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Abstract 

    High resolution transmission electron microscopy (HRTEM) with nanometer-scale 

energy-dispersive X-ray (EDX) was employed to investigate the transformation 

mechanisms of the GP zone → η' → η precipitation sequence of AA7050, an 

Al-Zn-Mg-Cu alloy. Serial in-situ HRTEM frames revealed that separated nucleation 

of an η' precipitate occurred elsewhere as the adjacent GPII zone dissolved. Evidence 

from HRTEM coupled with EDX showed that in-situ nucleation of a new η2 precipitate 

(one form of η) took place, wherein it gradually developed from the original η' 

precipitate via a similar hexagonal structure with different compositions. The in-situ 

transition product was composed of two distinctive regions; one was identified as η', 

and the other, as η.  

 

Keywords: High resolution transmission electron microscopy; Energy-dispersive X-ray; 

Aluminium alloy; Separated nucleation; In-situ nucleation.   



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

3 

 

1. Introduction 

    AA7050 Al-Zn-Mg-Cu alloy is widely used in the aerospace industry owing to 

its light weight and high strength. Its mechanical properties mainly depend on 

nano-scale precipitates such as fine GP zones and η' precipitates to improve the 

strength [1-5], and η precipitates to improve the corrosion resistance [1, 6, 7]. The 

corresponding model of precipitate hardening has been explored in previous works [4, 

8]. The precipitation sequence [2, 4, 9-14] of super-saturated solid solution → GP 

zones → η' precipitates → η precipitates is well known. However, the precise 

transformation mechanisms of GP zones → η' and η' → η precipitates have not been 

elucidated. 

    During natural ageing treatment, the matrix with super-saturated solute atoms 

easily transformed into GP zones [15, 16]. In 1938, the discovery of GP zones in two 

aged aluminum-copper alloys (95Al-5Cu and 96Al-4Cu by wt%, respectively) was first 

reported separately by Guinier [15] and by Preston [16] in their X-ray investigations. 

Strongly elliptical streaks along <001>Al directions in Laue diffraction patterns were 

attributed to the segregation of Cu atoms on {100} planes in the early ageing stage of 

Al-Cu alloys [15, 16]. Since then, these solute-rich clusters in early aged 

aluminium-based alloys have been generally known as Guinier-Preston (GP) zones. In 

the 1950s, the models for the arrangement of copper atoms in GP zones were developed 

by Gerold [17] and by Toman [18]. Gerold proposed a model of a Cu-enriched 

single-layer embedded in the {001} planes of the Al matrix in the Al-Cu alloy [17], and 

calculated the displacement of the adjacent planes from measurements of the relative 

intensities of streaks on X-ray diffraction patterns. As the theoretical and experimental 

intensities matched, Gerold’s model [17] on the distribution of copper atoms was 

presumed to be justified. In contrast, Toman’s assumption led to a gradient copper 

distribution model in which the copper concentration gradually fell off over 10 atomic 
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planes symmetrically from the center layer of the zone [18]. This assumption of the GP 

zone with a copper gradient model was found to be unreasonable because it resulted in 

a loss of lattice coherence near the center of the GP zone [19]. Furthermore, the copper 

gradient model was found to fail to predict the scattered intensity connected to the GP 

zone. Nicholson and Nutting [20] first used transmission electron microscopy (TEM) to 

investigate the structure of GP zones in the aged Al-Cu alloys. Their work reported that 

under the electron beam along the [100]Al zone axis, parallel thin-layer structures of 3 - 

4 Å thickness in the edge-on configuration of GP zones were resolved. This evidence 

strongly supported Gerold’s monolayer model [17]. The development of high 

resolution transmission electron microscopy (HRTEM) has further brought about the 

highly detailed analysis of GP zones in Al-Cu alloys. The remarkable HRTEM images 

in the work by Chang [21] explicitly reveal two types of GP zones. The GPI zone is 

made of a single layer of Cu atoms, which have taken the place of Al atoms on a 

{111} Al  plane. The GPII zone consists of two such Cu layers separated by three {111} 

planes of Al atoms. In Rioja and Laughlin’s work [22], the streaking-features of 

electron diffraction patterns have been identified to be consistent with the different 

periodicity of Cu atoms in GPI and GPII zones. For the GPI zone, the streaks appear to 

be sharply continuous along <100>Al directions, caused by the monolayer of Cu atoms. 

For the GPII zone, the streaks along <100>Al directions are no longer continuous but 

have maxima at ¼<100>Al in the corresponding diffraction pattern, reflecting the Cu 

planes being spaced four {100}Al  planes apart. Recent TEM works [23-26] have 

studied the evolution of GPI precipitates in Al-Zn-Mg and Al-Zn-Mg-Cu alloys. The 

morphology of GPI precipitates in those multi-component aluminium alloys has been 

reported to be spherical, unlike that in Al-Cu alloys. As for this aspect, more work is 

needed to elucidate the effects of different alloying additions on the evolution of GP 

zones. 
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    In Al-Zn-Mg and Al-Zn-Mg-Cu systems, the GPI zone was presumed to be a 

Mg-rich region with fewer Zn atoms regularly arranged on the {100}Al habit planes [25, 

27, 28]. The morphology was claimed to be somewhat spherical (size < 3 nm) based 

on evidence from transmission electron microscopy (TEM) [23-26] and 3D atom probe 

tomography (3DAPT) [26]. However, this shape is doubtful because the amount of 

solute atoms on the {100}Al habit planes is insufficient to form a sphere in the early 

stage of the low-temperature ageing treatment. The spherical images should probably 

be ascribed to the cross-section of a GPI zone, which was not in edge-on configuration.  

