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ABSTRACT ARTICLE HISTORY

By atomic-scale high-angle annular dark-field scanning transmission Received 15 December 2016
electron microscopy, the long-period stacking ordered (LPSO) Accepted 9 March 2017
structure§ in a near—gquilibrium Mg,,Zn Y, (at.%) alloy have been KEYWORDS
characterised. In addition to 18R ar)d 14H, new polytypes of LPSO Magnesium alloys; long-
structures are analysed and determined as 60R, 78R, 26H, 96R, 38H, period stacking ordered
40H, 108H and 246R. All of these LPSO structures feature AB'C'A (LPSO) structure; scanning
building blocks with two Mg layers and three Mg layers sandwiched transmission electron
between them. The Bravais lattices and space groups of new polytypes microscopy; electron

of LPSO structures were easily determined via the newly introduced diffraction

method. A structural relationship between the LPSOs is proposed.

Mg-M-RE (M=Al, Co, Ni, Cu and Zn; RE=Y, Gd, Dy, Ho, Er and Tb) based systems
have received considerable attention over the past decade, on account of their excellent
mechanical properties [1-6] and unique structural characteristics [7-14]. For example,
Mg,.Zn Y, alloys fabricated by a rapid solidification powder metallurgy process realised
tensile yield strength exceeding 600 MPa with an elongation of 5% at room temperature
[1,2]. Subsequently, various as-cast Mg,. M RE, (M=Zn, Ni and Cu; RE = rare earth) alloys
are reported to exhibit tensile yield strength in the range of 297-377 MPa after conven-
tional hot extrusion process [3-5]. Long-period stacking ordered (LPSO) structures are
believed to play essential roles in improving mechanical properties of these Mg alloys [6].
In order to understand the inherent relationship between the structures, formation mech-
anism and mechanical properties, great effort has been devoted to investigate the atomic
structures of the LPSO phases [8,10,12,15-20] and exploring new polytypes in various
systems [11,13,14,21]. 10H, 18R, 14H and 24R LPSO structures containing AB'C’A building
blocks sandwiching one, two, three and four Mg layers were observed in Mg-Zn-RE alloys
(7,13,22], where B" and C' layers are enriched with Zn/RE atoms. Whilst in Mg-Co-Y alloys,
15R, 12H and 21R LPSO structures feature AB'C building blocks sandwiching two, three
and four Mg layers, respectively [11,13]. Recently, we detected six polytypes containing both
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Table 1. Translation and point symmetry of various components made up into LPSO structures in
Mg-M-RE alloys.

Component Translation Component Translation Component Point symmetry
F(2k) s, T(2k) s, F-block 1
F(2K) S, T(k) S, T-block 1
F2k+1) s, T2k+1) S, (2k)-Mg 1
Fk+1) s Tk+1) S, (2k+1)-Mg m

RI |RII

60R 78R

78R (F2F2F3F3)s.

Figure 1. (a) Low-magnification TEM image showing the coexistence of 18R, 60R and 78R structures in
the near-equilibrium Mg,,Zn, Y, as-cast alloy. SAED patterns of the 60R structure obtained along the (b)
[2110],and (c) [1010], zone axis. Atomic-resolution HAADF-STEM images of 60R structure viewed along
the (d) [2110], and (e) [1 0 10], zone axis, where the distance between neighbouring Zn.Y X(Mg, Zn,
Y) clusters are highlighted. (f) SAED pattern of the 78R structure obtained along [2110], direction. (g)
Atomic-resolution HAADF-STEM image of 78R structure viewed along [21 10]  zone axis.

AB'C’'A and AB'C building blocks, such as 72R and 60H, in an Mg,,Co,Y, alloy [13], and an
ultra-long 654R structure formed via ordered intergrowth of 15R and 12H in an Mg,,Co.Y,
alloy [14]. In view of the existence of various LPSO structures in Mg-Co-Y alloy, we expect
that there are also new types of LPSO structures in Mg, Zn, Y, alloys.

In this work, we unravelled the crystallography of eight new polytypes of LPSO struc-
trues in a near-equilibrium Mg, Zn Y, alloy by a combination of transmission electron
microscopy (TEM) and scanning transmission electron microscopy (STEM) microscopy.
Each polytype, 60R, 78R, 26H, 96R, 38H, 40H, 108H and 246R, is composed of AB'C'A
building blocks, two and three Mg layers. We further determined their crystallography via
our method and here propose their structural relationship.
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Figure 2. (a) Low-magnification TEM image showing 18R, 60R, 26H and 96R structures coexisting in the
Mg,,Zn.Y, alloy. Atomic-resolution HAADF-STEM images of (b) 26H, () 96R and (d) 38H structures viewed
along [2110], zone axis.

