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Highlights 

1. Along the [21�1� 0]η zone axis, the edge-on atomic configurations of η1, η2, η12, η13 and η14 

precipitates have been investigated to explore their atomic lattice defects. 

2. Within the spherical-like morphologies of η1 and η12, Penrose tiling features jointed with elongated 

hexagonal lattice defects were identified. 

3. In η12 precipitates, two types of elongated hexagonal lattice defects of different sizes were found. 

4. Differently-oriented elongated hexagonal lattice defects presumably affect the local stackings, 

bringing about differently-oriented types of η precipitates. 

5. In the newly-typed η14 precipitate, some entirely-passed stacking fault layers presumably cause a 

new specific orientation relationship with respect to the Al matrix.  
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Abstract  

High-resolution (HR) high-angle annular dark-field (HAADF) scanning transmission electron 

microscopy (STEM) has revealed the atomic lattice defects in different types of η precipitates in the 

Al-Zn-Mg-Cu aluminium alloy subjected to creep-age forming treatment (with a constant stress lower 

than its room-temperature yield strength during ageing). Along the zone axes of [110]Al // [21�1�0]η of 

η1 and η12, [112]Al // [21�1�0]η of η2 and [100]Al // [21�1�0]η of η13, atomic projections of (21�1�0)η have 

been investigated. In those types of η, elongated hexagonal lattice defects (labelled as Type I defects) 

can be found; they are apparently related to local disorder in atomic stackings. Furthermore, in η12, 

elongated hexagonal lattice defects with a much higher aspect ratio (labelled as Type II defects) are 

uniquely observed. These atomic lattice defects are presumably pertinent to the lattice 

accommodation in the course of creep-age forming. Additionally, in η1 and η12, the features of a 

Penrose tiling defect connecting with Type I defects are observed, and these complex defects 

obviously affect the growth direction of the precipitate, resulting in a nearly spherical morphology. 

Alternatively, several entirely-passed faulted layers in a new type of precipitate, η14, consequently 

bring about a new orientation relationship: (513�)Al // (0001)η14 and [112]Al // [21�1�0]η14. Moreover, in 

an atomic STEM image of η14, the significant Z-contrast gradient adjacent to the transformation front 

of η14 elucidates the Zn/Cu diffusion from the matrix to the precipitate along {11�1�}Al planes at the 

interface. 

 

Keywords: Scanning transmission electron microscopy; Al-Zn-Mg-Cu aluminium alloy; Creep-age 
forming; Elongated hexagonal lattice defects; Atomic lattice defects  
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1. Introduction  

It has been reported [1-3] that in Al-Zn-Mg-Cu aluminum alloys undergoing plastic deformation 

before and during aging treatment, dynamic precipitation is accompanied by many lattice defects in 

aluminium matrix, such as vacancies and dislocations, which are favorable nucleation sites for 

nanoprecipitation. Continuous generation of lattice defects in the matrix of aluminum alloys [1-3] can 

effectively enhance the solid-state precipitation, thereby conferring a higher strengthening effect than 

the traditional peak aging treatment. However, whether the atomic lattice defects interact with the 

precipitates and further change their atomic structures remains to be clearly studied. Recently, the 

creep-age forming (CAF) process, which maintains a constant-uniaxial elastic stress during ageing, 

has been applied to Al-Zn-Mg-Cu and Al-Cu-Li aluminium alloys for the production of aircraft wings 

[4-8]. In the works on Al-Zn-Mg-Cu aluminium alloys subjected to CAF [9-13], it is reported that the 

forming stress not only changes the distribution of precipitates [9, 10] but also increases the 

nucleation sites of precipitates [9-13]. Especially, it has been claimed that the diffusion rates of solute 

atoms and vacancies are significantly facilitated by the tensile stress during CAF, leading to a higher 

density of η precipitates than that resulting from compression during CAF [13]. Furthermore, 

increasing the level of tensile/compressive stress (i.e., that of tensile CAF from 200 MPa to 260 MPa 

[9, 12] and that of compressive CAF from 260 MPa to 340 MPa [13]) apparently creates more lattice 

defects in the aluminium matrix, which are effective channels for solute atoms to enhance the 

formation of η precipitates [13]. However, no investigations to date have clarified whether the induced 
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atomic lattice defects during CAF influence the transformation of η and lead to changes in the atomic 

stackings of η with new orientation relationships. 

In the CAF samples of Al-Zn-Mg-Cu alloys, the precipitate sequence of GP zones → η' 

precipitates → η precipitates still can be observed [10, 14-16]. The η precipitates have been 

determined to have a hexagonal (HCP) structure with a space group P63/mmc [15, 17-20]. The typical 

stochiometric η-MgZn2 is known to possess one of the stacking characteristics of Laves phases, C14 

[21-23]. Fourteen different types of η precipitates and their corresponding orientation relationships 

have been reported in previous investigations [15, 17-19, 24]. High-resolution (HR) high-angle 

annular dark-field (HAADF) scanning transmission electron microscopy (STEM), which has become 

popular in the investigation of nanometer-sized precipitates, has provided new insights into the 

identification of η [16, 19, 24-29]. On the two-dimensional (2-D) projection plane of (21�1�0)η, η1 and 

η2 precipitates generally possess the zig-zag C14 (⋯ RR-1RR-1⋯) atomic configurations, where R 

units represent the projected rhombic-units, and R-1 units, the inversely projected rhombic-units, 

based on the structural model proposed by Marioara et al. [25]. However, η1 and η2 precipitates have 

been found to contain some elongated hexagonal lattice defects with different orientations [16, 24, 

27-29]. Those works [16, 24, 27-29] have reported that under observation along the [21�1�0]η // [110]Al 

zone axis, the differently-oriented elongated hexagons in η1 and η2 are extremely similar to the sub-

structure of β1' (Mg4Zn7) in the Mg-based alloys [30, 31], which consists of 6 differently-oriented 

pairs of rhombic units, enveloped by 2 differently-oriented pairs of an elongated hexagonal unit 
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interwoven with a rhombic unit. However, the complete atomic structure of β1'-Mg4Zn7 [16, 24, 27-

29] has not been found on the atomic projection (21�1�0)η plane of η1 and η2 in aluminium-based alloys. 

Alternatively, in the previous works on the Al-Zn-Mg(-Cu) aluminium alloys aged at 120 °C 

for 167 h [28] and for 568 h [29], the number of the elongated hexagonal lattice defects were found 

to be favourably associated with the faulted layer between the repeated rhombic units in η1 [28] and 

η2 [29]. In the former work [28] on the (21�1�0)η configurations of η1, the regular zig-zag stacking 

