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Using high-angle-annular-dark-field (HAADF) scanning-transmission-electron microscopy (STEM), we
have investigated m-precipitates in the Al-Zn-Mg-Cu (AA7050) aluminium alloy. The HAADF STEM im-
ages taken along the zone axes of [1010]n, [1210]n, and [0001]n illustrated the projected atomic-scale
configurations of n-MgZn; crystal. The precipitates developed in layer-by-layer growth, supplied with
precursors such as Zn, Cu, and Mg, which were solute atoms segregated around the n/Al interfaces due to
the higher lattice strain energy. Stacking faults and defect layers composed of flattened hexagons were
frequently observed along the zone axes of [1210]n and [1010]n, respectively, and their formation was
elucidated, similarly taking into account the layer-by-layer growth. Occasional coalescence between two
precipitates yielded a complicated boundary or a twin-like boundary. Based on the differences in
orientation relationships between n-types and the Al matrix reported to date, two new types of n
precipitates have been recognized and named 14’ and n12.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The lightweight AA7050 (Al-Zn-Mg-Cu) aluminium alloy pos-
sesses high strength owing to precipitate hardening [1]. The pre-
cipitation sequence for such aluminium alloys has been reported
[1-17] as follows: super-saturated solid solution (SSSS) — GP
zones (GP I and Il [2—6]) — n' precipitates (4 variants [2,7—10]) —
1 precipitates (11 types, n1-n11 [1,2,7,8,11—15]). Recently, Chung
et al. [7], who identified GPIl zones, ', and m precipitates in
AA7050 aluminium alloy by high-resolution transmission electron
microscopy (HRTEM), have elucidated the transition mechanisms
of GPII zone — n' precipitate and n' precipitate — 7 precipitate.
Bendo et al. [11], Marioara et al. [18], and Xu et al. [19] have
analyzed the stacking structures in the m; and my types on the
atomic scale by Cs-corrected high-angle annular-dark-field
(HAADF) scanning-transmission electron microscopy (STEM).
However, the structures and the growth mechanisms of n-type
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precipitates on the atomic scale have not yet been completely
elucidated.

The n phase possesses the space group of P63/mmc, and its
stoichiometric composition in the equilibrium state is
normally approximate to that of MgZn;, which is known as a
hexagonal C14 Laves phase in the Al-Zn-Mg-Cu aluminium alloys
[1,2,7,11,12,14,16]. Generally, Laves phases exist in three funda-
mental structures: hexagonal C14, cubic C15 and dihexagonal C36
structures [20,21]. In these structures, they follow the variation of
stacking sequences constituted by the A, B, and C and the A', B', and
C' types of atomic arrays [22—26]. These 6 types, possessing vari-
able four-layered structural units with the intervening layers of
solute atoms along the thickness direction [22—26], were first
proposed by Komura [22]. In terms of the stacking sequences, the
C14 structure has AB' stacking; the C15, ABC stacking; and the C36,
AB'A'C stacking. The atomic configurations of these three structures
are suggested to be the Kagome net, based on the triangle, rhom-
bohedral and hexagonal polytypes [20—24,27,28]. It is presumable
that the changes in those 6 stacking sequences would be associated
with the formation of different atomic configurations of 1 in the Al-
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Zn-Mg-Cu aluminium alloys. The details are worth further
investigation.

On the other hand, the group-theoretical point of view [29—33]
has been employed to propose the characterization of the precip-
itate morphology and the determination of the number of precip-
itate variants with respect to the matrix. Initially, Buerger and Graef
et al. [29,30] visualized the crystals as occurring in shapes that
follow the symmetry of the crystallographic 32 point-groups under
the matrix-free circumstance. Considering the solid state trans-
formation, Kalonji and Cahn [31] and Boudeulle [32] illustrated that
the precipitates forming from the matrix should be associated with
the superimposed symmetry elements. The common point group
between the matrix and the precipitate is also called the intersec-
tion point group [29—33]. From this resulting point-group, it can be
extrapolated that the rotation or shifting of crystal interfaces will
occur when precipitates grow from the matrix [31]. Moreover, the
order of the intersection point group can be employed to deduce
the number of equivalently-distributed variants of precipitates, i.e.,
the ratio of the order of matrix point group to that of the inter-
section point group [31—33]. Some investigations of steel alloys
[34], magnesium alloys [35], and aluminium alloys [1,36] have
provided examples to illustrate the morphologies of the pre-
cipitates and the number of variants equivalently distributed in the
matrix.

Much attention has been paid to the observation of the plate-
like morphology of m, in the Al-Zn-Mg-Cu aluminium alloys,
because of its orientation relationship, which is almost identical to
that of ' due to the in-situ transformation of ' — m32 [7], as shown
in Table 1. As just mentioned, it is an intriguing subject for the
application of point-group symmetries to the morphologies of
crystals grown from crystalline matrixes. Here, in the present work
a case study for the precipitates n' (or 12) in the aluminium matrix
is demonstrated. The developed morphology and the number of
equivalently-distributed variants of n' (or 1) are analysed by the
intersection point-group between n' (or n2) and the Al matrix. The
analysis procedure can be illustrated as follows. The 1" (or m3) has
the P63/mmc space group, which belongs to the 6/mmm point
group. Given that the point group of the Al matrix is m3m with an
order of 48, the symmetry elements of the intersection point-group

Table 1

can be deduced from the orientation relationship between n' (or
n2) and the Al matrix. The resulting intersection point-group is
determined to be the 3m point group, with an order of 12. The
number of variants can be determined to be the ratio of the order of
the matrix point group to that of the intersection point group
[31—-33]. Therefore, 4 equivalently-distributed variants (48/12 = 4)
of ' (or m) precipitates can form in the Al matrix. The morphology
of ' (or n2) based on the resulting intersection point-group of 3m is
suggested to be a di-hexahedron shape [29,30] at the nucleation
stage. During the growth of an n' (or 1) precipitate, the lattice
mismatches of the interfaces between precipitate and matrix
should be taken into account. It is appropriate to conclude that the
resulting plate-like morphology of n' (or n2) would be associated
with the growth along the preferential directions with a low-strain
energy on the hexagonal plane of this embryo of di-hexahedron
crystal, so that the low strain-energy of the interface can be
maintained [7]. It should be noted that although a number of in-
vestigations [1,35,36,38—40] have employed the above crystallo-
graphic method to determine the morphologies of precipitates
[29,30], few of those works have connected them with the variable
compositions of alloys, which lead to changes in lattice parameters
to some extent (i.e., the lattice misfit). Therefore, the lower lattice
misfit, dominating the lower interfacial energy during the growth
of precipitates, should be considered a significant factor in the
selected growth direction, for it leads to a different morphology
[41,42]. The related viewpoint can be seen in previous in-
vestigations illuminating the growth morphology of precipitates
[7,34,43,44]. By considering the lattice-mismatch factor, it can be
found that the morphology of ' (or 12) will eventually develop into
the plate-like shape. For other types of n, their equivalent variants
and morphologies are listed in Supplementary Table 1 in Supple-
mentary Material I.

In low magnification TEM images, the plate-like or rod-like n
precipitates are easily found in the Al matrix along the zone axes of
[001]a;, [110]a;, and [112]a1 [2,3,7,8,11,12,18,19,49]. It has been re-
ported [2,12,49] that along the [001]4; zone axis, a high number
density of precipitates with the edge-on configurations of the
{001}4; planes is recognized as the plate-like ni-type precipitate.
The orientation relationship of m; with respect to the Al matrix,

The thirteen types of orientation relationships between n precipitates (n;-n12 and n4')* and Al matrix.