A ternary alloy with nominal composition Mg-1.0at.% Zn-2.0at.% Y was prepared by
melting high-purity Mg, Zn and Mg-30 wt.% Y master ingots, and then cooling the melt
down to the room temperature at the rate of 4 K/min in a resistance furnace under a protec-
tive mixed gas of SF, (0.5 vol.%) and CO, (99.5 vol.%). Foils for TEM and high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) observations were
prepared using standard TEM sample preparation methods. New LPSO structures were
detected by bright-field (BF) imaging and selected-area electron diffraction (SAED), using a
Tecnai G? F30 equipped with a field emission gun and operated at 300 kV. Atomic-resolution
HAADF-STEM imaging was then performed with an aberration-corrected Titan’™ G2
60-300 operated at 300 kV, equipped with a high-brightness field emission gun (X-FEG)
and double Cs correctors from CEOS.

We introduce new methods to easily determine the Bravais lattices and space groups of
LPSO structures in Mg-M-RE alloys based on their expressions by our presented notations
in previous work [13]. In Mg-M-RE alloys, AB'C'A (and/or AC'B’A) building blocks are
defined as F-blocks and denoted as F (and/or F); whilst AB'C (and/or AC'B) building blocks
are defined as T-block and denoted as T (and/or T). The n (n = integer) means the number
of Mg layers sandwiched between the F- and/or T-blocks, written as n-Mg. The subscript
number refers the number of repeated (sub) unit cells. Now, we introduce the translations
of the LPSO structure’s components. The relation between the first layer of a structure and
the layer following the structure is one of the three translations, s, = e, s, = %a + %b +e
and s, = %a + %b + e, where a and b denote hexagonal basic translational vectors within
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Figure 3. (a) Low-magnification TEM image showing the coexistence of 18R, 40H and 108H LPSO structures
in the Mg,,Zn,Y, alloy. (b) SAED pattern of 40H obtained along [211 0], zone axis. Atomic-resolution
HAADF-STEM images of (c) 40H, (d) 108H and (e) 246R viewed along [27 1 0], zone axis.

Table 2. Expressions and crystallographic parameters of new LPSO structures in this Mg,,Zn, Y, alloys.

LPSO Expressions ¢ (nm) Space groups
60R (F2F3F3), 15.6 R3m

78R (F2F2F3F3), 203 R3m

26H F2F3F2F3 6.77 P6,/mmc
38H F2F2F3F2F2F3 9.90 P6,/mmc
96R (F2F2F3F2F3), 250 R3m

40H F2F3F2F3F3F3 104 Pém2
108H (F2F3F2F3F3F3),(F3F3), 27.1 Pém?2
246R [F2F3F2F3F3F3(F2),], 64.1 R3m

the layer, and e is a vector perpendicular to a and b. The translation of F(2k) (k = integer)
structure with stacking sequence of AB'C'A (CA), (C ...) is s,, whilst the rest are listed in
Table 1. The unit cell’s translation of an LPSO structure is s,. The translation of a repeated
unit is the sum of all the structural components’ translations. The Bravais lattice type of
LPSO structures with repeated unit possessing translation of s,, s, and s, are correspondingly
hexagonal, positive rhombohedral structure and anti-rhombohedral structure, respectively.
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18R, R3m 60R, R3m »|[78R, R3m »|(F2)mF3F3
(F2) (F2F3F3)3 (F2F2F3F3)s
14H, P6s/mmcl| | [26H, P63/mmc_’38H, P63/mmc]| | H, P6s/mmc
F3F3 F2F3F2F3 F2F2F3F2F2F3 (F2)aF3(F2)nF3
I ]
¥
40H, P6m2 96R, R3m
F2F3F2F3F3F3 > (F2F2F3F2F3):
(26H, 14H) (F2,26H)s
I
_¥ v
108H, P6m?2 246R, R3m
(F2F3F2F3F3F3)2(F3F3)2 [F2F3F3F3F2F3(F2)7]s
(40H)2(14H)2 [(40H)(F2)7]:

Figure 4. (a) The schematic diagram of structure relationship between LPSO structures in this Mg,,Zn.Y,
alloy.

In addition, the symmetry of LPSO structures can be also deduced based on their expres-
sions by new notations. The components, F-block, T-block and (2k)-Mg, possess an inver-
sion centre, whilst the component (2k + 1)-Mg possesses a mirror at the centre of them, as
listed in Table 1. The point symmetry of LPSO structures is in accordance with the com-
ponents. For example, the 60R structure, F2F3 F3F2F3F3F2F3F3, shows the components
at the locations of the equidistant from 2-Mg or F-block in bold are absolutely the same,
and building blocks shear in same directions, which implies that the existence of inversion
centres at the centre of them. The 40H structure, F2F3F2F3F3F3, shows the components
at the locations of the equidistant from 3-Mg in bold are same, but building blocks shear in
opposite directions, which indicates that there are mirrors at the centre of 3-Mg. Up to now,
no LPSO structure with a space group of P6,mc and 2, screw zone axis has been observed
in Mg-M-RE alloys. Thus, a conceived F2T3F2T3 structure is present here. Obviously,
the two parts of the structure are the same but building blocks shear in opposite direction,
indicating there is a 2, screw zone axis along the stacking direction. The corresponding
space groups of LPSO structures can be deduced based on their special symmetry [13].