⋯RR-1RR-1⋯, which was inserted the same rhombic unit (R or R-1) as the front unit, were found to 

become ⋯ RR-1R  
↑
↓  RR-1⋯  or ⋯ RR-1  

↑
↓  R-1RR-1⋯  stackings (the double arrows indicate the faulted 

layer). In the latter work [29], it was found that the (21�1�0)η atomic projections of η2 precipitates 

frequently have not only two repeated rhombic units (i.e., R  
↑
↓ R or R-1  

↑
↓ R-1), but also three repeated 

rhombic units (i.e., R  
↑
↓ R  

↑
↓ R or R-1  

↑
↓ R-1  

↑
↓ R-1). Although these previous investigations [28, 29] have 

displayed the 2-D atomic arrays accompanied by lattice defects in η precipitates, the related 3-D 

reconstructed structure of η precipitates has not yet been reported. Regarding this aspect, the present 

work attempts to employ the six Komura units (A, B, C, A', B' and C') [21] to construct the 3-D 

structure of η-MgZn2 Laves phases. Moreover, it has been reported that three shortest stacking 

sequences of Laves phases, AB', ABC and AB'A'C, [21] are generally named as C14, C15, and C36 

structures, respectively [21, 23, 32-40]. Under the observation of the [2 1�1� 0] zone axis of η2 

precipitates [16, 25, 29], the zig-zag rhombic configuration (⋯ RR-1⋯) on the 2-D atomic image has 

been employed to fit the stackings of the C14 structure in the 3-D structure. Additionally, on the 

atomic projection (21�1�0) planes of η1 [28] and η2 [29], two and three repeated rhombic layers (i.e., 
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⋯RR-1R-1R⋯ and ⋯RRR⋯) embedded in the zig-zag rhombic arrangements were claimed to be the 

stackings of C36 and C15, respectively. However, Komura stackings of AB'A'C and ABC were not 

reported in those works [28, 29]. In Supplementary Fig. 1 in Supplementary Material, the schematic 

diagrams show 2-D atomic projections of (21�1�0)η for C36 and C15 with respect to that of C14. The 

C36 structure is assembled by AB'A'C stacking with a sketch of 2-D rhombic units ⋯RR-1R-1R⋯ ; 

the C15 structure, by ABC stacking with a sketch of 2-D rhombic units ⋯RRR⋯. Here, it is hard to 

distinguish the differences among 2-D repeated rhombic units such as the R-1 units in R-1R-1 stacking, 

the R units in RR stacking of C36, and the R units in RRR stacking of C15. However, for the 3-D 

atomic structure of η, which is built up by Komura model [21], the R-1R-1 and RR of C36 on the 

projection plane (21�1�0)η can be identified by B'A' and CA, respectively, whereas the RRR stackings 

of C15 can be regarded as ABC. The observation of the repeated rhombic layers in the different η 

precipitates, which exhibit the same 2-D atomic projection as pointed out in the above cases, is easily 

misleading. 

In the present work, by employing HAADF STEM along the [110]Al, [100]Al and [112]Al zone 

axes, it is assumed that the zig-zag rhombic configuration of η1, η2, η12 and η13 precipitates on the 

(21�1�0)η projection plane are based on the C14 (AB') stackings. During CAF, the atomic lattice defects 

and layered faults, which form within those of η, are suggested to be associated with the changes in 

stackings, which can be examined by the six Komura units (A, B, C, A', B' and C') of η [21]. 

Accidently, a new crystallographic orientation between the η-precipitate and the aluminium matrix 

was found in the present work, and this new type of precipitate is designated as η14. The Z-contrast 
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image at the transformation front of η14 has been investigated to reveal the traces of the diffusion of 

solute atoms. 

2. Materials and methods 

The chemical composition of the AA7050 aluminium alloy investigated in the present work is 

Al-6.25Zn-2.14Mg-2.23Cu-0.05Fe-0.03Si (wt.%). After solution treatment at 475°C for 1 h with 

water quenching to room temperature, the samples were treated by three-step ageing: (i) at 120°C for 

8 h, (ii) at 165°C for 1 h, and (iii) at 174°C respectively for 2, 4, 6, and 8 h. During the third step of 

ageing, an applied constant tensile stress of 162.5 MPa was loaded on the samples to induce creep. 

This step of the ageing was the so-called creep-age forming (CAF), so the resulting samples are 

referred to as CAF samples. 

The mechanical strength, the ultimate tensile strength (σUTS) and the yield strength (σyield) of the 

pure-aged (without the applied constant creep forming stress of 162.5 MPa in the third step) and 

creep-aged (with the creep forming stress of 162.5 MPa in the third step) specimens were measured 

on the Instron 5584 system at a strain rate of 10-4 s-1. The Vickers Hardness tests were performed with 

a Future-Tech Fm-700 hardness testing machine on the pure-aged samples and different CAF-aged 

samples, those treated for 2, 4, 6, and 8 h in the third step. The value of hardness was measured by 

forcing the Vickers indenter into the surface of the prepared samples at a load of 1000 gf. The load 

application time for one indentation was 10 s, and the average hardness value for each specimen was 

determined from 30 tests on the corresponding sample. 
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TEM/STEM specimens were prepared by cutting discs from the CAF samples treated for 8 h and 

thinning them 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 11 V. Then an M1040 NanoMill 

TEM specimen preparation system (E.A. Fischione Instruments) and an M1070 Nanoclean plasma 

cleaner (E.A. Fischione Instruments) were subsequently employed so that the oxidation layers and 

the hydrocarbon contamination of the pre-observed TEM specimens could be assumed to be 

eliminated. Afterwards, HAADF-STEM observations were performed with an FEI Titan Chemi-

STEM microscope 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 convergence semi-angle of ~19.8 mrad. 

Under the 135 nm camera length of the FEI Titan Chemi-STEM microscope, all HAADF STEM 

images were recorded with a HAADF detector with a collecting angle range of ~35.9 mrad (inner 

angle) to ~143.6 mrad (outer angle). The simulated atomic arrangement of the (21�1�0)η zig-zag array 

and the (0001)η six-fold symmetric configuration were constructed with the Vienna ab initio 

simulation package (VASP) [41, 42] using the structural model of η (a space group of P63/mmc, and 

lattice constants of a = b = 0.522 nm and c = 0.856 nm) proposed by Marioara [25] and Wolverton et 

al. [43].   
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3. Results  

3.1 Mechanical strength and precipitates of pure-aged and CAF-aged processes 

Figs. 1a and 1b present the data of the ultimate tensile strength (σUTS), yield strength (σyield) and 

hardness (HV), respectively for the CAF samples and samples with the same ageing times (2, 4, 6 

and 8 h) without stress. In Figs. 1c-f, the low-magnification STEM images of 8 h pure-aged and CAF-

aged samples reveal η precipitates (indicated by red arrows) in the aluminium matrix. It should be 

noted that under STEM observation, the precipitates appear with white contrast, whereas the dark-

imaging particles are due to the removal of the precipitates during the TEM/STEM sample preparation. 

The higher number of dislocations (indicated by green arrows) in the CAF aged samples (Fig. 1f) 

with respect to the pure aged samples (Fig. 1d) indicates the higher possibility of the interaction 

between precipitates and dislocations, where the impingement between η phases and the tangled 

dislocations would occur during CAF. The concurrent dynamic precipitations and the transitions of 

η' and η precipitates during CAF have quantitatively been resolved from small angle X-ray scattering 

(SAXS). The SAXS result is illustrated in Supplementary Fig. 2 and Supplementary Table 1 in 

Supplementary Material. However, the resultant atomic structures of η due to the processing of CAF 

has yet to be clearly understood. Moreover, what kinds of atomic lattice defects are induced within η 

during CAF will be addressed in Section 3.3. 
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Fig. 1. (a, b) A comparison of the ultimate tensile strength (σUTS), yield strength (σyield) and hardness between the creep-
age forming (CAF) samples and samples treated for the same ageing times (2, 4, 6 and 8 h) without stress (i.e., pure 
ageing). Low-magnification STEM images of the pure-aged samples treated for 8 h (c, d) and the CAF-aged samples 
treated for 8 h (e, f) showing the dislocations (indicated by green arrows) and the larger precipitates (indicated by red 
arrows) in the aluminium matrix. Especially, the dynamic interaction between dislocations and η precipitates in the 
aluminium matrix can be observed in (f).  
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3.2 Cs-corrected STEM observation of a perfect η-MgZn2 crystal 

Before further exploration of the evolution of atomic lattice defects within η precipitates induced 

by CAF, the 2-D Komura models and the atomic STEM image can be compared. As shown in Fig. 