Orientation relationship

Morphology Ref.

n (0001)n'//(111)al [10T0]n'//[110]a Hexagonal or rounded plate [2,7,10—14,16,18,37,44-46]
m (1010)n1//(001)a; [1210]n4//[110]al Rod* [2,7,8,11-13,15,16,44,47]
Mo (1120)M0//(001 )y [1100]no//[110]ai Hexagonal prism* [7,11,12,44,48]

N2 (0001)n//(11T)ar [1010]m2//[110]a Hexagonal or rounded plate [2,7,11-14,16,18,44,45,47]
N3 (0001)M3//(11T)al [1120]n3//[110]a Hexagonal or triangular plate [2,7,11,12,16,44]

Mo (0001)n10//(1TT)a1 [1120]n10//[134]a1 Not indicated [7,12,16,44]

N1 (0001)n11//(110)a1 [10T0]n11//[11T]a Rod [7,12,16]

N4 (0001)n4//(110)ar [1270]n4//[11T Al Rod [2,7,11-13,16,44,45]

n4'c (0001)n4'//(110)ar [1T00]n4'//[001 | a1 Hexagonal plate or prism Present work

s (1210)s/[(1TT)a1 [3032]ns//[110]a Rod [2,7,11,12,16,45]

e (1210)m6//[(1TDar [2021]n//[112] a1 Rod [2,7,11,12,16,45]

n7 (1210)n7//(11T)ai [1014]n7//[110]a Rod [2,7,11,12,16,45]

N8 (12T0)ng//(112)ai [0001]ng//[31T]al Rod [2,7,11,12,16]

ni2° (0001)n12//(113)a [1120]n12//[110]ai Plate Present work

2 The notations from 1, to 117 are used by Degischer et al. [12]. The morphologies of 1y to ng, and 111 have been observed along the <110>4; zone axes. The morphology of

N10 has not been identified by TEM, and the similar data were tabulated by Bendo et al. [11] and Chung et al. [7].

The orientation relationship and morphology of 1’ is listed for reference.
¢ The novel n4' and ny2-type precipitates were first analyzed in this present work.
The morphologies of n; and ng have been confirmed in this present work.
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(1010)11//(001)a; and [1210]n1//[110]a, can be analysed from the
diffraction pattern [46,47]. Recently, Bendo et al. [11] have reported
that HAADF STEM observation along the [110]4; zone axis appar-
ently reveals the edge-on configuration of n; with an atomic zig-
zag stacking structure in hexagonal MgZn;, which was observed
similarly in my along the [112]a zone axis [3,18,19]. The zig-zag
stacking structure possesses R units (the rhombohedral Zn-
column units) and R™! units (the relatively 180°-rotated rhombo-
hedral Zn-column units). Particularly, in 1, the structure consists of
R/R~! stacking order structures separated by the internal boundary,
which is composed of flattened hexagonal stackings [11]. In works
conducted by Singh et al. [50—53], Rosalie et al. [54,55], and Yang
et al. [56] the flattened hexagonal arrays, which are adjacent to the
rhombohedral atomic arrays of 1y, have frequently been observed,
similar to those of Mg4Zn; in the Mg-Zn(-Y) magnesium alloys. A
previous work [52] provided comprehensive views of the transition
structures in between Mg4Zn7;-MgZn,, and the atomic arrays of
these two phases can thereby be distinguished. The flattened
hexagonal unit in the Mg4Zn; phase is regarded as an intrinsic
defect, the zone of the deficient Zn solute atoms. For the perfect
MgZn, phase, the stoichiometry does not allow this type of defect.
In order to recognize the differences in the atomic structures of
MgZn, and Mg4Znjy, it is vital to identify their corresponding unit
cells. The unit cell of MgZn; contains two differently-oriented pairs
of rhombohedral arrays, as shown in Supplementary Fig. 1a (Sup-
plementary Material II). On the other hand, the unit cell of Mg4Zn7;
contains six differently-oriented pairs of rhombohedral arrays,
enveloped by two differently-oriented pairs of a flattened hexag-
onal array interweaved with a rhombohedral array, as shown in
Supplementary Fig. 1b (Supplementary Material II) [52]. Whether
the Mg4Zn7 phase occurs during the growth of 17 in the Al-Zn-Mg-
Cu aluminium alloys was not elucidated in the previous work [11].

It is known that the similar edge-on (001)a; configurations of 1y
and mg, based on their orientation relationships (i.e., (1010)n1//
(001)a; and [1210]n1//[110]a; for m;, and (1120)n9//(001)s and
[1100]ng//[110]a; for mg) would be hard to distinguish in low
magnification TEM images along the [110]a; zone axis [7,11]. The
relative rotation about 30° along [0001]n; leads to [1120]ng//
[001]a1 [11], as portrayed in Fig. 1a, and results in different atomic
arrangements on the projected facet of the (110)a; plane. However,
owing to the very small number density of ng, whether the atomic-
scale structure of ng is really the same as that of 1 has hardly been
discussed in previous investigations [7,11,12,16,45,48]. This probing
question of the atomic arrays of n; and ng will be reported in the
present work.

In previous investigations [7,18,19,57], N2 phases were observed
in high-resolution (HR)-TEM images along the [110]a zone axis
[7,57], and in high-resolution (HR)-STEM images along the [112]a;
zone axis [18,19]. It was revealed that the my with the edge-on
configuration on the (111)a; plane has (0001)n, spacing approxi-
mately equal to 4 times the (111)a spacing (i.e., d(0001)n;
(~0.860nm) = 4d(111)a (~4 x 0.233 =0.932 nm) [57]. The HR-
STEM investigations characterized that the m, phases have two
kinds of intrinsic-stacking orders depending on the arrangements
of the atomic columns. One is orthorhombic-like units connecting
with rhombohedral-like units (O/R), named Type 1 order, and the
other, rhombohedral-like units connecting with rhombohedral-like
units (R/R) or the relatively rotated 180° rhombohedral-like units
(R/R™1), named Type 2 order [18,19]. It was suggested from the first
principles calculation (using the Vienna ab initio simulation pack-
age, VASP) that the stable 1, phases possess the Type 2 order owing
to their better coherency with respect to the Al matrix and the
lower formation enthalpy than those of the Type 1 order [18].

According to previous works [7,12], the n3 type is presumed to
differ in orientation from m; with respect to the Al matrix, where

the orientation of 13 is obtained by rotating m2 about 30° along
[0001]na, leading to [1120]n3//[110]4; (i.e., (0001)n3//(111)4 and
[1120]n3//[110]a1), as shown in Fig. 1b. Fig. 1c indicates that the
differences of the orientation relationships of ns, ne, and n; with
respect to g4 are the relative rotations of ~11°, ~15°, and ~25° along
the [0001]n4 direction, respectively. Their atomic-scale structures
have yet to be investigated. In addition, Table 1 also indicates the
difference between n4 and mnq; possessing the relative rotation of
30° along the [110]a; direction, leading to [1010]n11//[1120]n4//
[110]a1

On the basis of the orientation relationship and morphology of
ng types [2,7,11,12,16], the rod-like hexagonal configuration is
schematically shown in Fig. 1d. In addition, it has been suggested
[7] that the mg phases serve as the nucleation sites of T phases
formed at higher ageing temperature, for ng types and T phases
possess nearly the same orientation relationships with respect to
the aluminium matrix. In Figs. 1b and d, the supposed morphol-
ogies of the m1p and ny; types are also indicated based on their
orientation relationships, as reported in previous references
[12,16,45].

