrast [41]. The symmetrical boundaries, like GBs [46,47] and TBs
[18] in metallic materials and ceramics and so on, have been re-
ported to be segregated with solute atoms. This is driven by the
minimization of free energy according to the Gibbs adsorption
isotherm, as it should do in the current case of the segregation of
solute atoms to the symmetrical KB in this Mg alloy.

The symmetrical KBs are proved to be Zn enriched in LPSO
phase/SFs and in adjacent Mg layers, and a few Y atoms concen-
trated in KB of LPSO structure, as is evident in Figs. 5 and 6. The
corresponding atomic mechanisms here qualitatively responsible
for the apparent segregation of Zn atoms to KB were proposed as
follows. Firstly, the anisotropic diffusivity of impurity in Mg was
reported, and it is 1.23 times higher along a-axis than along c-axis
[48]. The diffusion coefficient of Zn is about one order of magnitude
higher than that of Y and self-diffusion of Mg [49]. The
temperature-dependent diffusion coefficients of Zn and Y along a-
axis and c-axis are D“//¥ . = D, x exp(~Q/RT), where R is the gas

c—axis
constant and T is the absolute temperature [48,49]. The pre-
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Fig. 7. (a) A bright-field TEM image of {101 2} deviated deformation twin. (b) Corresponding STEM image of the {101 2} twin. The inserted EDS analysis of the TB framed by red
rectangle implies that Zn atoms segregate to TBs. (c) Atomic resolution STEM image of the area framed in (b) demonstrating the interaction between TB and SFs. The inset FFT
pattern indicates that the twin angle is about 95.9°. Note that the periodic segregation of Zn/Y atoms occurs along the TB. (d) The above periodic segregation of Zn/Y atoms does not
occur in a particular section of the TB. Note that such a section is within a pair of SFs, 8 nm apart from each other. The inset in (d) is a high-resolution STEM image showing a
combination of TB and BPs. The coherent segment of {101 2} TB is segregated with Zn/Y atoms (circled in red); while the BPs is free of Zn/Y atoms segregations (circled in green). (e)
High-resolution STEM image showing a random distribution of solute atoms along the TB. Such a disorder is a resultant from the interaction of TB with two units of SFs. The inset is
an FFT pattern showing the misorientation of basal plane of matrix and that of twin is approximately 102.5°. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

exponential factor Do and activation energy Q are listed in Table 2.
This could explain that the GB segregation of Mg alloys after hot
deformation or homogenization [16,17]. However, the diffusion
coefficients of Zn and Y atoms at room temperature were calculated
to be so small (in the order of 10728 m?s~1) that diffusion of Zn/Y is
ruled out here. The Zn/Y lattice diffusion thus may contribute little
to the significant segregation along KB at room temperature. Sec-
ondly, the KB is formed by the synchronized movement of 1/3<112
0> basal dislocations in LPSO structures [5]. The partial dislocations
sweeping the basal plane of LPSO structure may destabilize the
LPSO structures, since movement of partial dislocations within an
intermetallic compound has been reported to result in a local
composition deviation from its stoichiometric ratio [50,51]. More-
over, the shuffling Zn/Y atoms may diffuse along basal dislocations
in LPSO structures, for the dislocations can transport atoms at rates
orders of magnitude faster than bulk diffusion in a crystal [52]. The
dislocation-enhanced diffusion hence should be responsible for
segregation of KB in LPSO structures or SFs upon deformation at
room temperature. Thirdly, the KB which accommodated disloca-
tion arrays may serve as a very local faster path for the transfer of
solute atoms into the sandwiched Mg layers. Here the KB is anal-
ogous to the grain boundary, which is often imagined to be a sort of
short circuit path of high diffusivity. This led to the enrichment of

solute atoms along KB from LPSO structures/SFs into sandwiched
Mg layers. It's still not well understood why fast diffusion of Zn
atoms along dislocations compared to Y atoms yet at this stage;
nevertheless, considering the size difference between Y and Mg
atoms, the diffusivity is expected to be low.

The segregation of solute atoms at KB is about 2 nm in width, as
shown in Figs. 3—6. This is in line with the range of Cottrell at-
mospheres around dislocations, ~1.5—3 nm in diameter, which was
an upper limit of the radial extent of impurities via atom probe
tomography [53,54]. Further, it is worth mentioning that Zn atoms
along KB in LPSO were approximately 1.5 times more than those
along KB in SF (Table 1), which may indicate that the stacking and
chemical ordered structure of LPSO phase may effectively decrease
the diffusion rate of solute atoms along KB longitudinally from LPSO
into Mg layers.

4.2. Proposed process of segregation at KBs

The process of solute segregation during deformation kink is
schematically illustrated in Fig. 9. The unique intergrowth micro-
structure of LPSO structures and Mg layers formed in the Mg-Zn-Y
alloys (Fig. 9a), where the basal plane of Mg and LPSO structures is
parallel to each other. Basal dislocations are activated to
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Matrix

Fig. 8. (a) A bright-filed TEM image of the microstructure of matrix and a {10 2} deformation twin. The inset is a selected area electron diffraction (SAED) pattern of the twin. (b) A
low magnification HAADF-STEM image corresponding to (a), with a small anti-clockwise rotation. Clearly, profuse rumpled stacking faults enriched with Zn/Y, as shown as hor-
izontal bright lines, are continuous in between matrix and twin. (c) A high magnification HAADF-STEM image of the area marked with square c in (b), suggesting the overlapped TBs
are free of Zn/Y segregation. (d) A high magnification STEM image of the area marked with square d in (b), demonstrating that the SFs in the matrix are sheared after deformation.