2a, each of these Komura units contains four structural layers [21], namely, the interwoven 

Mg/Zn/Mg/Zn atomic layers, located at z = 0, 3/8, 6/8, and 7/8, respectively, where Z is the level 

along [0001]η. The Zn layered structure (at z = 3/8) is characterized by the Kagomé net [21, 22] , and 

those of the other three layers, triangular nets [23], as shown in Fig. 2b. The rule of the stacking 

sequence among these six Komura units of Laves phases (Fig. 2c) [21, 33, 34, 38] is governed by the 

atomic displacements along 1/3 [1�100]η, resulting in A → B → C and A' → B' → C', and associated 

with the 63 screw axis along [0001]η, resulting in A → B', B → C', and C → A'. The resultant stackings 

for A combined with B', B combined with C', and C combined with A' are illustrated in Supplementary 

Fig. 3 in Supplementary Material. It should be noted that the AB', BC' and CA' stackings are 

indistinguishable in 2-D RR-1RR-1 atomic images under the atomic projection of the [21�1�0] zone axis. 

The atomic arrangement between A and B' is related to the symmetry operations of the 63/m axis 

along [0001]η, the 2/m axis along [21�1� 0]η, and the 2/c axis along [101� 0]η. In addition, mirror 

symmetry operations can be identified with respect to the (11�00)η plane between A|A', B|C', and B'|C 

[23]. In the present work, our results (as shown below) revealed that the possible configurations of η 

precipitates are presumed to be the main frames, zig-zag RR-1 structures, interwoven with ⋯RR-

1RR⋯  and ⋯ RRR⋯  rhombic structures. The analysis procedure is illustrated as follows. A 

simulated atomic model with the Komura atomic arrays has been used to create the 3-D atomic 
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structures of η, followed by the 2-D atomic stacking constructions for comparison with HR HAADF 

STEM images. The atomic models with the Komura atomic arrays for the individual C14 (AB'), C36 

(AB'A'C) and C15 (ABC) structures, projected onto the (2 1�1� 0)η plane, can be respectively 

characterized as the ⋯RR-1RR-1⋯, ⋯RR-1R-1RRR-1R-1R⋯ and ⋯RRRRRR⋯ rhombic stackings, 

as shown in Supplementary Fig. 1 in Supplementary Material. Thereby, the repeated R-1R-1RR 

stackings of C36 structures and the RRR stackings of C15 can be distinguished from the zig-zag RR-

1 stackings of C14 structures. 

 
Fig. 2 Schematic diagram indicating (a) the six Komura units: A, B, and C and the A', B', and C'. (b) Each unit contains 
4 layers with one Kagomé net and three triangular net configurations. (c) The Komura rule revealing the stacking sequence 
in between these six Komura units [21, 33, 34, 38].  
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Accordingly, Figs. 3a and b, reveal that the zig-zag rhombic arrangement (i.e., the ⋯RR-1RR-1⋯ 

array) of a perfect η2-MgZn2 crystal can be fitted by C14 (AB') stacking [16, 25] under the observation 

of the [21�1�0]η zone axis. The AB' unit cells are constructed by VASP atomic model with the Komura 

atomic arrays (Fig. 1c) to stack A and B' units together along the [0001]η axis, thereby creating the 

3-D structure of η with the AB'AB' stacking. The 2-D projection of the AB'AB' stacking along the 

[21�1�0]η axis is then performed. As shown in Fig. 3c, the uniform RR-1RR-1 zig-zag stacking can be 

seen on the (21�1� 0)η projection plane of the 3-D AB'AB' stacking sequence. Other 2-D projected 

rhombic stackings of the different types of η, which will be presented in the following section, are 

also reconstructed in the same way. In the projection model of the AB'AB' stacking (Fig 3c), the 

projected rhombic-unit (R) and the inversely projected rhombic-unit (R-1) can be individually 

identified with four vertices of a rhombus, where the projection column of each vertex contains two 

Zn atoms and that of the midpoint at the rhombic edge, one Zn atom (as a unit cell of η2 is considered). 

This result is significantly consistent with the Z-contrast atomic image in Fig. 3b. The corresponding 

unit cell of η2 is marked by red squares outlined in blue in Figs. 3b and c. Moreover, the individual 

atoms of Zn and Mg in atomic columns with different levels along the direction [21�1�0]η of this HCP 

crystal (labelled by a fraction of a1, where a1 = 1
3
[21�1�0]) are indicated by the differently-outlined 

circles in various shades of gray and green, as shown in Fig. 3c. 
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Fig. 3. HAADF-STEM images and atom projections of a perfect η-MgZn2 crystal in creep-age forming (CAF) treated AA7050 
aluminium alloy. (a) Profile of an HCP unit cell with the projection direction of [21�1�0], where a1 = 1

3
[21�1�0]. (b) Under the 

[21�1�0]η2 zone axis, the (21�1�0)η2 image of η2 showing the typical zig-zag configurations. (c) The simulated atomic arrays of the 
projection plane (21�1�0) constructed by VASP atomic model with the Komura atomic arrays. The AB'AB' stacking sequence can 
thereby established. In the legend at the lower part of (c), the circles with varying shades of gray/green respectively point out the 
positions and numbers of Zn and Mg in their atomic columns in an AB' cell along the 1

3
[21�1�0]η2 zone axis.) 

 

3.3 CAF-induced atomic lattice defects of η 

3.3.1 Atomic lattice defects of η under observation along the [110]Al zone axis 

As shown in Fig. 4a, along the [110]Al zone axis, the zig-zag stackings pass almost all the way 

through the whole η precipitate, which presumably formed along the (002)Al plane. The corresponding 

FFT (fast Fourier transformation) diffractogram (Fig. 4b) with the simulated diffraction pattern (Fig. 

4c) indicates that along the zone axis of [110]Al // [21�1�0]η, the (02�20)η pole is exactly parallel to the 

(002)Al pole; the result is consistent with the orientation relationship of η1 with respect to the 

aluminium matrix (Table 1). The elongated diffraction spots (Fig. 4b) are attributed to the shape factor 

of this given η1. Additionally, the several rows of satellite spots are uniformly distributed along 

[02�20]η1 // [002]Al, indicated by yellow arrows in Fig. 4b. The nine uniform spacings among the 

transmitted beam and the satellite spots along the pole of 02�20η1 can be related to nine atomic layers 

of the (01�10)η1 plane, as labelled by 1-9 in yellow in Figs. 4d and e, which were obtained from the 
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enlarged image on the left- and right- sides of Fig. 4a. For its atomic configuration, Figs. 4d and e, 

clearly reveal the layer-by-layer growth mechanism following the C14 (AB') stacking sequences [16]. 

However, the blurred Z-contrast atomic columns within the rhombic-unit (R) and the inversely 

rhombic-unit (R-1) of η1 can be identified and indicated by the purple arrows in Figs. 4d and e, as 

compared with the corresponding atomic columns in Fig. 3b. This would imply some characteristic 

atomic defects embedded along the atomic columns, leading to the change in the Z-contrast.  