Therefore, the GPI zone is presumed to have a plate-like morphology. The growth of a 

GPI zone involves vacancies and solute atoms of Mg [26, 28]. After a slight 

heat-treatment, the accumulation of Zn atoms prevails because the migration energy 

of Zn-vacancy pairs is close to the formation energy of the Zn-rich zone [29]. As a 

result, a Zn-rich GPII zone forms. However, it has been indicated that the plate-like 

GPII zone generally forms on the {111}Al habit plane [25, 27]. The GPII zone then 

evolves directly from the GPI zone; however, this possibility has been challenged due 

to their incompatible habit planes, namely, the {100}Al → {111}Al habit planes from 

GPI zones to GPII zones [26, 30, 31]. One is forced to suggest that after numerous GPI 

zones on {100}Al planes dissolve, different Mg-depleted regions on {111} Al planes 

gradually turn into Zn-rich GPII zones. Previous works [25, 32] claimed that a GPII 

zone accumulated adequate Zn content on {111}Al habit planes and developed into η' 

precipitates. However, the mechanisms of η' developing from a GPII zone or η' 

developing from the Al matrix have not been confirmed.  

    The plate-like η' precipitates are recognized as having a hexagonal structure [2, 

11, 12, 33], with a space group P63/mmc [31, 34], a nominal composition of 

Mg2Zn5-xAl 2+x (x = 2 to 4) [31, 34], and an atomic ratio of Zn/Mg smaller than 1.5 
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[26, 30]. However, previous works [11, 12, 33] have indicated variable lattice 

parameters of η' precipitates. On the basis of Auld and Cousland’s work [33] and the 

first principles calculation (Vienna Ab-initio Simulation Package, VASP) by 

Wolverton et al. [35], η' precipitates possess lattice parameters of a = 0.504 nm, c = 

1.303 nm ≈ 6	d�111�Al , where d�111�Al  is the lattice spacing of the �111�Al  plane. 

Additionally, η' precipitates possess four variants on {111}Al habit planes for their 

corresponding orientation relationships [12, 31], as presented in Table 1. TEM 

observation along the [101�0]
η' // [110]Al  zone axis reveals two edge-on 

configurations (i.e., η'1 and η'2). Their orientation relationships between η' precipitates 

and the Al matrix can be respectively expressed as 

(0001)
η'1 

// (11�1)Al  and  [101�0]
η'1 

// [110]Al ; 

(0001)
η'2 

// (11�1�)Al  and [101�0]
η'2 

// [110]Al . The other two variants of η' phases (i.e., 

η'3 and η'4) are observed as ellipse-like morphologies along the [101�0]
η' // [110]Al  

zone axis, as shown in Fig. 1.  

    The η' transformation into η is well established [5, 9-11, 32, 36], and 11 types of 

η have been reported [9, 10, 36]. However, the detailed mechanisms of the transition 

involving 4 variants of η' → 11 types of η are intriguing. In the present study, these 

eleven types of η precipitates are proposed to be classified into four groups according 

to their habit planes, as illustrated in Table 2. Based on the nomenclature used by 

Degischer et al. [9], the (0001) basal planes of η1, η4, η9, and η11 (designated as Group 

1) and those of η2, η3, and η10 (designated as Group 2) are parallel to the (110)Al  and 

(11�1�)Al  habit planes, respectively. The η5, η6, and η7 (designated as Group 3) and the 

η8 (designated as Group 4) grow on the (1�21�0) planes parallel to the (11�1�)Al  and 

(11�2)Al  habit planes, respectively. They have an HCP structure [9-11, 32, 36, 37] 

with a space group P63/mmc [10], an atomic ratio of Zn/Mg higher than 1.5 [2], and 
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approximately stoichiometric MgZn2 [9-11, 37]. According to the VASP calculation 

[35], η precipitates possess lattice parameters of a = 0.504 nm, c = 0.828 nm ≈ 

4	d�111�Al . Under TEM observation along the  [110]Al  zone axis, hexagonal or 

octagonal-shaped η1 and plate-like η9 have been observed owing to the habit plane 

(0001)
η
//(110)Al [11, 37]. The η4 precipitates are possibly allied with the evolution of 

the η5-7 (η5, η6, and η7) precipitates. The c-axes of the η5-7 precipitates are all rotated 

with respect to the c-axis of η4 phase [9, 11, 37]. The differences of orientation 

relationships between η5-7 and η4 are characterized by the axis-angle pairs [0001] / 

11˚, 15˚, and 25˚ [37], respectively. It is presumed that the evolution of η5-7 

precipitates originates from the rotation of η4, probably resulting from the 

accommodation of the internal stresses arising from η4/Al matrix interfaces. 

Additionally, the η11 phase, though seldom reported, has been found to co-exist with 

η1, η4, and η9 in the Al matrix [9].  

    Importantly, η2 precipitates are commonly recognized as the succeeding 

precipitates after the η' precipitates in Al-Zn-Mg alloys [9, 11, 36, 42], especially in 

TEM observation along the [110]Al  zone axis. Owing to the orientation relationship 

between η2 and the Al matrix, which is similar to that between η' and the Al matrix [5, 

7, 20, 26], η2 precipitates may have lower formation energy than that of other types. 