In the present paper, we describe the investigation of the atomic
scale structures of m precipitates in ageing-treated AA7050
aluminium alloy by HAADF STEM. The atomic configurations,
stacking faults or defects, orientation relationships with the Al
matrix, morphologies, and growth mechanisms of the n-MgZn,
crystal were elucidated from atomic images along the zone axes of
[1010]n, [1210]m and [0001]n taken mainly using m-type pre-
cipitates, and from comparison of the shapes and atomic arrays of
various n-type precipitates grown with different orientations. Ac-
cording to the differences in orientation relationships with respect
to the Al matrix, two novel types of n-precipitates have been pro-
posed and named n4' and 2.

2. Materials and methods

An AA7050 aluminium alloy (Al-6.25Zn-2.14Mg-2.23Cu-0.05Fe-
0.03Si, wt.%) was used in this study. After solution treatment (at
475 °C for 1 h with water quenching), the samples were immedi-
ately treated with a three-step ageing treatment: ageing at 120°C
for 8h, at 165°C for 1h, and at 174°C for 8 h with an applied
constant tensile stress of 162.5 MPa (hereafter referred to as creep-
age forming samples, CAF samples) [58]. The pre-observed TEM
specimens were prepared by cutting discs from the selected sam-
ples along their loading direction and thinned to 0.07 mm thickness
before they were twin-jet electropolished in a mixture of 33% nitric
acid and 67% methanol at — 20 °C with a working voltage of 10 V.
Then, the oxidation layers and the sample thickness were assum-
edly reduced by an M1040 NanoMill TEM specimen preparation
system (E.A. Fischione Instrument), and the hydrocarbon contam-
ination was subsequently removed by an M1070 Nanoclean plasma
cleaner (E.A. Fischione Instrument). Afterwards, the TEM speci-
mens were observed with an FEI Titan Chemi-STEM equipped with
a spherical aberration corrector (Cs-corrector), which achieves a
~0.1 nm probe size with a beam current of ~70 pA and a conver-
gence semi-angle of ~19.8 mrad. HAADF STEM images were
recorded with a collecting angle range of 7.9—42.8 mrad of a HAADF
detector. It is guaranteed that artefacts in the images are not caused
by this electron probe [59,60]. The structure models for various
atomic configurations of 1 precipitates were constructed with VASP
[61,62] using the structure data proposed by Marioara [18] and
Wolverton et al. [63].

3. Results and discussion

Chung et al. [7], who investigated the precipitate sequence of GP
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Fig. 1. The schematic diagram indicating the morphologies of different types of n precipitates and their orientation relationships with respect to the Al crystal. (a) n; and ne; (b) n2,

N3, and Mqo; (€) 4 and ns—my; (d) ng and N1

zones — 7' precipitates — m precipitates in the AA7050 aluminium
alloy by TEM, reported that stable n, precipitates of larger size
possess higher stability to prevent atomic-displacement or knock-
on displacement caused by the electron beam during the obser-
vation, as compared to GP zones and n' precipitates. This provides a
good opportunity to analyse the atomic structure of 1 precipitates
by electron microscopy.

Fig. 2a shows an HR-HAADF STEM image of a precipitate, which
was observed in the CAF film along the [110]4 zone axis. Fig. 2b
shows an enlarged image of the area indicated by the frame in
Fig. 2a. Fig. 2c shows the fast Fourier transform (FFT) diffractogram
from the area in Fig. 2b and Fig. 2d is the simulated electron
diffraction (ED) patterns for analysing Fig. 2c. From its orientation
relation with respect to the Al matrix indicated in Fig. 2d and
Table 1, the precipitate can be regarded as the m; type, which ex-
hibits the edge-on configuration where the 1, phase grew on the
(0001)13//(111)4 habit plane.

Generally, atomic-scale HAADF STEM images are formed by
incoherent imaging with electrons elastically scattered by atoms
[64,65]. Only the transverse composition of the relative displace-
ment between the atoms in the atomic column illuminated by an

electron beam is effective for HAADF STEM. The images are mainly
formed by thermal-diffuse-scattering electrons and provide the
atomic number (Z) contrast, approximately proportional to the
squares of the atomic numbers of Mg, 2Al, 2°Cu or 3°Zn (the su-
perscript is the Z) [66,67]. The intensity contrast is also proportional
to the thickness of a material if the material is composed of
the same elements. It should be noted that statistical displace-
ments, such as differences in the position and size of atoms in
alloys and the lattice distortion in deformed crystals, can cause
electron diffuse scattering and contribute to HAADF STEM images.
Furthermore, these displacements also influence the electron wave
field in the crystal and thus HAADF STEM images [68]. The image in
Fig. 2b closely resembles the simulated image for the structure of
MgZn; [69] reported by Li et al. [70]. Therefore, it is appropriate to
claim that Fig. 2b shows a Z-contrast image of the n,-MgZn;, pre-
cipitate exhibiting the regular variation of stacking layers, which
we call sandwiched stacking structures. Thus, it can be proposed
from the nominal composition of m; (MgZn,) that the higher
contrast layer (indicated by the blue arrowhead) is an array of
columns mainly composed of Zn atoms and that the lower contrast
layer (indicated by the green arrowhead) includes Mg-columns.
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Fig. 2. An n precipitate in ageing treated (CAF) AA7050 Al alloy. (a) A HAADF STEM image taken along the [110]4//[1010]n, zone axis showing the edge-on configuration of n, on
the (111)a; plane. (b) An enlarged image of the area indicated by the frame in (a). (¢) The FFT diffractogram from the area of (b). (d) The simulation ED pattern. (e) An enlarged image
of the area indicated by the red frame in (b). (f) The atomic structure of n,-MgZn,, pointing out the atomic configuration of the white dashed frame (e). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)



356 T-E Chung et al. / Acta Materialia 174 (2019) 351—368

Apparently, the HAADF STEM image in Fig. 2b is correlated to the
chemical composition of the n;-MgZn; phase and the Al matrix.
The atomic column intensity along the [110]4; direction in the Al
matrix was measured on eleven (111) lattice fringes, indicated by
Lines 111 in Supplementary Fig. 2a (Supplementary Material II).
Supplementary Fig. 2b (Supplementary Material II) illustrates the
intensity line profile along Line 1. Supplementary Fig. 2c¢ (Supple-
mentary Material II) shows the intensities of 100 atomic columns
on Lines 1—11. The average intensity was estimated to be
1400 + 106 counts. The error (standard deviation) of 106 counts is
higher than an assumed statistical variability of 37 (~+/1400)
counts in the case of detecting a constant beam (with an averaged
intensity of 1400 counts). It is presumed that the larger intensity
fluctuation among atomic columns is caused by vacancies of Al
atoms or small amounts of solved atoms, such as Mg, Zn or Cu
remaining in the Al matrix, indicating Z contrast, since the thick-
ness can be regarded to be uniform over such a small region.