 
Fig. 4. Under the [110]Al // [21�1�0]η1 zone axis, HAADF-STEM image of atomic projections of η1 in creep-age forming (CAF) 
treated AA7050 aluminium alloy. (a) The atomic projections of (21�1� 0)η1 plane showing rod-like morphology with zig-zag 
rhombic stackings along the (0001)η1 // (2�20)Al plane. (b, c) Corresponding FFT diffractograms and simulated diffraction patterns 
of (a) showing the orientation relationship of η1, whereas (b) displaying several extra spots indicated by the yellow arrows. (d, 
e) Enlarged images of the left and right sides of (a) revealing the AB' stackings with respect to the RR-1 sequences, and also 
showing the characteristic atomic defects (indicated by purple arrows). In the legend at the lower part of (d), the circles in varying 
shades of gray/green respectively point out the positions and numbers of Zn and Mg atomic columns along the 1

3
[21�1�0]η1 axis.   
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Table 1 The 15 types of orientation relationships between η precipitates (η1-η14 and η4')(a) and aluminium matrix. 

 Orientation relationship Morphology Ref. 

η'(b) (0001)η' // (11�1�)Al [101�0]η' // [110]Al Hexagonal or rounded plate [15, 17, 24, 25, 44-52] 

η1 (101�0)η1 // (001)Al [21�1�0]η1 // [110]Al Rod or plate  [15-17, 24, 44, 45, 50-56] 

η9 (112�0)η9 // (001)Al [11�00]η9 // [110]Al Hexagonal prism [15-17, 24, 45, 57] 

η2 (0001)η2 // (11�1�)Al [101�0]η2 // [110]Al Hexagonal or rounded plate [15-17, 24, 25, 44-47, 50, 
51, 53] 

η3 (0001)η3 // (11�1�)Al [21�1�0]η3 // [110]Al Hexagonal or triangular plate [15-17, 24, 44, 45, 50] 

η10 (0001)η10 // (11�1�)Al [21�1�0]η10 // [13�4]Al Not indicated(a) [15-17, 45, 50] 

η11 (0001)η11 // (110)Al [101�0]η11 // [11�1�]Al Rod [15-17, 50] 

η4 (0001)η4 // (110)Al [21�1�0]η4 // [11�1�]Al Rod [15-17, 24, 44, 45, 47, 50-
52] 

η4' (0001)η4' // (110)Al [11�00]η4' // [001]Al Hexagonal plate or prism [16] 

η5 (1�21�0)η5 // (11�1�)Al [303�2]η5 // [110]Al Rod [15-17, 24, 44, 47, 50] 

η6 (1�21�0)η6 // (11�1�)Al [202�1]η6 // [11�2]Al Rod [15-17, 24, 44, 47, 50] 

η7 (1�21�0)η7 // (11�1�)Al [101�4]η7 // [110]Al Rod [15-17, 24, 44, 47, 50] 

η8 (1�21�0)η8 // (11�2)Al [0001]η8 // [311�]Al Rod [15, 17, 24, 44, 50] 

η12 (0001)η12 // (11�3�)Al [21�1�0]η12 // [110]Al Plate [16] 

η13 (0001)η13 // (042)Al [21�1�0]η13 // [100]Al Rod [19] & Present work 

η14(c) (0001)η14 // (513�)Al [21�1�0]η14 // [112]Al Plate Present work 

(a) The notations from η1-11 were used by Degischer et al. [17]. Similar data were tabulated by Bendo et al. [19, 24] and Chung 
et al. [15, 16]. The morphology of η10 has yet to be identified by TEM and HAADF STEM. 
(b) The orientation relationship and morphology of η' are listed for reference. 
(c) A novel η14-type precipitate was first analyzed in the present work. 

 

Under the observation along the zone axis of [110]Al // [21�1�0]η, a given particle exhibits nearly 

zig-zag rhombic stackings interwoven with irregular sub-unit defect chains (indicated by the yellow 

arrows in Fig. 5a) can be identified. Additionally, the Penrose tiling features are accompanied by the 

differently-oriented elongated hexagonal defects and rhombic units (indicated by the red arrows in 

Fig. 5a). These elongated hexagonal defects are denoted as hexagonal Type I defects [16]. 

Furthermore, this precipitate possesses the same orientation relationship of η1 with respect to the 
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aluminium matrix (as analysed in Figs. 5b and c). However, it is worth noting that this given η1 

displays the nearly spherical-like morphology, which is obviously different from the plate-like 

morphology of the typical η1 having a higher aspect ratio (Fig. 4). Fig. 5d (the enlarged image of Fig. 

5a) and Fig. 5e (the simulated atomic arrays of Fig. 5d) illustrate the connection of zig-zag rhombic 

stackings to the sub-unit defect chains (marked in pink and red). Obviously, the regular zig-zag 

rhombic stackings are interrupted by faulted layers (as indicated by yellow arrows in Fig. 5d). It is 

presumed that several embryos of η1 (labelled #1, #2, and #3 in Fig. 5d) initially nucleated on the 

(0002)η1 // (1�10)Al plane and then laterally grew along the [0002]η1 // [1�10]Al direction. Here, it is 

assumed that the zig-zag configuration of η1 on the (21�1�0)η projection plane is based on the C14 (AB') 

stackings. As shown in Fig. 5e, atomic arrangements of embryos #1, #2, and #3 regions are 

reconstructed by the model of Komura atomic arrays. In the junction areas, the elongated hexagonal 

defects can conform to the development of rhombic stackings of embryos, accompanied by the change 

in the stacking sequence; i.e., the uncompleted C36 stacking (AB'A'  
↑
↓ ) is incorporated into the AB'AB' 

stacking (AB'AB'A'  
↑
↓  AB'), as illustrated in Fig. 5e. Additionally, the main axis of the elongated 

hexagon unit, which is located between the #1 and #2 embryos (as shown in Fig. 5e), possesses a 

small deviation angle of ~9° with respect to the (02�20)η1 broad facet. However, for another elongated-

hexagon defect, which is located between the #2 and #3 embryos (as shown in Fig. 5e), its main axis 

has a large deviation angle of ~54° with respect to the (02�20)η1 broad facet. 
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Fig. 5. Under the [110]Al // [21�1�0]η1 zone axis, HAADF-STEM image of atomic projections of η1 in creep-age forming (CAF) 
treated AA7050 aluminium alloy. (a) The atomic projections of (21�1� 0)η1 plane showing nearly zig-zag rhombic stackings 
interwoven with irregular sub-unit chains (marked by the yellow arrows). In the left side region of (a), two Penrose tiling features 
(marked by the red arrows) accompanied by elongated hexagonal defects can be identified. (b, c) The corresponding FFT 
diffractograms and simulated diffraction patterns of (a) showing the orientation relationship of η1 with respect to the Al matrix. 
(d) The enlarged image of (a) illustrating the connection of the zig-zag rhombic stackings of three η1 embryos, labelled #1, #2, 
and #3 to the irregular sub-unit defect chains (marked in pink and red) and the faulted layers (indicated by yellow arrows). (e) 
Atomic arrangements of #1, #2, and #3 regions constructed by the model of Komura atomic arrays. 
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In Fig. 6, under the zone axis of [110]Al // [21�1�0]η, the (21�1�0) atomic projection of η reveals zig-

zag rhombic stacking structures interwoven with the irregular sub-unit defects (indicated by the red 

and green arrows in Fig 6a). It can also be observed that the similar Penrose tiling features, especially 

the five-fold configuration, are accompanied by differently-oriented elongated hexagonal defects 

(indicated by the blue arrows in Fig. 6a). Apparently, the regular zig-zag stackings are interrupted by 

faulted layers, as indicated by yellow lines in Fig. 6a. Consistent with the previous result [16], the 

FFT diffractograms (Fig. 6b) and the simulated diffraction patterns (Fig. 6c) indicate that this 

precipitate would possess the orientation relationship of η12 with respect to the Al matrix, i.e., [110]Al 

// [21�1�0]η12 and (11�3�)Al // (0001)η12 (Table 1). Here, it is assumed that the zig-zag configuration of 

η12 on the (21�1�0)η projection plane is based on the C14 (AB') stackings. Fig. 6d, the enlarged image 

of the marked red and green elongated-hexagons in Fig. 6a, shows the faulted layer nearby those 

elongated-hexagon defects. This faulted layer with A' type unit (indicated by the yellow line in Figs. 