For η2 and η3 precipitates, they grow along different directions on the same 

(0001) habit plane, which is parallel to (11�1�)Al, and relatively rotate about 30° along 

the pole of the habit plane, leading to [101�0]
η2

//[112�0]
η3

// [110]Al 	[9]. The slight 

difference in orientation relationships between η2 and η3 precipitates eventually 

results in a higher number density of η2 precipitates and a lower number density of η3 

precipitates within the Al matrix [9, 11, 36, 42, 43]. A standing question is why there 

is a large number density difference in the η2 and η3 precipitates. Additionally, the η10 
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precipitate grows along the non-close packed direction, namely, [11�00]
η10

// [13�4]Al , 

resulting in a lower number density in the Al matrix. The η8 precipitate, which 

possesses a (11�2)Al  habit plane similar to that of the T phase [44], is suggested to be 

the nucleation site of the T phase at the higher ageing temperature. The existence of 

η10 and η11 precipitates has been expressed in diffraction patterns, but the 

corresponding morphologies have yet to be indicated [9, 11, 39]. 

    In previous works [9, 11, 36, 42, 43], the η2 precipitate has been the most 

commonly observed of the eleven types of η precipitates. However, no investigation 

of the η' → η2 transition mechanism has been reported. The present work aimed to 

elucidate this aspect. The phase transformation of precipitates is generally controlled 

at the nucleation stage. The transitions of different types of carbides in alloy steels 

have long been explored in previous works [45-52]; the nucleation mechanisms have 

been supposed to involve separated nucleation and in-situ nucleation. After the 

dissolution of metastable precipitates, the matrix instantly becomes a super-saturation 

of solute atoms again, and then a new differently-structured precipitate can separately 

nucleate elsewhere within the matrix. This has been called separated nucleation [46, 

47, 49, 52], and TEM observations have provided typical examples [46, 47], such as 

the formation of a M2C carbide after the M3C carbide dissolves in ferrite matrix in 

Cr-Mo-C alloy steels. On the other hand, a new precipitate gradually develops from 

the pre-existing precipitate, and these two precipitates can be found to be still 

connected during the transition. Finally, the composition and lattice of the original 

precipitate are replaced by those of the new one. This mechanism has been called 

in-situ nucleation [45-48, 50, 51], and TEM observations have also provided a typical 

example [48], such as the M3C carbide → M7C3 carbide in the ferrite matrix of Cr-C 

alloy steels. These two nucleation mechanisms have not been demonstrated in 
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previous works on aluminium alloys [10, 53-57]. A previous work [53] presumed that 

the Ω phase forms after the GP zone dissolves entirely in the Al-Cu-Mg alloy; 

however, in the same work [53], a series of TEM investigations with variable ageing 

times did not examine the same area in the aluminium matrix to confirm the separated 

nucleation during the transition of GP zones → Ω. On the other hand, the transition 

of Ω → θ in an Al-Cu-Mg alloy [54] and that of θ' → θ in an Al-Cu alloy [55, 56] 

 have been thought to occur with in-situ nucleation (i.e., θ originated from Ω in the 

Al-Cu-Mg alloy and θ originated from θ' in the Al-Cu alloy, respectively) rather 

than separated nucleation. The transition of Ω → θ is still arguable because the 

EDX mapping was obtained from individual particles of Ω and θ [55], rather than 

two connecting particles. As for the transition of θ' → θ, another investigation [56] 

showed the simultaneous existence of individual peaks in small-angle X-ray scattering 

(SAXS) and the wide-angle X-ray scattering (WAXS) profiles. However, the results 

could not determine whether the contribution comes from the two separated θ' and θ 

precipitates or from the connected θ'-θ precipitates. For the AA7050 alloy, the 

detailed transformation mechanisms of precipitates have not been studied closely. 

Although previous works [10] presumed that these two nucleation mechanisms (using 

the terms reversion and partial reversion) occur during the transition of GP zones to η' 

phase, no direct evidence has been provided. In related works [10, 58, 59], the term of 

reversion [10, 59] represented that the η' nucleated after the GP zones dissolved 

completely; i.e., the so-called separated nucleation. On the other hand, the term of 

partial reversion [10, 58] denoted that partial GP zones dissolved as new η' formed 

from the pre-existing GP zones; i.e., the so-called in-situ nucleation. However, those 

works [10, 46, 47] neither presented the specific TEM micrographs to confirm the 

nucleation mechanisms nor confirmed which kinds of GP zones (i.e., GPI or GPII 

zone) transform into η' precipitates via which kinds of nucleation mechanisms. The 
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equilibrium η precipitate was thought to nucleate within Al grains or near grain 

boundaries [43]; however, it remains an issue to confirm whether separated nucleation 

or in-situ nucleation takes place during the transition of η' → η. Although the 

transition sequence of η' → η is well known, the detailed mechanism is worth 

exploring. The present study aimed to employ a series of in-situ HRTEM to elucidate 

the related transition mechanisms. 

    During TEM thin foil observation, the incident electron beam collides with 

atomic electrons of the particles, possibly generating three effects: radiolysis 

(ionization), electron-beam heating (phonons) and atomic displacement (knock-on 

displacement) [60-62]. Regarding the radiolysis (ionization) effect [60], metallic 

bonds, which are connected to the positive metallic ions and free electrons, can 

rapidly neutralize after the ionization induced by electron-particle interaction. 