Table 2
The list of pre-exponential factors and activation energy of Zn and Y atoms in HCP
Mg alloys [48,49].

Pre-exponential factor Do Activation energy Ref
Q (KJ/mol)
D2 e 498 x 107° 132.725 [48]
pZn 7.33 x 107° 135.488
c—axis
pY 279 x 1078 97.852 [49]
a—axis
DY 321x10°8 99.127

c—axis

accommodate the local strain both in two phases upon deforma-
tion, as shown in Fig. 9b. Simultaneously, Zn atoms are proposed to
diffuse and segregate to KB owing to the defect-enhanced diffusion,
leading to the local solute supersaturation at the KB of LPSO
structures. This would accelerate the atoms transfer from the Zn/Y
planes into Mg planes, and then from LPSO phase/SFs into Mg
layers. Fig. 9c shows the distribution of atoms at KB and the
diffusion directions along KB. Of course, a few of Zn atoms
distributing in Mg matrix diffuse into the KB of Mg interlayers along
basal planes should be also taken into account, due to approxi-
mately 0.03 at.% Zn atoms in the Mg interlayers. Zn atoms in the KBs
are thus proposed to be from both LPSO structures and Mg
interlayers.

The local decomposition induced by plastic deformation has
been experimentally observed and simulated in Al alloys [50,51],

some steels [55] and Al-Mg alloys [56,57], which were rationalized
based on the interaction of solute atoms and dislocation movement
or deformation induced vacancies. As demonstrated and discussed
above, the amount of solute atoms at KB is 2—3 times of that in
LPSO structures or SFs. This means that the local composition along
KB is significantly deviated from the stoichiometric ratio, which
was owing to the dislocation motion upon deformation. Therefore,
it undoubtedly proved that plastic deformation led to the redistri-
bution of solute atoms through the fast diffusion of Zn atoms along
basal planes and KBs, as well as the subsequent local decomposi-
tion of LPSO phase/SFs near KB in Mg alloys.

4.3. Solute atoms at the various TBs

In HCP metals, strain along the c-axis could be accommodated
by twining or <c + a> dislocations [58]. Although the LPSO phase
could partially block the propagation of deformation twins [5,9],
we actually observed a few deformation twins in our Mg-Zn-Y al-
loys compressed at room temperature. The coherent segments of
{101 2} TBs are segregated with Zn atoms and no detectable Y
atoms, as shown in Fig. 7. This is consistent with the results re-
ported by Nie et al. [18]. They reported that {101 1}, {101 2} and
{101 3} coherent TBs are periodically segregated with Zn or Gd in
dilute Mg alloys after annealing for several minutes. The segrega-
tion of solute atoms to the coherent segments of TB may be driven
by the minimization of total energy and elastic strain energy in the
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Fig. 9. Schematic illustration of the dislocation-enhanced diffusion of Zn (circled in red) towards KBs and then transmission along KB. (a) The original sandwiched microstructure
containing LPSO phases and Mg layers. (b) Basal dislocations are activated both in LPSO structure and Mg layers upon load, resulting in the diffusion of solute atoms. (c) Zn atoms
preferentially segregate to the deformation-induced KB, promoted by the basal dislocations and dislocation arrays along the KB. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

system, which was proposed by Nie et al. to rationalize that Zn and
RE elements orderly segregate to the twin boundaries based on ab
initio simulation [18].

However, the {101 2} overlapped TBs between SFs were free of
Zn[Y atoms. This may be closely related to the lattice overlap of
matrix and twin along the recorded direction, as denoted by arrows
in Figs. 7d and 8c. In detail, the blurry TBs are due to the strong
interaction between lamellar LPSO structure/SFs and the defor-
mation twins [13]. Shockley partials associated to the lamellar LPSO
structures would redirect the twin dislocation into the directions
other than <101 1>, leading to no edge-on structure when viewed
parallel to <112 0> zone axis. Last but not least, few solute atoms
distributing in matrix between SFs apart from each other smaller
than 10 nm, since a large proportion of solute atoms concentrated
in SFs during cast process. Thus, no supersaturated atoms could
segregate to deformation TB. Combined with the TBs decorated
with Zn atoms, we may conclude that the segregation to the TBs is
closely related to the boundaries configuration and the solute
contents in the matrix.

5. Conclusions

By means of aberration-corrected scanning transmission elec-
tron microscopy, we provide the atomic-scale mapping of the so-
lute atoms segregation at the deformation-induced symmetrical
boundaries in an Mg-Zn-Y alloy. We draw the following
conclusions:

1. The solute atoms segregation occurs at the symmetrical KBs in
LPSO structures/SFs and sandwiched Mg layers in Mg-Zn-Y alloy.
These enriched atoms may be in a random fashion, form
nanoscale clusters or in a periodic pattern along <112 0> zone
axis. The unique configuration of segregated solute atoms here
is closely related to the local microstructure of KB.

2. Zn atoms obviously segregate to KBs both in LPSO structures and
Mg layers, while only a small amount of Y atoms could be
detected at KB in LPSO structure. The content of Zn atoms
concentrated at KBs in LPSO structures and SFs is approximately
3 and 2 times of that in LPSO structures and SFs, respectively.
The solute segregation along KBs in Mg alloy is proposed to
result from dislocation-enhanced diffusion.

3. The coherent segments of {101 2} TBs is orderly decorated with
Zn atoms but no discerned Y atoms during deformation. In

contrast, the overlapped TBs in between lamellar LPSO phases/
SFs were free of solute atoms. The segregation of solute atoms at
TBs highly depends on the atomic structure of TBs and the
amount of solute atoms in the local region.
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