New polytypes of LPSO structures, in addition to the dominate 18R and 14H LPSO
structures, were detected in the as-cast Mg, Zn, Y, alloy. New LPSO structures in R I (Region
I) to RIII coexisting with 18R are shown in Figure 1(a). Figure 1(b)-(c) display the SAED
patterns of the LPSO structure in R I, taken from [2 11 0]Mg and [101 O]Mg zone axis,
respectively. There are 19 extra diffraction spots spaced equally between the central spot
and (000 2)Mg spot, which can be indexed as either 20H or 60R in_he)_(agonal coordinates.
However, the (011 0) spot does not appear (Figure 1b), whilst the (1210) spot does appear
(Figure 1c), indicating that it can be determined as 60R with rhombohedral lattice type
based on the analysis of SAED patterns of LPSO structures. Its lattice parameters are esti-
mated as a = 0.321 nm and ¢ = 15.6 nm in hexagonal coordinate by assuming a, = g and
Coor = §60CMg. The s_hafp reflection spots in the SAED patterns and no detectable streak at
1/2(011 /) and n/6 (121]) reciprocal lattice rows in Figure 1(b)-(c), suggest that the present
LPSO phase is a stacking ordered and in-plane chemical disordered structure [8,11-13,16].
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The atomic-resolution HAADF-STEM image of the 60R structure is shown in Figure 1(d),
viewed along [2 11 0] zone axis. Apparently, the repeated structure is F2F3 F3 with a
translation of s,. Thus, it is 60R structure and expressed as (F2F3§3)3. Its space group can
be determined as R3m, as inversion centres exist in the components denoted by arrows in
Figure 1(d). The atomic-resolution HAADF-STEM image of 60R structure viewed along
(101 0], zone axis in a thin area of the specimen is presented in Figure 1(e). The Zn/Y X
(X=Mg, Zn, Y) clusters [8,9,12,18,20] in the F-blocks of 60R structure can be detected, and
the distances between neighbour clusters are marked in the image. Some clusters arrange
locally ordered with a distance of six times d,3,,(0.160 nm), indicating they distribute in
2 \/gaMg X2 \/gaMg two-dimensional unit cells [8,10,12,20]. Some clusters arranged dis-
orderedly with random distances, or no clusters can be distinguished in some other areas.
Thus, the clusters are disordered or locally ordered in the basal planes, agreeing well with
the results of SAED pattern (Figure 1b—c).

Figure 1(f) is an SAED pattern of the structure in R IT along [2110] Mg direction, in which
extra diffraction spots appear at positions #/26 (0002),, (n is an integer) and (011 0) spot
disappears, clarifying that it is 78R structure [13] with lattice parameters a. , = ay, = 0.321
nm and ¢ g = % X 78 X ¢y, = 20.3 nm in hexagonal coordinate. Figure 1(g) shows atom-
ic-resolution HAADF-STEM image of the 78R structure along [2 11 0]  zone axis. The
repeated structure can be expressed as F2F2F3F3 with translation of s,, indicating it is a
rhombohedral lattice and can be expressed as (F2F2F3F3) ;- Its repeat unit,_F2F2F3f3, shows
inversion centres in the F-blocks in bold, suggesting its space group is R3m.

Figure 2(a) is another low-magnification TEM image of Mg, Zn Y, alloy, where new
LPSO structures in R I to RIV in dark contrast. The LPSO structures in R I and R IT were
proved to be 60R. The zoom-in HAADF-STEM image shown in Figure 2(b) demonstrates
that the repeated structure in R III can be expressed as F2F3F2F3 with translation of s,,
indicating 26H structure. The expression, F2F3F2F3, implies the existence of mirrors at
the centre of 3-Mg structure in bold. Meanwhile, F2F3F2F3 also indicates inversion centres
at the centre of 2-Mg structure. Thus, the space group of 26H structure is P6,/mmc. The
atomic resolution HAADF-STEM image in Figure 2(c) exhibits the repeated structure in R
IV is F2F2F3F2F3 or (F2, 26H) with translation of s, indicating 96R structure with stacking
sequence of (F2F2F3§2ﬁ3)3. The expression, F2F2F3F2F3, indicates inversion centres at
the centre of 2-Mg and F-blocks in bold. Thus, the space group of 96R is R3m. In addition,
Fig. 2(d) presents another LPSO structure with repeated structure F2F2F3F2F2F3 and a
translation of s, indicates 38H structure. There are mirrors at the centre of 3-Mg structure
and inversion centres at the centre of F-blocks in bold, so its space group is P6,/mmc.