Therefore, the effect of radiolysis on metals is negligible. The elevated temperature 

due to phonons for Al alloy thin foils has been estimated [62, 63], and the related 

information is provided in Supplementary Materials. The effects of radiolysis and 

phonons on the metallic TEM thin foils are reasonably assumed to be negligible. The 

primary damage to the metallic TEM thin foils has been presumed to be caused by 

knock-on displacement (i.e., atomic displacement) [60-62]. The process of knock-on 

displacement takes place due to the direct transfer of the beam energy to atoms in the 

samples, knocking out the atoms and probably creating vacancies and interstitials. 

Supposedly, it speeds up atom diffusion and promotes certain transformations. As the 

HRTEM investigation in the present work was performed with a Tecnai-F20 

Schottky-type field-emission-gun (FEG) 200 kV TEM, the knock-on displacement 

effect should be taken into account. This phenomenon can bring about a reaction of 

atomic displacements. Such a reaction occurs when the incident electron-beam energy 

(E) is higher than the threshold electron-beam energy (E0) for atomic displacement. 
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The determination of the threshold electron-beam energy (E0) depends on the 

displacement energy of atoms (Ed) in the samples [62, 64-67]. The threshold energies 

(E0) of different elements, such as Al, Cu, Mg, and Zn in Al alloys, have been 

estimated, as presented in Supplementary Materials. 

    In the present work, the observations of GPII zones and η' and η2 

precipitates were carried out for a duration of time using a Tecnai-F20 Schottky FEG 

200 kV HRTEM with a range of beam currents (I0), (0.5 nA < I0 < 2.5 nA). The 

transitions of GP zones → η' and η' → η precipitates might have been promoted. The 

related separated nucleation or in-situ nucleation were capably revealed by in-situ 

HRTEM images with the fast Fourier transform (FFT) diffractogram technique and 

nanometer-scale energy dispersive spectrometry. 

 

2. Experimental procedure 

    The chemical composition of the AA7050 aluminium alloy studied was 

Al-6.25Zn-2.14Mg-2.23Cu-0.05Fe-0.03Si (wt.%). The thermal history of the 

as-received alloy was solution treatment (at 475 °C for 1 h and water quenched) 

immediately followed by two-step ageing treatment: ageing at 120 °C for 8 h and at 

165 °C for 1 h. The as-received alloy underwent a third-step ageing treatment, 

creep-age forming (CAF) [68], conducted by heating the alloy to 175 °C and holding 

it for 8 h, with an applied constant tensile stress of 162.5MPa (hereafter referred to as 

CAF samples). The TEM specimens were prepared by cutting discs from the selected 

samples along their loading direction and thinning the discs mechanically to 0.07 mm 

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. The prepared specimens were 

examined on a Tecnai F20 (200kV) field-emission-gun scanning transmission 
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electron microscope equipped with the Oxford X-MaxN 80T nanometer-scaled energy 

dispersive spectrometer. To investigate the related separated nucleation or in-situ 

nucleation during the transitions of GP zones → η' → η2 precipitates, in-situ HRTEM 

for a total duration of 60 s observation was conducted, and HRTEM frames 

(snapshots) obtained for the different holding times (10 s and 60s) were examined. 

 

3. Results and discussion 

    In this work, all the observation samples were subjected to the CAF treatments 

rather than the early stage ageing treatments. Therefore, the GPI zones presumably had 

already dissolved. Besides the GPII zones, η' precipitates and η precipitates were easily 

observed in the Al matrix. The edge-on configurations of these precipitates were 

studied by TEM along the [110]Al  zone axis and expressed in terms of distinctive 

morphologies and size, as shown in Fig. 2. Smaller precipitates such as GPII zones and 

η' phases were observed on the (11�1)Al sectioning planes. Owing to the effect of the 

creep forming stress, GPII zones and η' phases did not preferentially grow on the 

(1�11)Al habit plane. Larger precipitates were usually recognized as η. Different types 

of η precipitates were observed within the Al matrix and could be concisely identified 

from their configurations corresponding to orientation relationships. For example, η1 

precipitates possessing a (0001)
η
//(110)Al habit plane were viewed as hexagonal or 

octagonal plates on the (110)Al plane. Most of the plate-like η2 precipitates could be 

recognized as the edge-on configuration along the (11�1)Al habit plane. The rod-like η4 

precipitates could be recognized as smaller plate-like shapes on the (110)Al planes 

because of the cross-section effect. In this study, the microstructure evolutions of 

three different precipitates were investigated: GPII zone, η', and η2. On the [110]Al  

zone axis, the edge-on configurations of these three precipitates indicated that they 

possessed similar {11�1}Al habit planes. The identification of different phases was 
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roughly dependent on their sizes, which increased from GPII zones (3-5 nm) to η' 

(5-10 nm) and η2 precipitates (15-30 nm) as shown in Fig. 2.  

Regarding the η' and η2 precipitates, their morphologies are affected by lattice 

misfits. The lattice misfits (δ) are classified into two types with respect to their 

(0001) // (11�1)Al  habit planes. One is vertical to the (0001) // (11�1)Al  habit plane (i.e., 

δ
v ), in the thickness direction of the precipitates. The other is parallel to the 

(0001) // (11�1)Al  habit plane (i.e., δp), along the length direction of the precipitates. 