Fig. 2e shows the enlarged image of the area indicated by the red
frame in Fig. 2b. Fig. 2f indicates the calculated structure of mp,
which was drawn using the lattice parameters of 1, obtained by
VASP [63] and corresponds to the image of the area indicated by the
white dashed frame in Fig. 2e. To understand the correlation be-
tween the real and calculated structures of my, the foci were spe-
cifically placed on the spacings between atomic layers and the
intensity line profiles along different lattice fringes. Using the Al
matrix lattice fringes (assuming d(002)s = 0.202 nm) for calibra-
tion as indicated in Figs. 2c and d, the distances between atomic-
columns parallel and vertical to the [111]4 direction, d; and dj,
are referred to as 1/2d(1210)n; and 1/2d(0001)n3), d; ~ 327 pm
and dj ~ 424 pm, as shown in Fig. 2e. The calculated distances are
divaspy~252 pm and dpwvasp)~414 pm, as indicated in Fig. 2f.
Hence, the lattice constants of the present m, crystal are a
~0.654 nm and c ~0.848 nm, while theoretical and experimental
lattice constants of MgZn; have been reported as a = 0.504 nm and
c=0.828 nm by VASP calculation [63], and a=0.522nm and
c=0.857 nm by X-ray diffraction [69], respectively. In any case, the
incompatible result of the lattice constants might be caused by the
dynamic my-precipitate chemistry changes and the vacancy-atom
interactions during the ageing treatment, as suggested by Ringer
and Hono [1]. It can be seen as the fluctuation of the intensity
among equivalent atomic columns (along Lines 1, 2, 3, and 4 indi-
cated in Figs. 2e and f) in the HAADF STEM image, as indicated in
Supplementary Fig. 3 (Supplementary Material II). These figures
present the intensity line profiles along the lattice fringes indicated
by Lines 1 and 2 in Figs. 2e and f. Line 1 is a [1010] projection of
atoms on the plane at z=1/4 in the space group P63/mmc, where
the atoms occupy three positions of Wyckoff notation (6h). Taking
into account the structure of MgZn, [69], Supplementary Fig. 3a
(Supplementary Material II) shows that Line 1 may be regarded
as an array of --- Zn, 2Zn, Zn, 2Zn, --- in a thickness of 2 unit cells or a
double (1010) plane. Similarly, Line 2, which is a projection of
atoms at z =0, is an array of --- Zn, Zn, ---, which occupies positions
at one position of Wyckoff notation (2a). Supplementary Fig. 3b
(Supplementary Material II) shows the intensity line profiles
along the lattice fringes indicated by Lines 3 and 4 in Figs. 2e and f.
Line 3 is a [1010] projection of atoms on one (1210) plane and must
be an array of --- 2Zn, 2Zn, 2Zn, ---. Line 4 is a [1010] projection of
atoms on another (1210) plane and must be an array of --- Zn, Mg,
Zn, Mg, Zn, Mg, Zn, Mg, Zn, Mg, ---. A general survey of these in-
tensity line profiles exhibits the Z contrast of MgZn; crystal. The
intensity among equivalent atomic columns on Line 1 (and also
Lines 2, 3, and 4), however, does not seem the same within statis-
tical variability. The fluctuation of intensity exceeding the statistical
variability may be ascribed to the difference in chemical composi-
tion among the atomic columns, which is caused by substitution of

13p], 29Cu, 26Fe, or '4Sj atoms or vacancies for Zn sites (and also Mg
sites on Line 4).

An area near the ny/Al interfaces, indicated by a solid yellow
arrow in Fig. 2b, exhibits abnormally strong bright contrast. Pre-
sumably, the lattice mismatch between the m; and Al crystals
would cause higher interfacial energy or higher lattice strain en-
ergy near the interface of n3/Al, inducing the change of solute atom
concentration, which is suggested to be a chemical effect or Suzuki
effect for segregation to stacking faults [71]. Hence, the brighter
contrast in the HAADF STEM image is ascribable to the segregated
Zn and also Cu atoms in the Al lattices near the interface, as simi-
larly reported in previous investigations [72—80] revealing the
segregation of solute atoms nearby the precipitate/matrix in-
terfaces in magnesium alloys [72—74] and aluminium alloys
[75—80].

Bendo [11] and Marioara et al. [18] observed a similar R/R™!
stacking layer-structure, which contains the rhombohedral-like
unit (R) connecting with another rhombohedral-like unit (R™1)
rotated 180° relative to R, in HR-STEM images of n; and ny pre-
cipitates along the [110]4; and [112]; zone axes, respectively. These
precipitates exhibit the edge-on configurations on the interfaces
with the Al matrix parallel to the (111)a; plane and possess the
stacking layers in the precipitates. The R/R~! was presumed to be
one kind of stacking structures that existed in all types of n [11]. We
also observed m; precipitates with the uniform R/R™! stacking
layers in HAADF-STEM images of the CAF sample along the [112]a
zone axis, as seen in Fig. 3.

The growth of 1 precipitates can be interpreted simply as fol-
lows. An m precipitate or MgZn; crystal grown via n' from GPII
zones in the Al matrix [7] has a characteristic habit plane, indicated
in Table 1. As mentioned above, a kind of chemical effect segregates
solute atoms such as Zn, Cu, and Mg from the matrix and diffuses
them into a region near the interface of the n/Al crystals, which is a
habit surface of the MgZn; crystal. Once a crystal nucleus forms on
the surface of the precipitated MgZn crystal, it grows laterally on
the surface, supplied by precursors of Zn and Mg from the nearby
matrix, which is rich with solute atoms. The layer-by-layer growth
occurs following the most stable stacking sequence of RR™'RR™! R
R! ... as MgZn, crystal, consecutively. As is often the case with
layer-by-layer growth, steps form along the edges of layers, as
indicated by small white arrowheads in Fig. 3a. The crystal goes on
growing laterally at the steps, supplied with precursors. This
mechanism is common in the growth of single crystal thin films of
semiconductor material by methods such as metal-organic chem-
ical vapour deposition and atomic layer deposition [81].

Two spacings, dq and dj, indicated in Fig. 3¢, were measured,
and the results were d; ~ 0.451 nm and d; ~ 0.833 nm, which
correspond to the lattice constants a and c, respectively. Both pre-
cipitates shown in Figs. 2 and 3 were in the same sample and of the
same 1) type but had lattice constants different from each other
and from the calculated ones shown in Fig. 3d. The chemical
composition must differ slightly among precipitates even if they are
of the same type of n grown in the same sample. Bendo et al. [11]
reported an example of the disrupted-arrangement inside n; where
the R/R™! stacking layers were separated by internal boundaries
composed of irregular atomic arrangements, and they assumed that
the precipitate was in the early stages of growth. The Z-contrasts
can also be seen clearly in an enlarged image in Fig. 3e and are
easily understandable from the structure schematically shown in
Fig. 3f, where 3Zn, 2Zn, and 3Zn indicate Zn columns with 3, 2, and
3 atoms in the rhomb unit-cell, respectively. However, Mg-columns
along the long diagonal line are blurred, possibly due to distur-
bance from the Al matrix beneath the precipitate and the weak Z-
contrast intensity of Mg atoms.