6a and d), interwoven with the repeated zig-zag rhombic array, is tentatively ascribed to the 

uncompleted C36 stacking (i.e., AB'A'  
↑
↓ ), followed by the C14 (AB') stacking, as shown in Fig. 6d. 

Notably, two types of elongated hexagonal defects in Fig. 6a denoted as Type I (marked green) and 

Type II (marked red) defects are enlarged and characterized in Figs. 6d and e. The Type I defect has 

a smaller main axis (~1.19 nm) accommodating 4 Mg atoms along its axis direction, and the Type II 

defect, a longer main axis (~1.69 nm), accommodating 6 Mg atoms along its axis direction. This 

hexagonal Type II defect is found within η12 for the first time in the present work. As shown in Fig. 

6e, the Type I elongated hexagonal defect possesses nearly the same edges (occupied by Zn atoms) 
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with inner angles of 144° and 72°. Alternatively, Type II elongated hexagonal defect can be outlined 

by two longer and four smaller edges (occupied by Zn atoms) with the same inner angles with respect 

to those of the Type I elongated hexagonal defect. The projection column of each vertex contains two 

Zn atoms as a unit cell of C14 (AB') stackings is considered. The possible atomic numbers of the 

Type I elongated hexagonal array are estimated to be 6 Mg atoms and 7–8 Zn atoms, and those of the 

Type II elongated hexagonal array, 10 Mg atoms and 8–9 Zn atoms, as shown in Fig. 6e, respectively. 

 
Fig 6. Under the [110]Al // [21�1�0]η12 zone axis, HAADF-STEM image of atomic projection of η12 in creep-age forming (CAF) 
treated AA7050 aluminium alloy. (a) The atomic projection of (21�1� 0)η1 plane of η12 showing rhombic zig-zag stacking 
structures interwoven with the irregular sub-unit defects (indicated by the red and green arrows) and the faulted layers 
(indicated by yellow lines). (b, c) The corresponding FFT diffractogram and simulated diffraction pattern of (a) showing the 
orientation relationship of η12 with respect to the aluminium matrix. The image of Type I (marked green) and II (marked red) 
the elongated hexagonal defects in (a) being enlarged, as presented in (d, e). (d) showing atomic arrangements of the adjacent 
area, and (e) showing the atomic arrangements of Type I and Type II.  
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3.3.2 Atomic lattice defects of η under observation along the [100]Al zone axis 

A previous work on the investigation of η13 precipitates subjected to artificial ageing treatment 

[19] reported that along the zone axis of [100]Al // [21�1�0]η13, the (21�1�0)η atomic projection of η13, 

displays the habit plane (021)Al // (0001)η13 and the entire zig-zag stacking without any elongated 

hexagonal defects. However, for the investigation of the dynamic precipitation of CAF in the present 

work, it is herein reported for the first time that the η13 precipitate possesses irregular sub-unit defect 

chains, as indicated by the green arrow in Fig. 7a. The regular zig-zag stacking is interrupted by the 

faulted layers, as indicated by yellow arrows. From the corresponding FFT diffractograms (Fig. 7b) 

and the simulated diffraction patterns (Fig. 7c), the orientation relationship of the η precipitate is the 

same as that of η13 i.e., (042)Al // (0004)η13 and [100]Al // [21�1�0]η13, and the result is listed in Table 1. 

Here, it is assumed that the zig-zag configuration of η13 on the (21�1�0)η projection plane is based on 

the C14 (AB') stacking. As shown in Fig. 7d, the enlarged image of Fig. 7a clearly indicates the 

differently-oriented elongated hexagonal defects (Type I) and rhombic units along the irregular sub-

unit defect chain. Adjacent to this chain area, the atomic arrangements by using the model of Komura 

atomic arrays were constructed and the possible unit stackings C14-C15-A'-C14 are depicted in Fig. 

7e. 
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Fig. 7. Under the [100]Al // [21�1�0]η13 zone axis, HAADF-STEM image of and atomic projections of η13 in creep-age forming 
(CAF) treated AA7050 aluminium alloy. (a) The (21�1� 0) atomic projection showing the zig-zag rhombic stackings with the 
irregular sub-unit defect chain (as indicated by the green arrow). (b, c) FFT diffractograms and simulated diffraction patterns of 
(a) showing the orientation relationship of η13 with respect to the aluminium matrix. (d) Enlarged images of (a) showing the 
irregular sub-unit defect chain accompanied by the faulted layers (indicated by yellow arrows), and (e) the atomic arrangements 
of the area adjacent to the defect chain being constructed by the model of Komura atomic arrays and the possible unit stacking 
C14-C15-A'-C14 being displayed.  
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3.3.3 Atomic lattice defects of η under observation along the [112]Al zone axis 

Fig. 8a shows another case to illustrate the hexagonal Type I defects in η2, where the zone axis 

of [112]Al // [21�1�0]η2 brings about the edge-on configuration of the (111�)Al // (0001)η2 habit plane. 

The corresponding FFT diffractogram (Fig. 8b) and the simulated diffraction pattern (Fig. 8c) show 

the orientation relationship of η2 with respect to the aluminium matrix (as listed in Table 1). 

Furthermore, in Fig. 8a, it is revealed that along the transformation front of η2 on the (111� )Al // 

(0001)η2 plane, two ledges (as indicated by the solid and dotted green arrows in Fig. 8a, respectively) 

are connected with the irregular sub-unit defect chains, which are composed of the hexagonal Type I 

defects and the rhombic units, similarly to η1 (as shown in Fig. 5). Fig. 8d (the enlarged image of Fig. 

8a) displays the detailed atomic columns of the rhombic stackings nearby the irregular sub-unit defect 

chain with the accompanying faulted layers (indicated by yellow arrows). Here, it is assumed that the 

zig-zag configuration of η2 on the (21�1�0)η projection plane is based on the C14 (AB') stackings. The 

atomic arrangements of the area adjacent to the irregular sub-unit defect chain were reconstructed 

and the possible arrays are depicted in Figs. 8d and e. The more detailed different atomic distributions 

with the levels along the observation direction are portrayed in Supplementary Fig. 4 in 

Supplementary Material. Furthermore, under the zone axis of [112]Al // [21�1�0]η2, where (111�)Al matrix 

plane is in an edge-on configuration, it is hard to observe the diffusion paths of Zn/Cu atoms along 

(111�)Al matrix plane, which is parallel to the transformation front (0001)η2, as shown in Figs 8a and 

d. 
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Fig. 8. Along the [112]Al // [21�1�0]η2 zone axis, HAADF-STEM images and atom projections of η2 in creep-age forming (CAF) 
treated AA7050 aluminium alloy. (a) The (21�1�0) atomic projection showing the zig-zag rhombic stackings with the irregular 
sub-unit defect chains (as indicated by solid and dotted arrows in green). (b) and (c) The corresponding FFT diffractograms and 
simulated diffraction patterns of (a), showing the orientation relationship of η2 with respect to the aluminium matrix. (d) and (e) 
The enlarged images of (a) and (d) showing the detailed atomic columns of the rhombic stackings nearby the irregular sub-unit 
defect chain with the accompanying faulted layers (indicated by yellow arrows). The atom arrangements of the adjacent area 
being constructed by the model of Komura array model and the possible unit stacking being displayed: the uncompleted C36 
(AB'A'  