The calculations of lattice misfits were not complete in previous investigations [9, 13, 

32, 42]. The lager δv misfit of η2 precipitates (about 8 %) was reported by a previous 

work [9], but the relative δp misfit was not indicated. Other works [13, 42] briefly 

introduced the value of the δp misfit of η' precipitates (smaller than 1 % [42]; close to 

3.4 % [13]), but the relationship of the atomic arrangement between precipitates and Al 

matrix on the (0001) // (11�1)Al  habit plane was not provided in detail. Recently, the 

work [32] evaluated the δv and δp misfits of the η2 precipitate (δv = 8.3 % and 

δ
p =  5.0 %) according to their atomic model; however, the misfit	of	 δp  was 

estimated only from one direction (i.e., 	112�0
 // 	121
Al ) on the (0001) // (11�1)Al  

habit plane. Particularly, owing to the configuration of solute atoms in η' and η2 

structures, the δp misfit should be analysed along two directions: one parallel to the 

	101�0
 direction, and the other, to the 	112�0
 direction (i.e., δ[101�0]
p

 and δ[112�0]
p

) on the 

(0001)  habit plane. Supplementary Figs. 1a and b show the 	101�0
  and 	112�0
 

directions in the atomic models for the interfaces of the η'/Al matrix and the η2/Al 

matrix viewed along the 	0001
 zone axis. According to the orientation relationships 

of η' and η2 precipitates with respect to the Al matrix, the		101�0
 and 	112�0
 directions 

were respectively parallel to the 	110
Al  and 	121
Al  directions on the 

(0001) // (11�1)Al  habit plane (i.e., 	101�0
 // 	110
Al  and 	112�0
	// 	121
Al ), as shown 
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in Supplementary Fig.1c. For η' precipitates, the former misfit ( δv�	was extremely 

large: �(d(0001)η' − 6 d(11�1)Al
) 6 d(11�1)Al
� �  = |(1.303 − 1.403)  1.403⁄ | = 7.2% , whereas 

the latter two (δ[112�0]η'
p

 and δ[101�0]η'
p

) were relatively small: 

δ[112�0]
p

= �(2 d(112�0)η' − 3 d(121)Al
) 3 d(121)Al
� �  = |(0.504 − 0.496) 0.496⁄ | = 1.6%, and  

δ[101�0]
p = �(2 d(101�0)η' − 3 d(110)Al

) 3 d(110)Al
� �  = |(0.873 − 0.858) 0.858⁄ | = 1.7%,  

where a = 0.504 nm and c = 1.303 nm for η' precipitates [35]. The detailed plots are 

shown in Supplementary Figs. 2a and b. As for η2 precipitates, the former misfit (δv) 

was relatively large: 

�(d(0001)η2
 − 4 d(11�1)Al

) 4 d(11�1)Al
� �  = |(0.828 − 0.935) 0.935⁄ | = 11.4% , whereas the 

latter two (δ[112�0]η2

p
 and δ[101�0]η2

p
) were relatively small: 

δ[112�0]
p = �(2 d(112�0)η2

 − 3 d(121)Al
) 3 d(121)Al
� �  = |(0.504 − 0.496) 0.496⁄ | = 1.6%, and  

δ[101�0]
p = �(2 d(101�0)η2

 − 3 d(110)Al
) 3 d(110)Al
� �  = |(0.873 − 0.858) 0.858⁄ | = 1.7%,  

where a = 0.504 nm and c = 0.828 nm for η2 precipitates [35]. The detailed plots are 

shown in Supplementary Figs.2 c and d. In conclusion, the lattice misfit of η' 

precipitates was smaller than that of η2 precipitates, which indicated that the η'/matrix 

interfaces were more coherent than the η2/matrix interfaces. Moreover, the smaller 

misfit parallel to habit planes favours the formation of the higher aspect ratio 

precipitates. These two precipitates were presumed to have a plate-like morphology, 

which was consistent with previous work [32]. 

    In low-magnification TEM micrographs, phase identification based on the size is 

disputable. Complementary to this method, HRTEM microscopy is favourably 

employed to identify these precipitates based on FFT diffractograms. These 

diffractograms are associated with their shapes and structures, and the orientation 
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relationships between the precipitates and Al matrix can be displayed. For instance, a 

few atomic layers of a GPII zone on the (11�1)Al habit plane are shown in Fig. 3a, and 

the corresponding FFT diffractogram in Fig. 3c shows sharply continuous streaking 

along the 	11�1
Al  direction. The FFT technique was conducted to investigate η' and 

η2 precipitates in their edge-on configurations, aligning their habit plane (11�1)Al with 

the [110]Al  zone axis, as shown in Figs. 3a and b. For these two kinds of precipitates 

with high aspect ratios, the effect of the shape factor results in streaking diffraction 

spots in the FFT diffractograms. In Figs. 3d and e, the FFT diffractograms are 

consistent with the simulated diffractograms derived from the orientation relationships 

of η' and η2 precipitates with respect to the Al matrix: 

(0001)
η' 

// (11�1)Al  ,  [101�0]
η'// [110]Al  and (0001)

η2 
// (11�1)Al  ,  [101�0]

η2
// [110]Al , 

accordingly. Additionally, the diffraction spots for the different (0002) lattice spacings 

of η' and η2 precipitates can be used to identify them (i.e., d(0002)η' =	0.355 nm and 

d(0002)η2
=	0.154 nm). Therefore, the streaking spots in the FFT diffractogram of the η' 

precipitate are denser than those of the η2 precipitate. 