Figs. 4a and b show HAADF-STEM images of a different sort of 1,
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d; ~0.451 nm
d, ~0.833 nm

[112],, / [1210]y,

an,
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Fig. 3. Another 1, precipitate in the CAF Al alloy. (a) A HAADF STEM image taken along [112]a//[1210]n; zone axis showing its edge-on configuration on the (111) plane. (b) An
enlarged image of part of (a), exhibiting a sound ordering of R/R™! in 1. (c) The enlarged image of the area indicated by the frame in (b), indicating the measured lattice spacings, d;
and d,. (d) The structure of MgZn, projected along [112]a)//[1210]n,, indicating calculated parameters, a and c. (e) An enlarge HAADF STEM image of rhomb (RR™!) units. (f) A
schema of a pair of RR™ units, visualizing the atomic columns along the [1210]n, zone axis.
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Fig. 4. Coalescence growth between n; crystals precipitated in the CAF Al alloy. (a) HAADF STEM image taken along the [112]4)//[1210]n; zone axis. Two crystals, left-n, and right-

12, which precipitated on almost the same (111)a; planes, coalesced. They had an R/R™

1 stacking structure including stacking faults. (b) An enlarged image of the coalesced region in

(a), revealing the complicated borlding boundary with local twinning and various defect structures. The twin boundaries are indicated by three colollred bars. (c) HAADF STEM
image taken along the [110]//[1010]n; zone axis. Two variants of 1, precipitates, 15" and n%?), which precipitated on different Al planes of (111) and (111), respectively, coalesced
and resulted in a twin-like structure. They exhibited a sandwiched structure. (d) An enlarged image of the coalesced region in (c), revealing the atomic arrays of the boundary.

precipitate grown on the (111)4 plane, which were also observed
along the [112]a; zone axis in the Al matrix. The atomic configu-
ration is composed of two parts: the left part, which comprises
layers with --- R™! - JRTIR71/ -.. R7IR -+, and the right part,
which comprises layers with --- RR™' --- JRR/ ---RR" ' --- JR7IR71/ --
RR™! --., as marked by blue and red frames in Fig. 4a. Both the left
and the right parts have stacking faults such as RR or R~ 'R~! against
the proper ordering of RR™IRR~L The existence of these stacking
faults is not abnormal but rather common in n precipitates. These
crystals grew layer-by-layer, separately. Once an embryo nucleated
in an irregular stacking manner, the layer with this order would
extend laterally over the surface layer, even if the formation of the
stacking fault was unfavourable in energetics, because the ordering
was controlled only by the secondary layer beneath the surface in
the stacking structures. These stacking faults were of neither the
Shockley-type nor the Frank-type because partial dislocations were
never observed; rather, they were simple stacking faults caused by
mis-stacking of the layer during the growth. It may be regarded as a
result of the lateral growth and collision of two my particles that

precipitated on almost the same (111)a; layers but with different
stacking orders. Two particles encountered each other and then
generated a complicated boundary (as indicated by arrows in
Fig. 4a), which was composed of local twins and polygonal prisms,
almost remaining atomic columns along [1210]n3//[112]al, as seen
in Fig. 4b. Furthermore, Figs. 4c and d show HAADF STEM images of
two variants of my-crystals with the sandwiched stackings,
observed along the [110]a; zone axis. These two variants, indicated
as 15" and 0%, developed on two different Al planes of the (111)a
and (111)a; planes, respectively. They coalesced with a twin relation
and the twin-like boundary was nearly parallel to the (002)a) plane,
as shown in Fig. 4d. Hence, we found that the specific boundaries
which were formed by coalescence between two crystals precipi-
tated on the same (111)a; layers (as shown in Fig. 4a) or on different
{111}a layers (as shown in Fig. 4c).

Fig. 5a shows a HAADF-STEM image of a precipitate in the CAF Al
alloy observed along the [110]a zone axis. Fig. 5b shows an
enlarged image of the area indicated by the frame in Fig. 5a,
disclosing the atomic arrangement in detail. Its FFT diffractogram
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[110],,// [1210],,

Fig. 5. An n; precipitate in the CAF Al alloy. (a) A HAADF-STEM image taken along the [110]4;//[1210]n; zone axis showing its edge-on configuration on the (002)4; plane. (b) An
enlarged image of the area indicated by the yellow frame in (a), showing a couple of R/R~! units in an RR"'RR~! stacking layer and one of the flattened hexagons that form a defect
layer between the RR™'RR™" stacking layers. Red, orange, and blue circles indicate Zn, Zn/Mg, and Mg atomic columns, respectively. (c) FFT diffractogram from the whole area in (a).
(d) Simulated ED pattern for the n; precipitate with the Al matrix, revealing the orientation relationship of (1010)n;//(001)a; and [1210]n//[110]a:. (e) The selected reflection spots
only from n;. (f) IFFT image reconstructed using (e), disclosing more clearly the structure of 1, in particular irregular or flattened-hexagon layers and other defects in the RR™!
layers. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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shown in Fig. 5¢ confirmed this precipitate mainly to be an 1
crystal with the orientation relationship of (1010)n1//(001)a; and
[1210]n1//[110]ay, considering the simulated ED patterns for n; and
Al crystal shown in Fig. 5d. The main part of the precipitate
comprised R/R™! stacking layers. However, a layer composed of
flattened hexagons, as projections of atomic columns, was observed
between the regular R/R™! stacking layers, as seen in the frame in
Fig. 5a. This structure has been reported and analysed by Bendo
et al. [11]. It may be noted that this n; precipitate grew laterally on
the (001),) plane, exhibiting the (1010)n; habit plane, while the 1,
precipitates grew laterally on the (111)a plane, exhibiting the
(0001)n; habit plane. In other words, in the 1 precipitate, layers of
- RR™'RR™!--- grew laterally on the (1010)n; surface, successively,
while in the m, precipitate, a layer of ---RR--- and a layer of
--R7IR"1--. grew laterally on the (0001)n; surface, alternately. The
difference in growth between mn; and m, precipitates may be
ascribed to the difference in the initially-nucleated n; and 1 layers
on the (001)a; and (111), planes, respectively, where Al planes are
replaced by Zn/Mg atoms. As a result, the m precipitates became
rods, while the n, precipitates became plates, as shown in Table 1.
In Fig. 5a, the atomic arrays of (0002)11//(110) (as indicated by
red arrows) do not pass through the fault layers composed of
several flattened hexagonal arrays continuously connected with
each other and neatly distributed on the (002)a plane; rather, they
are suddenly interrupted by a single rhombohedral array in the
layer. The stronger Zn fringes in Z contrast change to weaker Zn
fringes. This can be clearly seen in Fig. 5f, which is the inverse FFT
image reconstructed using only diffraction spots from n; (Fig. 5e) in
the FFT diffractogram of the image in Fig. 5a. That is, the fringes of
Zn atoms in Wyckoff position 6(h) changed to the fringes of Zn
atoms in position 2(a) [69]. Therefore, the stacking fault layer can be
regarded as a kind of antiphase boundary [11], which is clearly
different from the typical structure of MgyZn; [51,52,54]. The
growth of the layer with the antiphase against the substrate may
occur by nucleation of a mismatched embryo, similar to the growth
of an n, crystal with stacking faults. However, another mechanism
for the formation of the antiphase boundary can be proposed here.
Two 11 particles, which are precipitated on the (001); planes with
a short spacing, develop in layer-by-layer growth, encounter each
other, and then coalesce into one particle. When the stacking order
of the merged region is different from those of the regular R/R!
stackings, coalescence accompanied by an antiphase grain bound-
ary will occur. In this case, the antiphase grain boundary has a
complicated structure wherein the Zn, Cu and Mg atoms near their
surfaces are rearranged, leading to the boundary layer being
composed of flattened hexagons, as shown in Figs. 5a and b. Sub-
sequently, the particle grows further and the grain boundary has a
possibility to be curved. Thus, the precipitate in Fig. 5a can be
regarded as the result of coalescence of several n; particles. Fig. 5b
shows an enlarged image of the area of the yellow frame in Fig. 5a,
where an R/R™! rhombohedral unit and a flattened hexagonal unit
are illustrated. Supposed positions of Zn and Mg columns in the
flattened hexagonal unit are shown for comparison with the Zn and
Mg columns in the R/R™! rhombohedral unit. As compared with
Fig. 5a, the inverse FFT image in Fig. 5f reveals thinner layers in the
Al matrix enclosing the n; precipitate. This supports the lateral or
layer-by-layer growth of the precipitate by rhomb-unit layers.
Highly complicated defect structures were found in Figs. 5a and
b. Supplementary Fig. 4a (Supplementary Material II) displays
irregular arrangements, such as a rhombic unit surrounded by
several pairs of flattened hexagonal/rhombic units (Supplementary
Fig. 4b in Supplementary Material II) and a random flattened hex-
agonal unit connecting with rhombic units (Supplementary Fig. 4c
in Supplementary Material IT), which are probably consistent with
the varied atomic configurations caused by the effect of the