↑
↓ ), C14 (AB'), C36 (AB'A'C) with C15 (ABC).   
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A striking example of HR-STEM image in Fig. 9 illustrates the zig-zag rhombic stacking 

structure accompanied by two entirely-passed stacking fault layers and also reveals the diffusion paths 

of Zn/Cu atoms adjacent to the transformation front. Along the zone axis of [112]Al // [21�1�0]η, the 

(21�1� 0)η atomic projection shows zig-zag stacking as shown in Fig. 9a. The corresponding FFT 

diffractograms and the simulated diffraction patterns are shown in Fig. 9b. Fig. 9c, the enlarged image 

of the FFT diffractograms in Fig. 9b reveals that the pole of 513�Al of the aluminium matrix (blue 

arrow) is nearly parallel to the 0004η pole of the precipitate (red arrow in the revised Fig. 9c). Thus, 

the orientation relationship of this precipitate with respect to the aluminium matrix is determined to 

be [112]Al // [21�1�0]η and (513�)Al // (0002)η, and it can be regarded as a new type of η. Thus, this new 

type of precipitate is named η14, and its orientation relationship with the aluminium matrix is listed 

in Table 1. The image of Fig. 9a is enlarged and presented in Fig. 9d; it shows that the zig-zag stacking 

is interrupted by two faulted layers (as highlighted in green in Figs. 9a and d). Here, the regular zig-

zag configuration of η14 on the (21�1�0)η projection plane is also considered on the basis of the C14 

(AB') stackings. The atomic arrangements in between the stacking faults and their adjacent areas were 

reconstructed by the model of Komura atomic arrays, as illustrated in Fig. 9d. These faulted layers 

nearly along the (0002)η14 // (513�)Al plane are not accompanied by the elongated hexagonal defects. 

On the other hand, based on the HAADF-STEM imaging, the Z-contrast of the individual atomic 

column is roughly proportional to the square of Z (atomic numbers of atoms) and also related to the 

number of atoms in each atomic column [58]. Owing to the chemical composition of the AA7050 

aluminium alloy (Al-6.25Zn-2.14Mg-2.23Cu (wt.%)) investigated in the present work, the solute 
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atoms in the aluminium matrix include Zn, Mg and Cu atoms. The Z-contrast of Al13, Zn30, Mg12 and 

Cu29 exhibits a ratio of approximately 169: 900: 144: 841. Under the zone axis of [112]Al, Fig. 9e 

reveals that in the matrix away from the η14 precipitate (Fig. 9e), the lower Z-contrast of the atomic 

columns can be suggested to be associated with Al or Mg atoms. On the other hand, in the matrix 

adjacent to the transformation front of the η14 precipitate, the higher Z-contrast of the atomic columns 

is probably due to Zn or Cu atoms. Therefore, the diffusion paths of Zn/Cu atoms on the (111�)Al 

planes close to the transformation front can clearly be observed. The intensity line profiles of the HR-

STEM image, revealing Z-contrast gradients in aluminium matrix approaching the transformation 

fronts of η14 precipitates, are presented in Supplementary Fig. 5 in Supplementary Material. 
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Fig. 9. Under the [112]Al // [21�1�0]η14 zone axis, HAADF-STEM image of atomic projections of η14 in creep-age forming (CAF) 
treated (AA7050 aluminium alloy. (a) η14 with the zig-zag rhombic stacking structures accompanied by two entirely-passed 
faulted layers, as indicated by green lines. (b) The corresponding FFT diffractograms and simulated diffraction patterns of (a). 
(c) The enlarged image of FFT diffractograms in (b) showing the orientation relationship of η14 with respect to the aluminium 
matrix. (d) The enlarged image of (a) illustrating the C14 stacking structure interwoven with the C36 (AB'A'C) structure. The 
atomic arrangements were constructed by using the model of Komura atomic arrays. (e) The enlarged image of (a) illustrating 
the Zn/Cu diffusion paths along the (111�)Al plane in the matrix adjacent to the transformation front of η14, as indicated by arrows 
with the gradient from yellow to red (low to high intensity). A row of colored dots displays the higher atomic number atoms 
enriched at the transformation front. 
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4. Discussion 

Some previous works [9, 11, 59] on the precipitation in Al-Zn-Mg-Cu aluminium alloys 

subjected to creep-age forming (CAF) have been reported. The mechanical properties of these CAF-

treated alloys are correlated with the dislocations and precipitate size distribution at the micro-meter, 

but no research has focused on the changes in the atomic stackings of precipitates at the atomic scale. 

In the present work, the evolution of precipitates, investigated by mechanical tests, and the atomic 

configurations of different-typed η, determined by HAADF-STEM and structural modelling, provide 

new insights into the arrays of atomic lattice defects within η precipitates due to the dynamic 

precipitation which occurs during CAF. 

 

4.1 Relationship among mechanical strengthening, dislocations, and the structural 

evolution of precipitates 

It has been reported that the mechanical properties of Al-Zn-Mg-Cu alloys are presumably 

dominated by the contribution of η' and η precipitates [18, 60]. According to the SAXS model analysis 

(as shown in Supplementary Fig. 3 and Supplementary Table 1 in Supplementary Material), in the 

pure-aged condition, the diameters and thicknesses of η' and η precipitates, which are considered with 

the morphology of discs, roughly grow with ageing time, especially the thickness. In the CAF-aged 

condition, the sizes of η' and η are approximately the same as those of the pure-aged condition. 

However, the volume fraction by which η precipitates increase with increases in ageing time (due to 

η' → η) in the CAF-aged condition is significantly larger than that in the pure-aged condition (as 

shown in Supplementary Table 1 in Supplementary Material). It is suggested that the transformation 
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of η' → η is promoted by the creep-aged forming stress and leads to the lower mechanical strengths 

of 2, 4 and 6 h CAF-aged samples than those of 2, 4 and 6 h pure-aged samples (Figs. 2a and b). 

However, for 8 h CAF-aged and 8 h pure-aged samples, the mechanical strengths (Figs. 2a and b) are 

nearly the same. It is appropriate to conclude that 8 h CAF-aging brings about a significant amount 

of newly-formed dislocations, which profoundly promote the interaction between themselves and 

precipitates (Figs. 2e and f). On the other hand, the dynamic interaction between precipitates and 

dislocations presumably leads to the formation of atomic lattice defects within the η precipitates (as 

shown in Figs. 5-9). 

 

4.2 Relationship between CAF-induced lattice defects and atomic stackings 

In previous works [61-63], HRTEM indicated that β2'-MgZn2 precipitates of Mg-Zn(-Y) 

magnesium alloys exhibited zig-zag configurations under observation along the [21�1�0] zone axis of 

β2'. These configurations are similar to those of η-MgZn2 exhibiting zig-zag (RR-1) arrays in Al-Zn-

Mg-Cu aluminium alloys [16, 19, 25, 26]. However, in those HRTEM images [61-63], the numbers 

of atoms in each column of β2' could not be evaluated from their corresponding phase contrast. The 

HAADF-STEM images, referring to Z-contrast, and the simulated 3-D crystal structures, referring to 

VASP calculation, are indispensable techniques for identifying the positions and number of atoms in 

each column in HR HAADF-STEM images. Along the zone axis of [21�1�0]η2, the (21�1�0)η2 image of 

perfect η-MgZn2 exhibiting zig-zag (RR-1) rhombic stackings can be assembled by the C14 (AB') 

stacking of the Laves phase (as shown in Fig. 3). 



32 
 

In the present work, all the observed samples were treated by CAF, and the forming stress 

presumably played an important role in the dynamic interaction between dislocations and precipitates. 