    In another example of HRTEM presented in Fig. 4a, under observation of the 

[110]Al zone axis, two edge-on variants of the η2 (i.e., η2
(1) and η2

(2)) can be seen on 

the (11�1�)Al   and (11�1)Al   habit planes, respectively. The corresponding FFT 

diffractograms with simulated diffraction patterns are displayed in Figs. 4b and c. The 

orientation relationship of η2
(1)  with respect to the Al matrix is adopted: 

(0001)
η2 

// (11�1�)Al  and  [101�0]
η2

// [110]Al ; that of η2
(2) : 

(0001)
η2 

// (11�1)Al  and [101�0]
η2

// [110]Al . In addition, the latter variant (η2
(2)) can be 

produced from the former variant (η2
(1)) by a 70.5˚ rotation (counter-clockwise) with 
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respect to the [101�0]
η2

(1) zone axis. It is appropriate to conclude that these two η2 

precipitates, which were distributed on {11�1}Al habit planes, possibly developed from 

the corresponding η' variants on the same {11�1}Al habit planes. 

In metallic TEM thin foils exposed to an electron beam, knock-on displacement 

(i.e., atomic displacement) may accelerate atom diffusion and thereby promote 

transformations. This effect is triggered when the incident electron-beam energy (E) is 

higher than the threshold electron-beam energy (E0) for atomic displacement. The 

threshold energies (E0) for different elements such as Al, Zn, Mg and Cu in a 7050 Al 

alloy have been estimated (as presented in Table R1 in Supplementary Materials), and 

they are listed here in ascending order: Mg (91 keV) < Al (150 keV) < Zn (191 keV) 

< Cu (396 keV). In this work, it was found that the transition of GPII zone → η' 

occurred during in-situ HRTEM observation. Fig. 5 presents three snapshots of 

HRTEM images (Figs. 5a-c) with the three corresponding FFT diffractograms (Figs. 

5d-f). Figs. 5a-c displays the snapshot-frames of HRTEM images obtained over 60 s 

in the same area (30 nm x 50 nm) of the thin foil sample along the [110]Al zone axis. 

Fig. 5b was taken 10 s after Fig. 5a; Fig. 5c was taken 50 s after Fig. 5b. Comparing 

Figs. 5a and b reveals that during a short interval of 10 s, the GPII(
����

) precipitate 

rapidly grew in size, but the other two GPII precipitates dissolved in the matrix. 

Hereafter, GPII(
����

) denotes this specific GPII zone, which first grew in the Al matrix. 

As will be seen later, it dissolved after a further holding time of 50 s during 

observation. A comparison of Figs. 5b and c shows that during a period of 50 s, the 

GPII(
����

) zone dissolved in the matrix, and an η' phase separately precipitated in the 

adjacent region. The identification of phases is illustrated in Figs. 5d-f, which display 

the FFT diffractograms obtained from HRTEM moiré fringe images of GPII(
����

) in Figs. 

5a-b , and η' in Figs. 5c. Simulated diffraction patterns are shown in Figs. 5d-f. It is 
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striking that the serial in-situ HRTEM frames display an η' precipitate forming as the 

adjacent GPII zone (i.e., GPII(
����

)) dissolves, as presented in Figs. 5a-c. The dissolution 

of the GPII zone (i.e., GPII(
����

)) led to the super-saturation of solute atoms in the Al 

matrix again. This process provided adequate Zn atoms to nucleate an η' phase. Within 

the total duration of 60 s during observation in the same area within the Al matrix, the 

GPII zone (i.e., GPII(
����

)) dissolved, and then an η' phase separately precipitated in this 

region, where no GPII zone had existed previously, as shown in Fig. 5c. In Figs. 5d 

and e, sharp streaking along the 	11�1
Al  direction in the FFT diffractograms plainly 

indicates the GPII zone (i.e., GPII(
����

)). The corresponding FFT diffractogram of the 

newly formed η' is shown in Fig. 5f, displaying the streaking diffraction spots for the 

different (0002) lattice spacings, as indicated by arrows. The orientation relationship 

of this η' with respect to the aluminium matrix can be analyzed and expressed 

as	(0001)
η' 

// (11�1)Al  and 	[101�0]
η' 

// [110]Al . It is appropriate to conclude that the 

formation of η' precipitates occurred elsewhere as the adjacent GPII zone dissolved, 

and this transformation can be recognized as separated nucleation. 

    To investigate the transformation and evolution mechanism from η' to η2, a case 

study was completed and is illustrated as follows. A given precipitate was detected by 

HRTEM and EDX mapping, as shown in Fig. 6 and Fig. 7, respectively. On the [110]Al 

zone axis, the FFT diffractogram obtained from the moiré fringed HRTEM image of 

the whole precipitate with the surrounding matrix (as indicated by a dotted rectangle 

in Supplementary Fig. 3a) is presented in Supplementary Fig. 3b. The precipitate was 

identified as the η2 phase via the corresponding simulated diffraction pattern, as 

shown in Supplementary Fig. 3c. However, by using two smaller selected areas (i.e., 

the white dotted frames, Region 1 and Region 2, as shown in Fig. 6a), different FFT 

diffractograms were obtained, as shown in Figs. 6b and c, respectively. From the 
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analyses of corresponding simulated diffraction patterns, Region 1 was identified as η2 

phase; Region 2, as η' phase. The orientation relationship of η2 phase with respect to the 