The coexistence of 18R and two other types of superstructures were shown in Figure
3(a). Figure 3(b) shows the SAED pattern of the superstructure in R I, recorded along [2 1
10] Mg ZONe€ axis. The extra diffraction spots in the SAED pattern appear at positions 1/40 (0
002),, (nis an integer), combining the appearance of (0 1 1 0) spot, proving that it is 40H
structure. Figure 3(c) presents an atomic-scale HAADF-STEM image of 40H with repeated
structure F2F3F2F3F3F3, which can also be denoted as (26H, 14H) with translation of s,.
Its expression, F2F3F2F3F3F3, shows mirrors at the centre of 3-Mg in bold, suggesting its
space group is P6m2. The repeated structure in Figure 3(d) is (F2F3§2ﬁ3F3ﬁ3)2(F3§3)2 and
can be marked as (40H),(14H), with translation of s, indicating the superstructure is 108H
structure. Similarly, mirrors can be marked at the centre of 3-Mg in bold if it was noted
as F2F3F2F3F3F3F2F3F2F3F3F3F3F3F3F3, indicating its space group is P6m2. Besides,
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another superstructure was analysed in Figure 3(e), whose repeated unit can be noted as F
2?3F3f3F2F3(§2)7 or (40H)(F2)., with translation of s,. This structure can be determined
as 246R with a space group of R3m and an expression of [F2F3F2F3F3F3(F2).],.

The expressions and crystallographic parameters of new polytypes of LPSO structures in
this Mg, Zn Y, alloy are summarised in Table 2. Further, the structural relationship between
18R, 14H and newly characterised LPSO structures in Mg, Zn, Y, alloy is outlined in Figure
4. Obviously, there exists a structure similarity between 60R and 78R structures, as both of
them can be expressed as (F2)mF3f3 (m =1 and 2) with a point group 3m, whilst the 14H,
26H and 38H structures can be presented as (F2)nF3(§2)n§3 (n=0, 1 and 2) with a space
group of P6,/mmc. Moreover, some complex structures, such as 96R, 40H, 108H and 246R,
are composed of simpler structures. In detail, they can be expressed as 96R, (F2, 26H),; 40H,
(26H, 14H); 108H, (40H),(14H),; 246R, [(40H)(F2).],. All these new structures consist of
structure components of 18R and 14H structures, namely, F-blocks, 2-Mg and 3-Mg.

The size, morphology and volume of LPSO structures have been documented to play key
roles in the mechanical properties of Mg-Zn-Y alloys [6,23]. LPSO structures, deformation
kink of LPSO structures, and coherent interface between LPSO and Mg phase, are beneficial
to strengthening and toughening Mg-Zn-Y alloys [6]. Further, recent investigations suggest
that 18R-, 14H- and 10H- LPSO structures exhibit similar deformation behaviour at room
temperature, but different slightly at high temperatures [24-26]. The stacking sequence of
the LPSO structures and in-plane chemical ordering of Zn/Y atoms are proposed to affect
the critical resolved shear stress (CRSS) of non-basal slips, and the macroscopic yield stress
of 18R-, 14H- and 10H- LPSO structures. Tane et al. [27] indicated that the Zn/Y-enriched
atomic layers, containing stable short-range ordered clusters, exhibit a high elastic modulus
and contribute to the enhancement of the elastic modulus of the LPSO phase in the Mg alloys
via first-principles calculations and micromechanics modelling. This result may imply that
other parameters of LPSO structures, stacking period and building block (AB'C'A or AB'C)
[11,13,14], may also influence the mechanical properties of LPSO structures and those of
Mg alloys. It is really challenging to study the effect of single LPSO phase on deformation
behaviour and mechanical performance owing to the common intergrowth of LPSO phases
[15,19]. Further quantitative analysis, the effect of stacking sequence, chemical distribution,
and building blocks of LPSO structures on mechanical properties, are necessary for opti-
mising the microstructure and will be systematically investigated in the future.

In summary, eight new polytypes of LPSO structures in a near-equilibrium Mg, Zn Y,
alloy, 60R, 78R, 26H, 96R, 38H, 40H, 108H and 246R, were characterised via a combina-
tion of TEM and Cs-corrected HAADF-STEM imaging at the atomic level. All of them are
composed of F-blocks, 2-Mg and 3-Mg structure components. Their lattice parameter is
derived as: a; g, = ay, = 0.321nm and ¢; g, = %n X ¢y, (n = integer, corresonding to 60,
78, 26, 96, 38, 40, 108 and 246, respectiely). The Bravais lattices and corresponding space
groups are also deduced based on the introduced method.
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