dislocation-assisted precipitate formation in the Zn-Mg alloy [56].
Furthermore, Fig. 5f discloses much more clearly the structure of 1y,
comprising the areas constructed with the regular RR_'RR~! layers,
the fault layers of flattened-hexagons between them, and other
defects. The origin of the complicated structures is unclear but may
be assumed to result from the coalescence between precipitates
formed on different {001}a; habit planes.

The HAADF-STEM image in Fig. 6a shows an m; precipitate
observed along the [110]a; zone axis. This precipitate has a habit
plane along the interface of the (002)a;//(1010)n; plane. Particu-
larly, its configuration contains the flattened hexagonal units con-
nected with one or two rhombohedral units distributed along
different orientations (i.e., the flattened directions respectively lie
on the different planes of (002)s and (111)y). Although the
differently-oriented flattened hexagonal units are similar to the
atomic structure of planar defects within Mg4Zn; reported in pre-
vious investigations [52,54], the continuously-connected flattened
hexagonal units are completely inconsistent with the typical
structure of MgsZn7 [51,52,54]. They were presumably caused by
the introduced defects such as vacancies, dislocations, and stacking
faults, or the coalescence of two variants of n; during the growth of
precipitates. Thus, this characteristic of n; (Fig. 6a) should be
further investigated by using the stimulated atomic models in the
further work. Fig. 6b shows an enlarged image of the area indicated
by the frame in Fig. 6a. It explicitly reveals that the structures,
composed of a rhombohedron and a flattened-hexagon unit, are
similar to those in position b in Fig. 5a.

The atomic structure of the rhombohedron was elucidated by
HR-STEM and first principle calculation [3,11,18,19], while the flat-
tened hexagon unit was only observed in the projected atomic-
scale micrographs, and its structures were assumed [3,11]. Fig. 6¢
shows the enlarged images of the areas indicated by the frames in
Fig. 6b. The intensity profiles along Line (e) and Line (f) in Fig. 6d,
which is the same image as Fig. 6¢, are illustrated in Figs. 6e and f,
respectively. By taking the Z contrast, the line profiles definitely
placed the Mg atomic columns as well as the Zn and Zn/Mg atomic
columns in both the rhombohedral unit and the flattened hexag-
onal unit. The positions of Mg, Zn, and Zn/Mg atomic columns are
respectively indicated by blue, red, and orange circles in Fig. 6d.

The various morphologies of all the 1 types listed in Table 1 are
presumably associated with the different growth rates of crystal
facets. Regarding their orientation relationships with respect to the
Al matrix, the edge-on configurations of plate-like, rod-like or
prism-like n are difficult to distinguish with low magnification
TEM/STEM. As previously reported [7,43], an effective strategy for
extrapolating the morphologies of the hexagonal close-packed
precipitates is based on the calculations of lattice misfits in three
growth directions with respect to the (0001) basal plane (i.e., one is
the lateral growth direction vertical to the basal plane, and the
others belong to the layer-by-layer growth direction parallel to the
basal plane). The coherency interfaces with the smaller lattice
misfit would lower the energy barrier of the precipitate growth.
Therefore, the inversely proportional relationship between the
lattice misfit and the growth rate can also be employed to evaluate
the morphologies of n precipitates.

The misfit vertical to the (0001)n; basal plane (8(v)[ooo1)

was relatively  smaller:  |d[0001]n; —  3d[110]a)/3d
[110]a; = |(0.828—0.858)|/0.858 ~ 3.4%, whereas the two misfits
along the [1010]n; and [1120]n; directions on the (0001)n; basal
plane, respectively ((S(p)mjo] and 6(p)[1010] for n1), were relatively
large: 6(p)[11501:\d[11501m — d[110]a1|/d[110]a1 = |0.252—0.286|/
0.286 =~ 11.8%, and  4(p) 479 =|d[10T0In;  —  d[0O1]u]/

d(001)a = |(0.436—0.405)|/0.405 =~ 7.7%, where a=0.504 nm and
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Fig. 6. An n; precipitate in the CAF Al alloy. (a) A HAADF-STEM image taken along the [110]4;//[1210]n; zone axis showing its edge-on configuration and the rhombohedron and the
flattened hexagonal units. (b) An enlarged image of the area indicated by the frame in (a). (¢, d) Enlarged images of the area indicated by the frame in (b), showing a rhombohedral-
like unit and a flattened hexagonal structure. Red, orange, and blue circles indicate Zn, Zn/Mg, and Mg atomic columns, respectively. (e) Intensity profile along the line e indicated in
(d). (f) Intensity profile along the line f indicated in (d). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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c=0.828 nm for n precipitates [63]. Detailed schematic diagrams
indicating the lattice misfits of 1 precipitates in three growth di-
rections with respect to the Al matrix are provided in
Supplementary Fig. 5 (Supplementary Material II). To sum up, the
smaller lattice misfits in the [0001]n1//[110]a direction would be
the preferential growth direction with respect to the [1120]n1//

[110]a; and [1010]n://[001]a; directions. Therefore, it can be
confirmed that n; would possess the rod-like morphology with the
elongated axis along the [0001]n1//[110]a; direction, instead of the
plate-like morphology reported in previous investigations [7,11].
As indicated in Table 1, while previous investigations
[7,11,12,45,48] have revealed the slight difference in the orientation
relationships between 17 and nmg precipitates, few of these studies
have looked at the morphology of ng. The schematic diagrams
of the lattice misfit calculations in three growth directions of ng
(i.e., d(v)o001]s 6(p)[1]§0], and 5(13)[1070]) are also portrayed in

Supplementary Fig. 6 (Supplementary Material II). The misfit ver-
tical to the (0001)ng basal plane, 3(v)[ooo1}, was |[d[0001]ng — 3 d
[170]al|/3 d[170]a; = [0.828—0.858//0.858 ~ 3.4%, and the two
misfits along the [1010]ng and [1120]ng directions on the (0001)ng
basal plane were (5(13)[1150] =| 3d[1120]ng — 2d[001]all/2d

[001]x1 = 0.756—0.810|/0.810 = 6.7%, and d(p);; g7, = | 2 d[1010]ng

—  3d[110]all/3 d[110]a; = |0.873-0.858|/0.858 = 1.7%,  where
a=0.504nm and ¢=0.828 nm for ng precipitates [63]. For this

case, it can be assumed that the higher growth rate in the [1010]ng

direction would promote the smaller growth rate in the [1120]ng
direction on the (0001)ng basal plane. Therefore, all three growth
rates with respect to the (0001)ng basal plane would be nearly
equal, thereby resulting in the hexagonal prism morphology of the
N9 precipitate. However, owing to the small volume fraction of ng
[11,12,16,45], its morphology and atomic structure are difficult to
confirm by TEM/STEM micrographs.