Al matrix can be expressed as: (0001)
η2 

// (11�1)Al  and  [101�0]
η2

// [110]Al 	. Similarly, 

the orientation relationship of η' with respect to the Al matrix can be shown as: 

(0001)
η' 

// (11�1)Al  and 	[101�0]
η' 

// [110]Al . Under the observation along the [110]Al 

zone axis, these two phases had the same ( 11�1 )Al habit plane in edge-on 

configurations. As η2 and η' possess different lattice constants of c, the lengths of their 

corresponding reciprocal lattice vectors are different, i.e., |g��(11�1)Al
| ≅ |g��(0004)η2

| and 

|g��(11�1)Al
| ≅ |g��(0006)η'|, respectively. As illustrated in the simulated diffraction patterns in 

Figs. 6b and c, this significant difference along the g��(11�1)Al
 reciprocal lattice vector 

resulted from the existence of η2 and η' in these two regions.  

In addition, an HRTEM image with the corresponding EDX mapping is shown in 

Figs. 7a-c. The distribution of solute atoms revealed that more Zn solute atoms existed 

in Region 1 (η2 phase) than in Region 2 (η' phase), but Mg solute atoms were 

homogeneously distributed in these two regions, as illustrated in Figs. 7b and c. It can 

be assumed that two different phases existed in this given precipitate. Additionally, 

EDX analysis (with a probe size of about 1-2 nm) was employed to examine the atomic 

ratio of Zn/Mg in the nanometer-scaled areas. In Region 1, the ratio was determined to 

be close to 1.7, and in Region 2, it was close to 1.3, as presented in Figs. 7d and e. As in 

previous works employing 3D-APT [2, 26], the atomic ratio of η' precipitates was 

determined to be in the range of 1–1.3, and that of the η2 precipitates to be higher than 

1.5. In the present work, the nano-scaled chemistry analyses also provide strong 

evidence to suggest that in this given precipitate, Regions 1 and 2 were η2 and η' phases, 
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respectively. This implied that the Zn-rich η2 precipitate (i.e., Region 1) transformed 

from the Zn-depleted η' precipitate (i.e., Region 2) owing to the migration of Zn atoms 

in the Al matrix. During the transformation, this new η2 precipitate formed, wherein it 

gradually developed from the original η' precipitate via a similar hexagonal structure 

with a higher level of Zn. Therefore, η' and η2 coexisted in this given precipitate during 

the transition, and this transformation mechanism for η' → η2 can be attributed to a kind 

of in-situ nucleation.  

    The chemical compositions of aluminium alloys and the ageing temperatures of the 

treatments are particularly pertinent to the dynamic diffusion of solute atoms and thus 

affect the transformation of precipitates. In addition, defects such as dislocations near 

grain boundaries or η'/matrix interfaces could be not merely the diffusion path of solute 

atoms but also the nucleation sites for η precipitates. The present work has closely 

explored the in-situ nucleation of η2 from η', but the mechanisms of η' → the other 10 

types of η precipitates have yet to be identified. η3 and η10 precipitates have slightly 

different orientations with the respect to η' as compared to η2. It is presumed that their 

distinctive orientations might originate from the solute diffusion [69] induced by 

dislocations near η'/matrix interfaces [70]. It is supposed that the intersection of η' 

variants with the {111}Al  habit planes can become nucleation sites for η precipitates 

on the {110}Al  habit planes. Thereby, the η1, η4, η9, and η11 precipitates are possibly 

developed. The formations of η5 to η8 might be related to η4 precipitates as the habit 

planes of η5-8, (1�21�0), are parallel to the {111}Al  of Al matrix, which are consistent 

with that of η4 precipitates. This study has only explored the issue regarding the η' → 

η2 transformation. Indeed, further investigation of the nucleation mechanisms of the 

other η precipitates is needed. 

4. Conclusions 
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    In summary, in-situ HRTEM micrographs accompanied with FFT diffractograms 

clearly indicated the nucleation mechanisms. On the chosen zone axis, serial in-situ 

HRTEM frames revealed that the separated nucleation of η' precipitates occurred 

elsewhere as adjacent GPII zones dissolved. On the other hand, from different FFT 

diffractograms and corresponding simulated diffraction patterns, the in-situ 

transformation of a new η precipitate (i.e., η2) occurred, wherein it gradually developed 

from the original η' via a similar hexagonal structure with different lattice constants of 

c. Complementary to this observation, the atomic ratios of Zn/Mg detected by EDX 

indicated that one was close to that of η' precipitates, and the other, to that of η2 

precipitates. 
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Figure Captions 

Fig. 1. (a) Four variants of η' precipitates marked blue (i.e., η'1 to η'4 ) grow on 

{111}Al habit planes, and the observed plane via TEM is the (110)Al plane in green. (b) 

The intersections between four variants of η' precipitates and the �110) Al plane of the 

Al matrix are sketched. (c) Along the observation of the 	110]Al zone axis, two 

variants of η' precipitates (i.e., η'1 and η'2 ) are shown as edge-on configurations, and 

the others (i.e., η'3 and η'4 ), as ellipse-like morphologies. 

 

Fig. 2. The TEM micrograph taken from the CAF sample along the [110]Al zone axis. 

The GPII zone, η' and η2 were in the edge-on configurations of their (11�1)Al habit 

planes. Other types of η precipitates (η1 and η4) appeared to be elliptical. 