As shown in Fig. 4a, under observation along the [21�1�0]η1 // [110]Al zone axis, the zig-zag rhombic 

stacking passes almost all the way through the whole η1 precipitate, which can also be expressed as 

the C14 (AB') stacking according to Komura’s model [21]. However, in contrast to the perfect zig-

zag (RR-1) arrays (as shown in Fig. 3b), the enlarged image of η1 (as shown in Figs. 4d and e) reveals 

the atomic columns, which are located within the rhombic-unit (R) and the inversely rhombic-unit 

(R-1), with the diffused Z-contrast, as indicated by purple arrows. It is presumed that the periodic 

arrays of defects, i.e., the ordering defects [64], have been introduced. Consequently, several rows of 

satellite spots uniformly distributed along [02�20]η1 // [002]Al occurs, as shown in Fig. 4b. The nine 

uniform spacings between the satellite spots along the pole of (02�20)η1 can be related to the same 

number of atomic layers of the (01�10)η1 plane of the precipitate observed. In previous works [24, 28, 

65], similar satellite spots were also found in the FFT diffractograms of η in Al-Zn-Mg(-Cu) 

aluminium alloys [24, 28, 65] and β1' in Mg-Zn magnesium alloys [28]. However, the ordering defects 

were not reported in those works [24, 28, 65]. 

Furthermore, under observation along the zone axes of [21�1�0]η1 // [110]Al, a special feature of 

the η1 precipitate can be seen in Fig. 5. This complex atomic configuration of η1 consist of the typical 

zig-zag rhombic stackings interwoven with the lattice defect chains, which are composed of the 

differently-oriented elongated hexagonal Type I defects alternating with rhombic units. These sub-

unit chains substantially separate the η1 precipitate into different regions (labelled #1, #2, and #3 in 
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Fig. 5d), where the regular zig-zag rhombic stackings are interrupted by faulted layers (indicated by 

yellow arrows). The change in the C14 stacking (AB'AB'…) is illustrated in Fig. 5e to explore the 

accommodation between the lattice defect chain and the zig-zag region. For example, in region #3, 

the B' unit of the AB' stacking (marked by the blue arrow in Fig. 5e) is inferred to be followed only 

by A or A' units according to Komura’s rule (Fig. 1c). The projected unit (framed by black in Fig. 5e) 

has been found to exhibit the same (21�1�0)η projected configuration of the A' unit. Thus, this follow-

up unit (framed by black in Fig. 5e) is presumed to be A'. Furthermore, the next follow-up (21�1�0)η 

projected unit, which directly connects after the A' unit (framed by black in Fig. 5e), is identified as 

an A unit, which is followed by a B' unit. Accordingly, the uncompleted C36 stacking forms with the 

AB'A' stacking can be established. The junction (as indicated by double arrows in AB'A'  
↑
↓  AB') 

between the uncompleted C36 (AB'A') stacking and the regular C14 (AB') stacking is presumably 

associated with the formation of the elongated hexagonal lattice defect, leading to the accommodation 

of lattice strain during CAF. 

On the other hand, in the present work, the atomic configuration of η12 in the (21�1�0)η12 image 

observed along the [110]Al zone axis (Fig. 6) reveals the first reported hexagonal Type II defects in 

the sub-unit defect chain. This hexagonal Type II defect with a higher aspect ratio is similar to the 

sub-unit structure of the T phase (Al20Cu2Mn3) of the Al-Cu-Mg-Ag aluminium alloys [66, 67]. It is 

also found that the zig-zag rhombic stacking of η12 was interrupted by several faulted layers (indicated 

by yellow lines in Fig. 6a), which are connected with the elongated hexagonal Type II lattice defects 

(marked red in Fig. 6a). The atomic arrays adjacent to Type I and Type II elongated hexagonal defects 
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have been investigated and illustrated in Fig. 6d. Followed by the AB' stacking, the (21�1�0)η projection 

unit (framed by black in Fig. 6d) exhibits the same (21�1�0)η projected configuration of an A' unit. In 

the follow-up stackings, the A' unit is not followed by the C or C' units (according to Komura’s rule) 

but directly connects with an A unit, leading to the AB'A'  
↑
↓ AB' stacking. Thus, the AB'A'  

↑
↓  stacking 

adjacent to the hexagonal lattice defects (Fig. 6d) is suggested to be the uncompleted C36 stacking. 

The change in stacking sequence can apparently be ascribed to the accommodation of lattice strain 

during CAF. For this special feature, the hexagonal Type II defect, with larger elongated edges and a 

more highly depleted Zn zone (Fig. 6e), can possibly be recognized as the precursor of a Type I defect. 

Here, accompanied by the incompatible stackings of AB'A'  
↑
↓AB', the Type II defect, it is assumed, 

would gradually decompose into a hexagonal Type I defect and a rhombic unit to release the lattice 

strain during the dynamic interaction of CAF. More work on VASP will be necessary to confirm the 

evolution of these two types of elongated hexagonal defects. 

For the other three HAADF-STEM (21�1�0)η images of η2, η13 and η14, shown in Figs. 7–9, the 

atomic lattice defects introduced during the dynamic precipitation of CAF have also been identified, 

and their change in the stacking sequences have been evaluated. For η2 (Fig. 8), the atomic arrays 

adjacent to the irregular sub-unit defect chain are composed of five distinctive regions, i.e., the 

uncompleted C36 (AB'A'  
↑
↓ ), C14 (AB'), perfect C36 (AB'A'C), C15 (ABC), and C14 (AB') stackings 

from the lower left part to the upper right part of the chain as shown in Fig. 8e. The change in stackings 

can be identified by examinations of the (21�1�0)η2 projection rhombic units (Figs. 8d and e) with 

respect to Komura’s rule (Fig. 1c). However, the transformations between the C14, C36 and C15 of 
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Laves phases are unclear [29, 38, 68, 69]. In an investigation of Cr2Hf (C14) Laves phases [38], 

Kumar et al. indicated that the transformations of C14 → C36 and C14 → C15 can be achieved by 

the glide of dislocations on the (0001) basal plane of C14. In a simulation investigation on the 

nanoscale deformation of Mg2Ca (C14) Laves phases [68], Guénolé et al. revealed that the 

propagation of Shockley partial dislocations accompanies the phase transformation of C14 → C36. 

However, for η-MgZn2 (C14) Laves phases in Mg-Zn magnesium alloys, Ma et al. [69] pointed out 

that the (21�1�0)η layered-stackings of C14 change into C15 and then into C36, which can be ascribed 

to the formations of stacking faults within particles. On the other hand, for η-MgZn2 precipitates in 

Al-Zn-Mg-Mn aluminium alloys, Yang et al. [29] reported that the phase transformation is to be C14 

→ C36 → C15 accompanied by stacking faults in the following precipitates. It is appropriate to 

consider that the compositions and surrounding matrix of Laves phases play a vital role in determining 

the transformation sequence for C14, C36 and C15 structures. Moreover, it is possible that the 

different types of η-MgZn2 precipitates in Al-Zn-Mg-Mn aluminium alloys, which grow with 

different orientations to the aluminium matrix, may induce different lattice strains and further change 

the transformation sequence. This possibility will need to be elucidated in our future VASP work. 