Here, a special illustration comparing the atomic structures of 1y
and ng is presented in Fig. 7. Cs-corrected HR-STEM images along
the [110]a; zone axis show that the edge-on configurations of m
and mg on the (002)s planes (Figs. 7a and b) possess similar
structures, namely, the stacking faults (the yellow arrows in Figs. 7a
and b) separating two specific atomic arrays. In Fig. 7a, the edge-on
configuration of ny, the different orientations and the continuous
connections of flattened hexagonal arrays are totally distinct from
those of the typical MgyZn; structures [51,52,54]. In Fig. 7b, the
edge-on configuration of ng reveals that its central part appears to
be composed of the segregated Zn-column layers with the higher Z-
contrast, and apart from the centre, it has more closely-packed
atomic arrays of Mg and Zn/Mg atomic columns. Between them,
blurred stacking faults composed of Mg or vacancies appear to be
exist. Furthermore, the higher averaged Z-contrast of ng than of 14
probably implies that the edge-on configuration of ng with a hex-
agonal prism morphology possessed a larger amount of atomic
columns (i.e., a higher thickness parallel to the zone axis) than that
of 1 with a rod-like morphology. For more positive identification
of n1 and ng, the individual FFT diffractograms and simulated pat-
terns were applied, as presented in Figs. 7c and e for 1y, and 7d and
7f for mg, respectively. The 1010nm; and 00021, poles were parallel
to the 0024 and 2204 poles, respectively, along the [1210]n1//
[110]a; zone axis. On the other hand, the 1010m9 and 0002ng poles
were parallel to the 22041 and 0024 poles, respectively, along the
[1100]n9//[110]a zone axis.

Fig. 8a shows an HR-HAADF STEM image of an m-precipitate
observed along the [110]4; zone axis. It might be the first HR image
taken along the [0001]n axis and exhibits the hexagonal stacking
configuration of a MgZn; structure. This atomic array is similar to

that of Q phases with the hexagonal unit cell, observed along the
[001]a1//[0001]q zone axis in the Al-Mg-Si-Cu aluminium alloys
[77,82]. Fig. 8b shows an enlarged image of the area indicated by
the frame in Fig. 8a, and Figs. 8c and d show the FFT diffractogram
from Fig. 8a and the simulated ED spot obtained using MgZny,
respectively. The image in Fig. 8a reveals the hexagonal
morphology of the precipitate, which exhibits the {1210} habit
planes. The {0001} planes that are the surfaces of this specimen
may also be its habit planes. In addition, this precipitate may be
regarded as an mg4-type, for it seems to have the orientation rela-
tionship of the precipitate with the Al matrix such that (0001)n4//
(110)a; and [1210]n4//[117] 4}, as indicated in Table 1. As seen in Figs.
8c and d, however, the 2020m and 0220n poles are not parallel to
the 1114 and 1114 poles, respectively, but the 2200 pole is exactly
parallel to the 002 pole. This can be recognized in Fig. 8a, where
the (1100)n facet is parallel to the (002)a; plane (see the red ar-
rows), but the (2020)n and (0220)n facets are not parallel to the Al
lattice fringes on the (111)a and (111)a; planes (see the blue ar-
rows). Therefore, the orientation relation of n4 with the Al matrix
has to change into (0001)n//(110)4 and [1100]n//[001]a;, or we
have to name it as a new type of precipitate. Since we cannot
identify the atomic structure of n4 reported in previous papers
[2,711,12,14,16,18,37,45—47], we temporarily call this precipitate
n4'. Hence, the atomic-scale observation of the precipitates along
the [0001]n axis allows us to determine the exact orientation of the
precipitates with regard to the Al matrix, which is important to
elucidate their growth mechanism.

In Fig. 8a, a few (002)a; lattices near the (2200)n4' (and also the
(2200)n4') facets have much stronger and weaker contrasts (indi-
cated by red arrows), which are respectively ascribed to Zn and Mg
atoms that were segregated, migrated, and occupied Al-sites due to
the chemical effect mentioned above. The n4' precipitate develops
by nucleation and lateral growth, being provided with these pre-
cursors of Zn and Mg. For the growth of edges of the layer, the
similar replacement with Zn and Mg atoms was observed and is
indicated by blue arrows in Fig. 8a. Thus, the layer-by-layer growth
mechanism of the precipitates formed in these Al alloys has been
supported by this observation.

Fig. 8e shows an enlarged and processed image of Fig. 8b, which
was partially noise filtered, and emphasizes the Z contrast of atomic
columns by means of inverse FFT reconstruction, using appropri-
ately selected reflection spots from the FFT diffractogram (Fig. 8c).
Fig. 8f shows the [0001]n projection of simulated atomic arrange-
ments in the n-MgZn; crystal obtained by VASP. From the structure
of MgZn; [69], it turns out that the theoretical Z contrast ratio of red
marked Zn columns, unmarked Zn columns, and Mg columns in
Fig. 8e could be 900 (2 Zn): 450 (Zn): 244 (2Mg) = 6 : 3 : 1. The
observed image can clearly resolve the difference between Zn atom
columns and Mg atom columns. The chemical compositions of
every atomic column have yet to be analysed.

Basically all of the n-type precipitates have the structure of
MgZn; crystal, which was analyzed by Komura et al. [69]. Previ-
ously, Marioara [18] and Bendo et al. [11] indicated its atomic
projection along the [1010]n and [1120]n zone axes in HAADF-
STEM images. As mentioned above, eleven types of precipitates,
named 1 to 113, have been reported. In addition, we have identified
another type of precipitate and named it n4', which was observed in
the image along the [0001]n axis and presented a striking array of
atoms. The differences among these 12 types of n precipitates are
mainly ascribed to their orientation relationships with regard to the
Al matrix, which lead to different morphologies (i.e., the shapes and
habit planes), as shown in Table 1 and Fig. 1.