 

Fig. 3. HRTEM micrographs obtained along the [110]Al zone axis in Al matrix of the 

CAF sample: (a) GPII zone with η', and (b) η2. Corresponding FFT diffractograms: 

(c-e), obtained from the lattice images of these three different precipitates. The 

orientation relationships of η' and η phases with respect to the Al matrix can be 

illustrated as follows: (0001)η' // (11�1)Al and [101�0]η' // [110]Al; (0001)η2 // (11�1)Al 

and [101�0]η2 // [110]Al. (In FFT diffractograms, the cross lines stem from the 

mathematical Fourier transformation.) 

 

Fig. 4. (a) Two variants of η2 phase are displayed in a HRTEM micrograph obtained 

along the [110]Al zone axis. (b) and (c) Corresponding FFT diffractograms with 

simulated diffraction patterns were analysed for these two variants of η2 phase, i.e., η2
(1) 

and η2
(2). The corresponding orientation relationship	for	η2

(1): (0001)η2 // (11�1�)Al and 

[101�0]η2 // [110]Al; that for η2
(2): (0001)η2 // (11�1)Al and [101�0]η2 // [110]Al.  

 
Fig. 5 (a-c) Serial frames of TEM micrographs were obtained in the same area of the 

CAF sample along the [110]Al zone axis. Frame (b) was taken 10 s after frame (a); 

frames (a-b) indicate that in the duration of 10 s, the GPII(
����

) precipitate rapidly grew in 

size, but the other two GPII precipitates dissolved in the matrix. Frame (c) was taken 50 

s after frame (b); frames (b-c) display that after 50 s, the GPII(
����

) precipitate dissolved in 

the matrix, and an η' phase separately precipitated in the adjacent region. (d-f) 

Corresponding FFT diffractograms were obtained from frames (a-c) to identify GPII(
����

) 

and η', respectively. Simulated diffraction patterns are also illustrated in (d-f). (GPII(
����

) 

denotes a specific GPII, which first grew in the Al matrix and then dissolved after a 50 
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s duration.) 

 

Fig. 6 HRTEM micrograph and FFT diffractograms with simulated diffraction patterns 

to illustrate the in-situ transformation from η' to η2 in a single precipitate. (a) HRTEM 

image taken for the examined precipitate along the [110]Al zone axis. The examined 

areas: Regions 1 and 2. (b) and (c) FFT diffractograms with simulated diffraction 

patterns for Regions 1 and 2, respectively. In Region 1, the identified η2 precipitate 

adopted the orientation relationship: (0001)η2// (11�1)Al and [101�0]η2// [110]Al; in 

Region 2, the identified η' precipitate possessed the orientation relationship: (0001)η'// 

(11�1)Al and [101�0]η'// [110]Al. 

 

Fig. 7 EDX mapping showed the in-situ transformation from η' to η2 in a single 

precipitate. (a) The HRTEM micrograph of the in-situ η' to η2 transformation. (b-c) The 

distributions of Zn and Mg atoms in Regions 1 and 2. (d-e) The atomic ratio of Zn/Mg, 

close to 1.7 in Region 1 for the η2 precipitate, and a lower atomic ratio of Zn/Mg, 1.3, in 

Region 2 for the η' precipitate. 
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Table 1 Four variants of η' precipitates.  

η' Orientation relationship 

1 (0001)
η' 

// (11�1)Al  [101�0]
η' // [110]Al  

2 (0001)
η' 

// (11�1�)Al  [101�0]
η' // [110]Al  

3 (0001)
η' 

// (111)Al  [101�0]
η' // [1

�10]Al  

4 (0001)
η' 

// (111�)Al  [101�0]
η' // [1

�10]Al  
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        Table 2 The eleven types of orientation relationships between η and Al matrix. 

Type＊ Orientation relationship Morphology Ref. 

1 (0001)
η1  

// (110)Al [101�0]
η1

// [001]Al Hexagonal or octagonal plate [9-11, 38, 39] 

4 (0001)
η4  

// (110)Al [1�21�0]
η4

// [11�1�]Al Rod [9-11, 37, 39] 

9 (0001)
η9  

// (110)Al [1�1�20]
η9

// [001]Al Plate [9, 10, 39, 40] 

11 (0001)
η11  

// (110)Al [101�0]
η11

// [11�1�]Al Not indicated [9, 10] 

2 (0001)
η2  

// (11�1�)Al [101�0]
η2

// [110]Al Hexagonal or rounded plate [9-11, 36-39, 41] 

3 (0001)
η3  

// (11�1�)Al  [112�0]
η3

// [110]Al Hexagonal or triangular plate [9-11, 39] 

10 (0001)
η10  

// (11�1�)Al [11�00]
η10

// [13�4]Al Not indicated [9, 10, 39] 

5 (1�21�0)
η5  

 // (11�1�)Al  [303�2]
η5

// [110]Al Rod 

[9-11, 37] 6 (1�21�0)
η6  

// (11�1�)Al  [202�1]
η6

// [11�2]Al Rod 

7 (1�21�0)
η7  

// (11�1�)Al  [101�4]
η7

// [110]Al Rod 

8 (1�21�0)
η8  

// (11�2 )Al [0001]
η8

// [311�]Al Rod [9-11] 

＊The notations from η1 to η11 are used by Degischer et al. [9]. The morphologies of η1 to η9 have been 
observed along the <110>Al zone axis; those of η10 and η11 have not been identified by previous TEM 
investigations.  
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