On the other hand, in comparison to the regular zig-zag stacking of η13 precipitates subjected to 

artificial ageing treatment [19], the (21�1�0)η atomic projection of η13 in the present work (Fig. 7) 

shows that CAF may facilitate the irregular sub-unit defect chains (Fig. 7d). Here, the fault unit, A' 

unit, can be identified to be located between C15 (ABC) and C14 (AB') as shown in Fig. 7e. It is 

appropriate to suggest that the lattice strain accommodation to neutralize the effect of the dynamic 
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precipitate could be associated with the incompatible stacking. As for the new type of η14 precipitate, 

the (21�1�0)η atomic projection of η14 (Fig. 9a) shows that the faulted layers approximately along the 

(0002)η14 // (513�)Al plane pass entirely through the particle. These faulted layers can be identified as 

embedded in the C36–C14 stackings (Fig. 9d) but are not accompanied by any elongated hexagonal 

defects. 

 

4.3 Effect of CAF-induced lattice defects on the morphology of η 

In Fig. 4, it can be observed that uniform rhombic-stacking η1 without any different-geometrical 

lattice defects exhibits the plate-like morphology, where the broader interface of η1 (Fig. 4a) is parallel 

to the (02�20)η1 plane, leading to the elongated diffraction spots (Fig. 4b). In a previous work [28], 

the plate-like morphology of η1-MgZn2 precipitates in the Al-Zn-Mg aluminium alloy has been 

reported. It has also pointed out that the differently-oriented distribution of the elongated hexagonal 

lattice defects within η1 can bring about a change in the morphology of this precipitate, resulting in a 

bulged shape [28]. In the present work, the HAADF-STEM (21�1�0) images of η1 (Fig. 5a) and η12 (Fig. 

6a) observed along the zone axis of [21�1�0]η reveal a nearly spherical-like morphology unlike the 

plate-like morphology of η1 (Fig. 4), η2 (Fig. 8), η13 (Fig. 7) and η14 (Fig. 9). The (21�1�0) atomic 

projections of the nearly-spherical η1 (Fig. 5) and η12 (Fig. 6) clearly display not only the differently-

oriented elongated hexagonal defects but also the Penrose tiling features with five-fold symmetry, 

which exhibit a configuration similar to the icosahedron crystal [67]. It is appropriate to conclude that 
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the Penrose tiling features presumably affect the growth directions of η1 and η12, leading to the 

spherical morphology instead of the typical plate-like morphology. 

On the other hand, the effect of the irregular sub-unit defect chain on the change in the 

morphology of particles is not obvious, as shown in η2 (Fig. 8) and η13 (Fig. 7), which exhibit the 

plate-like morphology; this morphology is different from the spherical morphology of η1 (Fig. 5) and 

η12 (Fig. 6). The (21�1�0)η atomic projections of η2 (Fig. 8) and η13 (Fig. 7) are characterized by zig-

zag stackings with sub-unit defect chains, which incorporate some differently-oriented elongated 

hexagonal lattice defects but without any Penrose tiling features. Notably, in the cases of η2 and η13 

precipitate, the sub-unit defect chains accompanied laterally by several faulted layers, which are 

interwoven with the regular zig-zag arrays in the matrices of precipitates, have a negligible effect on 

the morphology of the transformation fronts. For the new type of plate-like η14 precipitate (Fig. 9), 

the (21�1�0)η atomic projection shows that the resulting faulted layers nearly along the (0002)η14 // 

(513�)Al plane pass entirely through the precipitate, leading to the formation of the broader (22�04)η14 

interface for the lattice strain accommodation. Here, these faulted layers are not accompanied by any 

elongated hexagonal defects as compared to the observations for η1 (Fig. 5), η2 (Fig. 8), η12 (Fig. 6) 

and η13 (Fig. 7). 

 

4.4 Effect of CAF on atomic diffusion adjacent to transformation fronts of η 

In the previous work [70], it was claimed that in an Al-Zn-Mg-Cu aluminium alloy, the energy-

favored Zn segregation occurred adjacent to the broad interface of η' precipitates, according to first-
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principles calculations. In the present work, under the [21�1�0]η14 // [112]Al zone axis the atomic STEM 

image can reveal the diffusion path of Zn/Cu atoms in the η14 precipitate (Fig. 9e), where the (22�04)η14 

transformation front is inclined to (111�)Al plane. Thus, along the zone axis of [112]Al, the traces of 

Zn/Cu atom diffusion in the <11�0>Al directions with respect to the {111�}Al planes can be observed by 

focusing on the [11�0]Al direction of the (111�)Al plane. Here, under observation along the zone axis of 

[112]Al // [21�1�0]η14 (Fig. 9e), the atomic projection (21�1�0) image of η14 can clearly reveal the traces 

of Zn/Cu diffusion along the (111� )Al planes with the Z-contrast gradient in the [11� 0]Al directions 

approaching to the transformation front. However, for η2 precipitate under the observation along the 

zone axis of [112]Al // [21�1�0]η2 (Fig. 8), the (0001)η2 transformation front is determined to be exactly 

parallel to (111� )Al plane, therefore the gradient of Z-contrast adjacent to the transformation front 

cannot be identified due to the edge-on configuration of (111�)Al planes. For the case of η14 (Fig. 9e), 

given that the sample thickness is assumed to be uniform in this small area, atomic columns adjacent 

to the transformation front of η14 have a higher Z-contrast along the (111�)Al plane in the aluminium 

matrix. The corresponding intensity line profiles are provided in Supplementary Fig. 5 in 

Supplementary Material. The atomic columns with the highest intensity approaching the 

transformation front of η14 precipitates can be related to the segregation of Zn/Cu atoms at the 

interface, which is presumably facilitated via CAF. Obviously, the Zn/Cu atoms preferentially diffuse 

along the close-packed [1�10]Al and [11�0]Al directions on the (111�)Al plane, promoting the growth and 

coarsening of η. On the other hand, the corresponding atomic concentration gradient for each specific 

element in the matrix approaching the transformation front of the precipitate should be further 
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investigated and quantified by atomic energy-dispersive X-ray spectroscopy (EDS) in a future work 

to provide detailed chemistry analysis information. 

 

5. Conclusions 

HAADF STEM has shown that, during the dynamic precipitation of creep-age forming treatment, 

the interaction between precipitates and dislocations occurs at the impingement between η phases and 

the tangled dislocations. The atomic lattice defects within η precipitates, created by creep-age forming, 

have been intensively examined by HR HAADF STEM on atomic projection (21�1�0)η configurations 

of η precipitates. It is revealed that the regular zig-zag stackings of η precipitates are frequently 

interrupted by the formation of faulted layers and that the sub-unit defect chains incorporating some 

differently-oriented elongated hexagonal lattice defects occur. A simulated atomic model with the 

Komura atomic arrays has been used to create the 3-D atomic structures of η, followed by the 2-D 

atomic stacking constructions for comparison with HR HAADF STEM images. The atomic arrays 

adjacent to the defect chains in the different types of η precipitates have been examined, and the 

possible configurations are suggested to be the main frames, C14 Laves structures, interwoven with 

C15/C36 Laves structures. In η1, η2, η12 and η13 precipitates, two types of elongated hexagonal lattice 

defects, Type I and Type II defects, can be identified. The Penrose tiling features are also found to be 

connected with differently-oriented elongated hexagonal Type I lattice defects, leading to the 

spherical-like morphology of η1 and η12 precipitates. The newly-typed η14 precipitate with some 

entirely-passed stacking faulted layers is identified by a new orientation relationship with respect to 
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the aluminium matrix: [112]Al // [21�1�0]η14 and (513�)Al // (0001)η14. In the HR HAADF-STEM atomic 

projection (21�1�0) image of η14, the traces of Zn/Cu diffusion are clearly revealed along the (111�)Al 

planes, with the Z-contrast gradient in the [1�10]Al direction approaching the transformation front. 
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