From this point of view, the following precipitate can be regarded
as a new type of m precipitate. Figs. 9a and b show HR HADF-STEM
images of an m precipitate possessing a zig-zag structure taken
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Fig. 7. HR-STEM images along the [110]a;//[1210]n1//[1100]ng zone axis showing (a—b) the edge-on configuration of ; and ng on the (002)a; habit plane, respectively. (c, e) The FFT
diffractogram and the simulated diffraction pattern of n; with respect to its orientation relationship: (1010)n;//(001)a,, [0001]n//[110]a;, and [1210]n;//[110]a:. (d, ) The FFT
diffractogram and the simulated diffraction pattern of ng with respect to its orientation relationship: (1120)n9//(001)a;, [0001]n9//[110]a, and [1100]n9//[110]a.
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Fig. 8. (a) The (0001) HR-STEM image of an n precipitate in the CAF Al alloy taken along the [110]4//[0001]n4' zone axis showing its edge-on configuration of the (2200)n plane on
the (002), plane. (b) An enlarged image of the area indicated by the frame in (a). (c) FFT diffractogram from (a). (d) Simulated ED pattern. (e) An enlarged configuration, processed
image of part of (a), showing hexagonal stacking together with the structure model. (f) The structure of MgZn, projected along the [110]a;//[0001]n4' zone axis. The precipitate was
named n4' as it has a new orientation relationship of (0001)n4'//(110); and [1100]n4'//[001]a;.
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Fig. 9. The new n, precipitate in the CAF Al alloy. (a) A HAADF-STEM image taken along the [110]4;//[1120]n12 zone axis showing its edge-on configuration of the (0001)n;, plane
on the (113)4 plane. (b) An enlarged image of (a) showing the disordered rhombohedral stackings (i.e., the five-layer RRR~'RR stackings highlighted in orange) laterally connected
with the perfect RR™! stackings. (c) FFT diffractogram of the whole area in (a). (d) Simulated ED pattern for the 1, precipitate, indicating a new orientation relationship of (0001)
M12//(113)a1 and [1120]n12//[110]a;. (€) Schematic diagram indicating its morphology and the orientation relationship with respect to the Al. For comparison, those for n3 precipitate
are added. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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along the [110]a; zone axis. From its FFT diffractogram shown in Fig. 9c
and the simulated ED pattern illustrated in Fig. 9d, its orientation
relationship with the Al matrix was determined to be (0001)n//
(113)a1 and [1120]n//[110]a;. Since this orientation relationship has
not been reported for any n-type precipitates, we named this new
type precipitate m1o. It can be regarded as an n3 precipitate that nu-
cleates on the (0001)n//(113)a; plane instead of on the (0001)n//
(111)a; plane of ns3, keeping the relation of [1120]n12//[1120]n3//
[110]ay, as seen in Fig. 9e. The growth behaviors such as the growth
rate of the 1y, precipitate would be different from that of ns-type
crystal grown on the close-packed (111)a; plane. In addition, Fig. 9b
shows that the zig-zag R/R™! stacking structure taken along the
[1120]n12 axis, similarly to that of n, as shown in Fig. 4. It can be found
thatin Figs. 9a and b, along the zone axis of [1120]n1, the disordered
rhombohedral stackings, ie., the five-layer RRR™'RR stackings
(highlighted in orange as shown in Fig. 9b), are laterally connected
with the perfect RR™' stackings. This stacking faults (i.e. the
RRR™'RR) would not introduce the formation of flattened hexagonal
arrays. This should not be recognized as the same with the charac-
teristic of Mg4Zny structures [51,52,54].

The structure of Mg4Zn7 [51,52,54] supposedly involves with the
formation or annihilation of vacancies and dislocations, leading to
the change of lattice constants to accommodate the variation of
interface energy [44], which would presumably be consistent with
the alternations of the stacking sequences in the Laves phases,
proposed by Komura et al. [26]. Alternatively, in the present work,
vacancies and dislocations can be introduced by the layer-by-layer
growth or coalescence of m crystals, changing both the atomic
spacing and the electronic state between Zn and Mg solute
atoms [21]. The formation of the flattened hexagonal units pre-
sumably occurs to reduce the impact of the changes, and under
some circumstances these units possibly transform to the perfect
rhombohedral units by the annihilation of their intrinsic defect
structures. However, this mechanism is still unclear and needs to be
confirmed.

4. Conclusions

We have investigated the structures and the growth of n-type
precipitates in ageing-treated AA7050 aluminium alloy by means of
atomic-scale HAADF-STEM. Conclusively, all n-type precipitates
have the approximate structure of MgZn, crystal, and the differ-
ences among the 13 types of 1 reported so far are ascribed to the
orientation relationships with regard to the Al matrix. The impor-
tant findings from HAADF-STEM observations can be summarized
as follows:

1. The m,-type precipitates observed along the [1010]n2//[110]a;
zone axis grew with the (0001)n, habit plane parallel to the
(111)a; plane. The regular variation of stacking layers along the
basal plane (i.e., the sandwiched stacking structure) was
confirmed as the projection of each atom column in the n-
ZnMg,. The local composition fluctuation was detected in the
precipitate as well as in the Al matrix as the difference of Z
contrast among the equivalent atomic columns.

2. The my-type precipitates observed along the [1210]n,//[112]al
zone axis grew with the (0001)n, habit plane parallel to the
(111)a; plane. It was revealed that the regular variation of
stacking layers (i.e., the zig-zag stacking structure) was observed
to have a sequence of ... RR"'RR"!IRR! ... along the (1010)n;
plane as the projection of the structure of the n-ZnMg,, where R
and R! are different rhombohedral-like units. Stacking faults
such as RR™'R™'R or R"!RRR™! were also observed. It was also
confirmed in the image of n;-type precipitates observed along
the [1210]n1//[110]a1 zone axis that the defect layer composed of

flattened hexagons forms as an anti-phase phase boundary be-
tween the regular stacking layers. The atomic structures of the R
unit and flattened hexagons, in particular the positions of Mg
atoms, were determined.

3. Growth steps and strong Z contrast (indicating Z atoms) were
observed on the habit plane and in the Al planes near the habit
planes, respectively. This suggests that the n precipitates grow
layer-by-layer, and this growth is supplied with precursors such
as Zn, Cu, or Mg atoms. These solute atoms migrate and become
segregated around the interface due to a kind of chemical effect
caused by its higher lattice strain energy. The formation of the
layer defects is presumably associated with an embryo of the
layer growth mismatched in stacking order.

4. Precipitates grown by coalescence of two m; particles were
observed. The coalescence of crystals precipitated on the same
(111)a layers brought about a complicated boundary due to the
difference in their stacking orders. The coalescence between
crystals precipitated on the (111)a and (111)a layers led to a
twin-like structure. It was also proposed that the anti-phase
boundary in the n; can be caused by coalescence of two 1
particles.

5. The morphologies of 11 and ng precipitates can be estimated by
the differences in the lattice misfits in three directions with
respect to the (0001)n basal plane. For n, the smaller lattice
misfit vertical to the (0001)n; plane than the two misfits parallel
to the (0001)n; plane results in the rod-like shape, and for ng,
the nearly-equal three lattice misfits lead to the hexagonal
prism morphology. Furthermore, this is the first report of the
atomic configuration of g possessing the sandwiched stacking
layers intermitted by stacking faults, similar to the zig-zag
atomic configuration embedding the flattened hexagonal
faults of n1.

6. Two new types of n precipitates have been recognized by their
orientation relationships with regard to the Al matrix. One is n4',
which can be distinguished from 14 in the (0001)n4 image taken
along the [110]a1 zone axis and exhibits the atomic configuration
(i.e., the hexagonal stacking structure) of MgZn, along [0001]
Nn4'. Another is 112, which can be observed with the (0001)n1,
habit plane parallel to the (113),; plane in the [1120]n; image
taken along the [110]4; zone axis.
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